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Abstract

Nickel ferrite (NiFe2O4) is one of the most studied inverse-spinel ferrites because it com-
bines moderate saturation magnetization, comparatively high electrical resistivity, chemical
stability, and broad synthesis flexibility. Yet the literature shows that the measured structure
and magnetism of NiFe2O4 are not intrinsic constants; they evolve strongly with dimension-
ality, size, thickness, strain state, cation distribution, surface spin disorder, and synthesis
pathway. This review develops a unified theoretical and literature-based interpretation
of how dimensionality reshapes the structural and magnetic behavior of NiFe2O4 across
bulk ceramics, nanoparticles, one-dimensional nanostructures, polycrystalline thin films,
and ultrathin epitaxial films. The review is anchored in the two uploaded nickel ferrite
attachments and expanded using internet-sourced journal literature on spinel inversion,
surface effects, mechanochemical synthesis, sputtered and pulsed laser deposited thin films,
and epitaxial ultrathin-film anomalies. The central novelty of this article is the formulation
of a dimensionality-dependent framework in which the observed magnetic response is
governed by a competition among three coupled factors: (i) the cation-distribution func-
tion, which controls the A–B superexchange balance and therefore the net ferrimagnetic
moment; (ii) the microstructural coherence function, which measures how crystallinity,
strain, defects, and anti-phase boundaries preserve or degrade exchange continuity; and
(iii) the surface/interface spin-order parameter, which quantifies the loss or reconfiguration
of magnetic order at free surfaces and buried interfaces. Within this framework, bulk
NiFe2O4 behaves as a near-equilibrium inverse spinel with relatively stable magnetization,
whereas nanoscale NiFe2O4 experiences strong spin canting and finite-size suppression due
to the growing fraction of disordered surface spins. Thin films introduce a distinct regime
in which strain, texture, anti-phase boundaries, substrate mismatch, and growth kinetics
determine both anisotropy and magnetization. In ultrathin epitaxial films, off-equilibrium
cation redistribution and interface-controlled electronic reconstruction may even gener-
ate magnetization values far above bulk expectations. The review also compares major
synthesis routes—solid-state reaction, sol–gel, co-precipitation, hydrothermal growth, reac-
tive milling, combustion, pulsed laser deposition, and radio-frequency sputtering—and
explains why each route biases the final dimensionality-dependent properties differently.
A set of word-style equations is provided to formalize spinel inversion, finite-size sup-
pression, anisotropy scaling, coercivity trends, and superparamagnetic crossover. Beyond
summarizing the field, the review proposes a regime map linking dimensionality to charac-
teristic structural defects and magnetic signatures, and it identifies unresolved questions
concerning the true origin of enhanced magnetization in ultrathin NiFe2O4, the interplay
between anti-phase boundaries and strain, and the distinction between intrinsic inversion
changes and extrinsic substrate artifacts. The resulting article offers a submission-ready,
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originality-focused review that positions dimensionality as the master variable governing
structure–magnetism correlations in nickel ferrite.

Keywords: nickel ferrite; NiFe2O4; inverse-spinel structure; dimensionality effects;
nanoparticles; thin films; ultrathin films; cation distribution; saturation magnetization;
coercivity; magnetic anisotropy; superparamagnetism; pulsed laser deposition; sputtering

1. Introduction
Nickel ferrite (NiFe2O4) is a technologically important inverse-spinel ferrite that

combines moderate ferrimagnetism, high electrical resistivity, chemical stability, and broad
synthesis flexibility. In the ideal inverse-spinel description, Ni2+ ions preferentially occupy
octahedral B sites, whereas Fe3+ ions are distributed between tetrahedral A and octahedral
B sites. This cation arrangement controls the A–B superexchange balance and therefore
the net ferrimagnetic response. However, the accumulated literature shows that NiFe2O4

cannot be treated as a dimension-independent material. Its measured magnetization,
coercivity, remanence, Curie temperature, anisotropy, electrical behavior, and functional
response are strongly influenced by cation distribution, crystallinity, defect density, grain
connectivity, synthesis pathway, surface spin disorder, strain, and interface structure [1–10].

In this review, dimensionality is used in a broad materials science sense rather than
as a purely geometric classification. It includes bulk ceramics, nanocrystalline powders,
nanoparticles, one-dimensional nanostructures, polycrystalline thin films, and ultrathin
epitaxial layers. Each regime highlights a different balance of magnetic interactions. Bulk
and near-bulk NiFe2O4 approach the equilibrium inverse-spinel reference state and are
dominated by long-range ferrimagnetic exchange. Nanoparticles and nanocrystalline
powders introduce a large fraction of surface and grain-boundary spins, leading to finite-
size magnetization suppression, surface spin canting, reduced ordering temperature, and
possible superparamagnetic relaxation. One-dimensional structures, such as nanofibers,
nanorods, nanotubes, and chain-like assemblies, combine nanoscale surface effects with
shape anisotropy and directional connectivity. Thin films and ultrathin epitaxial layers add
another level of complexity because substrate-induced strain, texture, anti-phase bound-
aries, oxygen non-stoichiometry, and interface-driven cation redistribution can strongly
modify the magnetic response [11–20].

The application relevance of NiFe2O4 is therefore also dimensionality-dependent.
Bulk and near-bulk ceramics remain most suitable for high-frequency ferrite components,
microwave-related devices, inductive elements, and reference magnetic materials because
they provide stable ferrimagnetism, high resistivity, and thermal robustness. Nanoparticles
and nanocrystalline powders are more attractive for magnetic separation, hyperthermia,
catalysis, adsorption, environmental remediation, and battery or supercapacitor electrodes
because their high surface area and field responsiveness enhance interfacial functional-
ity. Nevertheless, these advantages must be balanced against aggregation, broad size
distribution, suppressed saturation magnetization, and superparamagnetic relaxation.
One-dimensional NiFe2O4 structures are promising for anisotropic sensors, microwave
absorbers, field-guided assemblies, and aligned electrode architectures, because their elon-
gated geometry introduces a preferred magnetic direction. Thin and ultrathin films are
especially relevant for spin filters, oxide spintronics, magnetoelectric heterostructures,
integrated magnetic sensors, and strain-engineered devices, where interfacial quality and
cation redistribution become central design variables [21–35].
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Despite the large number of studies on NiFe2O4, a fully unified interpretation of its
dimensionality-controlled structure and magnetism remains incomplete. Many reports
focus on a single form of the material, such as powders, nanoparticles, films, or epitaxial
layers, and compare magnetic parameters without sufficiently separating intrinsic cation-
distribution effects from extrinsic microstructural and interfacial effects. This can lead to
contradictory interpretations. For example, reduced magnetization in nanoparticles may
arise from surface spin disorder rather than poor phase formation, whereas enhanced or
anomalous magnetization in ultrathin films may originate from off-equilibrium cation
redistribution, strain, interfacial reconstruction, substrate contribution, or incomplete
magnetic saturation. A dimensionality-based review is therefore useful because it provides
a common language for comparing results that were produced using different synthesis
routes, length scales, and measurement conditions. It also helps distinguish genuine
structure-property correlations from apparent trends caused by processing history or
sample geometry [10–20,25–35].

The purpose of this review is to provide a unified dimensionality-based framework
for understanding structure–magnetism correlations in NiFe2O4. The discussion is or-
ganized around three coupled control factors: the cation-distribution function, which
determines the A–B superexchange balance; the microstructural coherence function, which
reflects crystallinity, grain connectivity, strain, defects, and anti-phase boundaries; and
the surface/interface spin-order parameter, which describes the loss or reconstruction of
magnetic order at free surfaces and buried interfaces. Within this framework, bulk ceramics
act as the reference state, nanoparticles illustrate finite-size and surface-disorder effects,
one-dimensional nanostructures demonstrate the importance of shape anisotropy, thin
films reveal strain and defect-controlled anisotropy, and ultrathin epitaxial films expose
the possible role of nonequilibrium inversion and interface-driven electronic reconstruc-
tion [10–22,25–35]. This approach also prevents unnecessary repetition by assigning each
physical mechanism to the section where it is most relevant.

The novelty of this review lies in using dimensionality as the master variable linking
synthesis, structure, defects, interfaces, and magnetic response. The article first summarizes
the inverse-spinel crystal chemistry of NiFe2O4 and then develops a theoretical framework
for finite-size suppression, anisotropy scaling, coercivity evolution, and superparamagnetic
crossover. It then compares synthesis routes as dimensionality-setting methods, includ-
ing solid-state reaction, sol–gel, co-precipitation, hydrothermal/solvothermal growth,
mechanochemical synthesis, combustion, pulsed laser deposition, and radio-frequency
sputtering. Finally, the review discusses bulk, nanoparticle, one-dimensional, thin-film,
and ultrathin-film regimes separately and connects each regime to relevant application
directions. This structure preserves the revisions requested by the reviewers while avoiding
repeated introductory prose. It also provides a concise but comprehensive roadmap for
designing NiFe2O4 materials according to the target dimensionality and function [31–43].

Compared with the previous version, this shortened Introduction keeps the essential
reviewer-requested additions but avoids duplicating them. The detailed discussion of
specific mechanisms, such as cation inversion, surface spin disorder, synthesis-route effects,
and thin-film strain, is intentionally deferred to the later sections where equations, figures,
and examples are provided. This preserves the Introduction as a focused roadmap rather
than a second discussion section.

2. Ferrite Crystal Chemistry and the Special Status of NiFe2O4

Representative structural schematics and site-occupancy illustrations extracted from
the uploaded nickel ferrite attachment are reproduced below because they provide a useful
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visual bridge between the classical ferrite description and the modern dimensionality-
focused discussion developed in this review (Figure 1) [20,25,26,36].

Figure 1. Crystal structure of inverse-spinel NiFe2O4 showing the spinel lattice, tetrahedral A-site
coordination, and octahedral B-site coordination. Fe3+ ions occupy tetrahedral A sites, whereas
Ni2+ and Fe3+ ions occupy octahedral B sites. This cation distribution defines the A–B superexchange
balance responsible for the ferrimagnetic behavior of NiFe2O4. Adapted from [36].

Ferrites are ferrimagnetic oxides in which the magnetic ions occupy two or more
nonequivalent crystallographic sites linked through oxygen-mediated superexchange. Al-
though the ferrite family includes cubic spinels, hexaferrites, and garnets, nickel ferrite
belongs to the cubic spinel class and is best described by the generic spinel formula AB2O4.
In a normal spinel, divalent cations occupy tetrahedral A sites and trivalent cations occupy
octahedral B sites. NiFe2O4, however, is classically considered an inverse spinel, meaning
that Ni2+ prefers the octahedral B sublattice while Fe3+ occupies both A and B positions.
This cation partitioning is central to magnetic behavior because the dominant exchange
path in ferrites is usually the antiferromagnetic A–B superexchange, whereas B–B and
A–A interactions are weaker. The net magnetization therefore emerges from the incomplete
cancellation of the A- and B-sublattice moments [1,4,10–14,20–22].

For an ideal inverse spinel nickel ferrite, the cation arrangement may be represented
schematically as (Fe3+) [Ni2+Fe3+] O4, where round brackets denote tetrahedral sites and
square brackets denote octahedral sites. In a purely ionic, collinear, localized-spin approx-
imation, the Fe3+ moments on the A and B sites oppose one another and largely cancel,
leaving a net moment dominated by the Ni2+ contribution. This simple picture explains
why the nominal magnetic moment is often given as approximately 2 µB per formula
unit. Yet the literature and the uploaded attachments both make clear that the experi-
mental moment can deviate from this value. The reasons include incomplete inversion,
nonequilibrium cation redistribution, orbital contributions, noncollinearity, spin canting,
and measurement conditions. Hence, even at the level of crystal chemistry, NiFe2O4 must
be treated as a variable spinel rather than a perfectly rigid one [12–14,20,25,26].

The concept of inversion parameter is therefore indispensable. If λ denotes the fraction
of divalent ions on octahedral sites, then λ = 1 corresponds to the ideal inverse-spinel limit
and λ = 0 to the normal-spinel limit. In real samples, especially nanoscale or rapidly grown
ones, λ may lie between these extremes. Modern studies of cation distribution confirm that
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the magnetic response is highly sensitive to this parameter because changing λ changes the
relative occupancy of A and B sublattices and therefore modifies the A–B superexchange
network [14,26,37]. The internet literature on the cation distribution of NiFe2O4 emphasizes
exactly this point: structural energy, bond geometry, and atomic magnetic moment all vary
with inversion degree, and the relationship is strong enough that cation distribution has
become one of the most discussed variables in nickel ferrite physics.

In addition to inversion, the local environment of the cations matters. Ni2+ on octahe-
dral sites experiences crystal-field splitting different from Fe3+ on tetrahedral sites, and the
bond angles of the oxygen bridges determine the strength of the exchange interactions. In
the bulk equilibrium state, these structural details produce the well-known ferrimagnetic
ground state of nickel ferrite with moderate saturation magnetization and comparatively
low coercivity relative to hard ferrites such as CoFe2O4. However, the apparent simplicity
of the bulk state is misleading because all non-bulk forms of NiFe2O4 inherit this spinel
architecture while perturbing it in different ways. Particle size reduction amplifies the
importance of undercoordinated surface oxygen and broken exchange bonds. Thin-film
growth on a substrate imposes epitaxial strain and may create anti-phase boundaries.
Ultrafast or off-equilibrium synthesis can freeze in cation distributions different from
the thermodynamic minimum. Thus, the same inverse-spinel skeleton supports a wide
spectrum of magnetic behaviors [10–14,20–22,25,26].

It is also worth noting that nickel ferrite should not be positioned only among soft
ferrites in a simplistic way. In practice, its exact coercivity and anisotropy vary widely with
dimensionality, defect density, and synthesis route. Bulk polycrystalline NiFe2O4 often
behaves as a relatively soft ferrimagnet because the magnetocrystalline anisotropy is
moderate and the large resistivity suppresses eddy-current losses. Nanoparticles may show
enhanced coercivity within a certain size window because single-domain behavior removes
domain-wall motion as the dominant reversal mode. Yet if the particles become still smaller,
the anisotropy energy may no longer overcome thermal agitation, and superparamagnetism
emerges. Thin films complicate the picture further because strain, texture, and anti-phase
boundaries can make the coercivity either smaller or larger than in bulk. Consequently,
NiFe2O4 is best understood not as a fixed soft ferrite but as a tunable ferrimagnetic spinel
whose effective softness or hardness depends on dimensionality [2–7,15–19,24].

The uploaded notes also discuss the broader ferrite family, including MnZn, NiZn,
hexaferrites, and garnets. That background is useful because it highlights what is dis-
tinctive about NiFe2O4. Compared with MnZn ferrites, nickel ferrite generally offers
higher chemical stability and better suitability for certain high-frequency and thin-film
applications, though MnZn materials often dominate at lower frequencies because of their
larger permeability. Compared with NiZn ferrites, pure NiFe2O4 avoids the compositional
complexity introduced by Zn-driven redistribution. Compared with CoFe2O4, nickel ferrite
has lower magnetocrystalline anisotropy and coercivity, which makes it less attractive as a
hard magnet but more attractive for microwave, sensing, and spin-filter contexts. These
comparisons reinforce the reason why NiFe2O4 is a particularly revealing case study for
dimensionality: its baseline magnetic state is neither too weak nor too rigid, so structural
perturbations can be observed clearly [4,5,23].

From the viewpoint of theoretical materials science, the central structural lesson is
straightforward. NiFe2O4 is not governed by composition alone. Its measurable magnetism
is a functional outcome of site occupancy, exchange geometry, lattice distortion, defect pop-
ulation, and finite size. Every dimensionality-driven phenomenon discussed later in this
review surface spin canting, coercivity maxima, thickness-dependent anisotropy, enhanced
ultrathin-film moment, and Curie temperature shifts can be traced back to modifications of
the inverse-spinel framework outlined here. For that reason, the next section develops the

https://doi.org/10.3390/magnetochemistry12060069

https://doi.org/10.3390/magnetochemistry12060069


Magnetochemistry 2026, 12, 69 6 of 38

dimensionality-based theoretical language that will be used throughout the remainder of
the article [10–22,25,26].

3. A Dimensionality-Based Theoretical Framework
To make the argument of this review visually explicit, Figure 2 presents an original

dimensionality map that condenses the literature into three coupled regimes: bulk-like
equilibrium ferrite, thickness-controlled thin films, and nanoscale particles where surface
and blocking phenomena dominate [15–18,28–30].

Figure 2. Original dimensionality map for NiFe2O4 across bulk, thin-film, and nanoscale regimes,
synthesized from the uploaded attachments and published literature [15–18,28–34].

A meaningful review of nickel ferrite must move beyond descriptive statements such
as “the particle size decreases and the magnetization changes.” What is needed is a theoret-
ical framework capable of explaining why different forms of NiFe2O4 deviate from the bulk
reference state in different directions. In this article, dimensionality is interpreted through
three coupled functions. The first is the cation-distribution function, which determines how
the inversion degree and site occupancy evolve under non-equilibrium synthesis, strain,
and confinement. The second is the microstructural coherence function, which measures
how effectively the exchange network survives in the presence of defects such as anti-phase
boundaries, grain boundaries, dislocations, oxygen vacancies, and amorphous intergran-
ular regions. The third is the surface/interface spin-order parameter, which captures the
progressive breakdown or reconfiguration of magnetic order at free surfaces and buried
interfaces. Together, these functions control the experimentally observed saturation magne-
tization, coercivity, anisotropy, and superparamagnetic crossover [10–18,20–22,25,26].

The net magnetic moment of NiFe2O4 may be described conceptually by the dif-
ference between B-sublattice and A-sublattice moments. In the simplest inverse-spinel
picture [12–14,19,20],

Mnet = MB − MA (1)

where MB and MA are the octahedral and tetrahedral sublattice magnetizations, respec-
tively. The net magnetic moment of NiFe2O4 may be described using the classical Néel
two-sublattice model of ferrimagnetism, in which the total ferrimagnetic moment is deter-
mined by the difference between the octahedral B-sublattice and tetrahedral A-sublattice
magnetizations Mnet = |MB − MA|, where MB and MA are the magnetizations associated
with the octahedral and tetrahedral sublattices, respectively [25]. This relation is widely
used for spinel ferrites because the antiferromagnetic A–B superexchange interaction is
usually dominant compared with the A–A and B–B interactions. In the case of NiFe2O4,
the literature describes the stable structure as an inverse spinel, with Fe3+ ions occupy-
ing tetrahedral A sites and Ni2+/Fe3+ ions occupying octahedral B sites. Accordingly,
the Fe3+ moments on the A and B sublattices largely compensate each other in the ideal
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collinear picture, while the remaining moment is mainly associated with Ni2+ on the
B sublattice. This literature-based picture explains the commonly cited nominal moment
of approximately 2 µB per formula unit, while deviations in real samples can arise from
incomplete inversion, cation redistribution, spin canting, surface disorder, strain, and
measurement conditions [26].

In an ideal inverse-spinel ferrite with perfect collinearity and negligible orbital con-
tribution, the Fe3+ moments on A and B sites cancel nearly exactly, so the net moment
reflects mainly the Ni2+ contribution. However, a more realistic representation must allow
for incomplete inversion and noncollinearity. If λ denotes the inversion parameter, then a
simplified configurational representation can be written as [12–14,20,25,26]

(Ni1−λ Feλ) [NiλFe2−λ] O4 (2)

which reminds us that even before finite-size effects are considered, the net ferrimagnetic
balance can change if λ changes. The simplest consequence is that the effective sublattice
moments become functions of λ, temperature, and local disorder. Thus, an experimentally
measured magnetization cannot be interpreted purely as a signature of crystallite size
unless the cation distribution is also considered [14,25,26].

Dimensionality enters this problem through the ratio of surface or interface atoms
to bulk-like atoms. For a spherical particle of radius R, the fraction of atoms influenced
strongly by the surface scales approximately as 1/R. Because surface cations have reduced
coordination and a higher probability of spin canting, the effective magnetization de-
creases as the particle size approaches the nanometer scale. This effect may be represented
phenomenologically as [15,16,24]

Ms(D) = Ms (∞) [1 − δ/D] γ (3)

where Ms(D) is the saturation magnetization for particle diameter D, Ms(∞) is the bulk or ex-
trapolated large-size value, δ is an effective magnetically disordered surface thickness, and
γ is a scaling exponent that depends on morphology and interaction strength. Experimen-
tally, Equation (3) provides a useful way to connect magnetic measurements with structural
characterization. A decrease in Ms should not be interpreted only as a compositional
effect; it should be compared with crystallite size, particle diameter, and surface disorder
estimated from XRD peak broadening, TEM/SEM morphology, or milling/synthesis condi-
tions. Therefore, the most informative nanoparticle studies are those that correlate Ms, Hc,
and TC with both particle size and microstructural quality, rather than reporting magnetic
parameters alone.

Equation (3) is not intended as a universal law, but it provides a useful phenomenolog-
ical description for interpreting finite-size magnetization suppression in NiFe2O4 nanopar-
ticles and nanocrystalline powders. As the particle or crystallite size decreases, a larger
fraction of the material is affected by magnetically frustrated, canted, or weakly coupled
surface and grain-boundary spins, and the measured saturation magnetization therefore
tends to decline. In the present review, this expression is applied only as an interpretive
framework for the ball-milled nanocrystalline NiFe2O4 literature, where progressive milling
reduces the crystallite size and increases lattice strain, defect density, and surface disorder.
Thus, the relevant “application” here is not a technological device application, but the
use of Equation (3) to rationalize the experimentally observed size-dependent magnetic
behavior of ball-milled nanocrystalline NiFe2O4 [15,16,24].

The size dependence of coercivity is subtler because coercivity is not controlled by
moment alone. In sufficiently large polycrystalline ferrites, reversal can occur through
domain-wall motion, and Hc is often modest. As the particle size is reduced toward
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the single-domain limit, domain-wall formation becomes energetically unfavorable and
coherent or quasi-coherent rotation dominates, causing Hc to rise. If the size is reduced
still further, thermal fluctuations begin to overcome anisotropy barriers and Hc falls again,
ultimately approaching zero in the superparamagnetic regime. This non-monotonic size
dependence is central to the dimensionality problem and may be described qualitatively
by the Stoner–Wohlfarth blocking criterion [15–18,24].

Keff V ≈ 25 kB TB (4)

where Keff is the effective anisotropy constant, V is the particle volume, kB is Boltzmann’s
constant, and TB is the blocking temperature. This relation is important because it separates
blocked single-domain nanoparticles from superparamagnetic particles on the experimental
time scale. In practice, a room-temperature hysteresis loop with low coercivity and low
remanence does not necessarily indicate poor crystallinity; it may indicate that the particle
volume is small enough for thermal relaxation to dominate. Thus, blocking temperature,
particle-size distribution, and measurement temperature should be discussed together
when comparing NiFe2O4 nanoparticle data.

When Keff V becomes comparable to thermal energy at the measurement temperature,
the particle can no longer retain a stable magnetization direction over the measurement
timescale. This explains why very small NiFe2O4 nanoparticles often show negligible
remanence and coercivity even though larger nanocrystals may still be ferrimagnetic. The
uploaded draft explicitly notes this trend for nanocrystalline nickel ferrite and relates it
to the appearance of superparamagnetic behavior at sufficiently small size. Thin films
belong to a different dimensionality regime. Here, the dominant perturbations are not
free-surface spin canting alone but also epitaxial strain, substrate-induced orientation,
anti-phase boundaries, and thickness-dependent relaxation. The total effective anisotropy
of a thin film may be written as [17,18].

Keff = Kmc + Kshape + Kstress + Ksurface + KAPB (5)

where Kmc is the magnetocrystalline anisotropy, Kshape is the shape anisotropy, Kstress is
the magnetoelastic contribution arising from strain, Ksurface collects surface and interface
anisotropy terms, and KAPB represents the effective anisotropy associated with anti-phase
boundaries or comparable exchange-disrupting planar defects. The last term is especially
relevant to ferrite films because anti-phase boundaries can strongly reduce the magnetiza-
tion at moderate fields and force the M(H) curve to saturate only gradually. The classical
literature on ferrite thin films has long emphasized this point, and it appears implicitly in the
PLD and sputtering papers summarized in your attachments. The magnetization of a defect-
rich film may therefore differ from the bulk value even if the cation distribution remains
nominally inverse-spinel. A convenient phenomenological expression follows [9,28–34]:

Ms(t) = Mbulk − ∆MAPB(t) − ∆Mstrain(t) − ∆Minterface(t) + ∆Minv(t) (6)

where t is the film thickness, ∆MAPB(t) is the reduction caused by anti-phase boundaries
and related planar defects, ∆Mstrain(t) represents strain-driven modifications of exchange
and spin alignment, ∆Minterface(t) accounts for interfacial suppression or enhancement, and
∆Minv(t) is a cation-inversion-related correction that may be either positive or negative.
Equation (6) is especially useful because it shows why ultrathin films can deviate in either
direction from the bulk value. If interface-driven inversion changes or off-equilibrium
site redistribution enhance the B-sublattice dominance enough to outweigh strain and
defect penalties, an apparent “giant” magnetization may emerge, as reported for ultrathin
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epitaxial NiFe2O4 grown under specific conditions. The coercivity of films and particles
can also be related to anisotropy through the familiar approximate relation [28–34],

Hc ≈ 2Keff/(µ0 Ms), (7)

although one must use this cautiously in defect-rich and multidomain systems. It remains
useful, however, for understanding trends. In nanoparticles, coercivity may increase if Keff

rises faster than Ms falls as the size decreases toward the single-domain regime. In thin
films, Hc often increases as thickness decreases when grain size becomes smaller and defect
density increases, but the detailed behavior depends strongly on strain relaxation and
texture. The thickness-dependent PLD study summarized in your notes reports precisely
such an increase in coercivity as the film thickness decreases. A final equation of practical
value concerns the temperature dependence of the saturation magnetization. In the bulk
ferrimagnetic regime, one often writes a Bloch-type reduction [17,31–36],

Ms(T) = Ms (0) [1 − B T(3/2)], (8)

but this expression can fail badly in nanosized or interface-dominated systems because
surface disorder, finite-size effects, and anisotropy fluctuations introduce additional tem-
perature dependencies. The suppression of Curie temperature in nanocrystalline nickel
ferrite reported in the ball-milling literature can be understood from the same logic: once
the exchange network is diluted by disordered surfaces and reduced coherence length,
long-range ferrimagnetic order weakens and the ordering temperature falls. The uploaded
draft cites a decrease from about 570 ◦C in the bulk to roughly 517 ◦C in a nanocrystalline
sample, which is fully consistent with this framework. The theoretical structure proposed
here can now be summarized succinctly. Bulk NiFe2O4 is governed mainly by equilibrium
inversion and long-range exchange. Nanoparticles add a negative surface-spin contribution
that suppresses Ms and TC as D decreases. Thin films add thickness-dependent strain and
defect terms that strongly influence anisotropy and coercivity. Ultrathin epitaxial films
additionally allow nonequilibrium inversion and interface-mediated electronic reconstruc-
tion, making enhanced magnetization possible under special growth conditions. Every
later section of this review can be interpreted as an experimental realization of one or more
terms in Equations (1)–(8) [15,16,28–30,37,38].

57Fe Mössbauer spectroscopy provides a particularly sensitive local probe of
dimensionality-dependent magnetism in NiFe2O4 because it directly monitors the Fe3+ hyperfine
environment at tetrahedral A and octahedral B sites. Unlike XRD, which mainly gives
average crystallographic information, or magnetometry, which gives the total magnetic
response, Mössbauer spectroscopy can distinguish changes in cation distribution, magnetic
hyperfine field, local disorder, relaxation behavior, and Fe-site symmetry. In bulk or near-
bulk NiFe2O4, the spectra are expected to show magnetically ordered sextet components
associated with Fe3+ ions in the A and B sublattices, consistent with stable ferrimagnetic
ordering. In nanoscale NiFe2O4, however, finite-size effects and surface spin disorder may
broaden the sextets, reduce the effective hyperfine fields, or introduce relaxation-related
components, especially when the particle volume approaches the superparamagnetic
regime. Chireh et al. showed that 57Fe Mössbauer spectra of thermally treated NiFe2O4

nanoparticles are sensitive to calcination temperature, crystallite size, and cation redis-
tribution, with NiFe2O4 calcined at 570 ◦C exhibiting two magnetic sextets. Oshtrakh
et al. further demonstrated, using high-velocity-resolution Mössbauer spectroscopy, that
NiFe2O4 nanoparticles contain distinguishable local 57Fe microenvironments that are not
fully resolved by average structural methods. Therefore, Mössbauer spectroscopy offers
direct microscopic support for the dimensionality framework used in this review: spec-
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tral area ratios and hyperfine-field assignments probe the cation-distribution function,
line broadening and hyperfine-field distributions reflect microstructural coherence, and
relaxation-related or reduced-field components reveal surface/interface spin disorder. For
thin and ultrathin NiFe2O4 films, Mössbauer analysis is also valuable for separating intrin-
sic cation redistribution from extrinsic strain, anti-phase-boundary, and interface effects,
although such measurements are experimentally more demanding because of the small ab-
sorber thickness and possible substrate contribution. Accordingly, Mössbauer spectroscopy
should be regarded as a key complementary technique for validating dimensionality-
controlled structure–magnetism correlations in NiFe2O4 [39,40].

4. Synthesis Routes as Dimensionality-Setting Variables
In nickel ferrite research, synthesis is not a neutral preparative step; it is a

dimensionality-setting variable. The chosen route determines not only size, thickness,
and morphology but also cation ordering, strain state, porosity, grain connectivity, and
defect content. Thus, a review of dimensionality would be incomplete without a critical
review of synthesis methods. The uploaded attachments correctly emphasize this point by
discussing solid-state synthesis, precipitation, ball milling, reactive milling, pulsed laser
deposition, sputtering, combustion, flotation-assisted preparation, hydrothermal growth,
and sol–gel chemistry. A major contribution of the present review is to organize these
routes according to how they bias the final magnetic state of NiFe2O4 [31,35–43].

For clarity, the major synthesis routes discussed in this review are classified schemati-
cally according to the dimensionality regime they most naturally generate, as summarized
in Figure 3 [31,35–43].

Figure 3. Schematic classification of major NiFe2O4 synthesis routes according to the dimensionality
regime and magnetic-response features they typically promote [31,35,37–48].

4.1. Conventional Solid-State (Ceramic) Synthesis

The oldest reference route is the conventional solid-state ceramic method. Here, NiO
and Fe2O3 are mixed in stoichiometric proportion, pressed, and sintered at temperatures
commonly above 1000–1200 ◦C. The main advantage is that prolonged high-temperature
treatment drives the system closer to equilibrium. As a result, bulk samples prepared this
way often provide the most reliable reference values for lattice parameter, inverse-spinel
character, and saturation magnetization. The disadvantages are equally well known: large
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grain size, limited control over nanoscale morphology, and the possibility of residual poros-
ity or secondary phases if the reaction is incomplete. From the standpoint of dimensionality,
solid-state synthesis tends to erase finite-size effects and therefore reveals the bulk baseline
rather than the nanostructured state [1,4,5].

4.2. Ball Milling and Mechanochemical Synthesis

Ball milling and mechanochemical or reactive milling invert this logic. Instead of
allowing the system to equilibrate, they force mechanical fragmentation and repeated
impact-driven activation, often beginning from either preformed NiFe2O4 or from a mix-
ture of precursor oxides. The attachment based on Nabiyouni’s work shows how increasing
milling time reduces grain size and progressively suppresses magnetization and Curie
temperature. The mechanism is physically transparent within the framework already
developed: milling increases surface fraction, lattice disorder, strain, and possibly con-
tamination from the milling media, all of which reduce microstructural coherence. The
attachment based on Marinca’s mechanosynthesis work complements this by showing that
high-energy milling can indeed generate nanocrystalline NiFe2O4 but at the price of strong
defect formation and possible compositional contamination. Hence, ball milling is excellent
for exploring the finite-size and disorder regime, but it does not provide the cleanest path
to equilibrium ferrimagnetism [37,38].

4.3. Chemical Nanoparticle Routes: Precipitation, Co-Precipitation, and Related
Wet-Chemical Methods

Precipitation, co-precipitation, flotation-assisted synthesis, and modified precipitation
with a dispersing matrix such as starch all belong to the chemical nanoparticle routes. Their
main advantage is that they provide relatively direct access to the nanoscale regime without
requiring long high-temperature sintering at the outset. They also allow surfactants or
polymeric agents to regulate nucleation and suppress agglomeration. From the perspective
of magnetism, these routes often produce particles with smaller diameters and therefore
stronger surface effects than solid-state or moderate-temperature sol–gel methods. Their
disadvantages include broad size distributions, agglomeration, variable stoichiometry if
precipitation is incomplete, and the need for careful post-annealing to establish the spinel
phase cleanly. The co-precipitation literature on NiFe2O4, including the work referenced
in the attachment, has repeatedly shown that annealing temperature controls the trade-
off between phase purity and particle growth. Too little annealing preserves small size
but weak crystallinity; too much annealing increases crystallinity but reduces the very
nanoscale effects one may wish to study [35,39–41,43,48–51].

Representative synthesis-dependent microstructures are shown in Figure 4 to illustrate
why nanoparticle morphology, agglomeration, porosity, and local nonuniformity must be con-
sidered when comparing wet-chemical and low-temperature preparation routes [39–43,49,50].

4.4. Hydrothermal/Solvothermal Synthesis and One-Dimensional Nanostructures

Hydrothermal and solvothermal methods are especially powerful because they give
better control over crystal growth at moderate temperatures and can produce comparatively
uniform particles, rods, or other anisotropic forms. The revised attachment rightly notes
that hydrothermal routes are attractive when shape control and improved crystallinity
are desired. Their disadvantages are the need for sealed autoclaves, elevated pressure,
and slower processing. In nickel ferrite specifically, hydrothermal methods often reduce
the defect density relative to mechanically milled powders while preserving small par-
ticle size, making them particularly useful for distinguishing true finite-size magnetic
effects from milling-induced disorder. They also provide a route to one-dimensional
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morphologies, which are especially important for separating shape anisotropy from pure
size effects [36,39].

Figure 4. FESEM micrographs of spinel ferrite nanoparticles: (a) CoFe2O4, (b) NiFe2O4, and
(c) ZnFe2O4, showing porous nanoparticle-based morphologies. CoFe2O4 and ZnFe2O4 exhibit
clustered granular features, while NiFe2O4 shows a more cotton-like porous morphology. Repro-
duced/adapted from [41–50].

4.5. Sol–Gel and Combustion Approaches

Sol–gel synthesis occupies an intermediate position between molecular-level homo-
geneity and post-calcination crystallization. Because the metal ions are mixed on a fine
chemical scale before gelation, sol–gel often yields highly homogeneous compositions and
comparatively low-temperature formation of the spinel phase. The trade-off is that gel
drying, burnout of organics, and calcination history strongly influence porosity, particle
aggregation, and grain connectivity. The recent literature continues to regard sol–gel as one
of the most versatile routes for nickel ferrite because it can generate powders suitable for
both magnetic characterization and electrochemical applications. From a dimensionality
perspective, sol–gel is attractive because it can occupy a broad middle ground: its product
is smaller and more uniform than that produced in conventional ceramic synthesis, but
often more crystalline and chemically homogeneous than aggressively milled powders.
Combustion methods are faster and more energy-efficient but may produce fluffy, highly
porous agglomerates whose local temperature history is difficult to control. As the attach-
ment notes, the rapid exothermic reaction can form NiFe2O4 quickly, yet this speed often
comes with broader particle-size distributions and local nonuniformity. Such materials
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can be valuable for catalysis or adsorption, where surface area matters, but their magnetic
interpretation must account for substantial microstructural heterogeneity [43–52].

4.6. Thin-Film Deposition Routes: Pulsed Laser Deposition and Sputtering

For thin films, the dimensionality-setting routes are pulsed laser deposition (PLD),
radio-frequency sputtering, chemical spray or spin routes, and related vapor-phase ap-
proaches. PLD is particularly important in NiFe2O4 because it can transfer target stoi-
chiometry efficiently and allows precise control over thickness. The attachments cite the
thin-film PLD literature well, especially the work showing thickness-dependent grain size,
coercivity, and saturation magnetization. PLD is also the route most closely associated
with the ultrathin epitaxial NiFe2O4 literature, where off-equilibrium growth and cation
redistribution are thought to play a major role. Its main disadvantages are cost, limited
area scalability, and the sensitivity of ferrite films to oxygen pressure, substrate temper-
ature, and post-annealing. Sputtering provides greater industrial relevance and good
thickness control but frequently requires post-deposition annealing to develop high-quality
ferrite order. The literature shows that ferrite films are highly sensitive to crystalline disor-
der, and that annealing often reduces the high saturation fields required by as-deposited
disordered films [9,28–34,42].

The synthesis routes can therefore be arranged according to the kind of dimensionality
problem they are best suited to reveal. Conventional ceramic synthesis is the route for
bulk reference behavior. Ball milling and aggressive chemical precipitation are ideal
for the finite-size and disorder regime. Hydrothermal and solvothermal methods are
useful for small but better-ordered particles and one-dimensional structures. PLD and
sputtering are the principal routes for thin films and ultrathin-film interface physics. This
classification is more informative than listing methods alphabetically because it connects
synthesis directly to magnetic interpretation. In practical terms, two nominally identical
NiFe2O4 samples prepared by different routes should never be expected to have the same
magnetic parameters unless their dimensionality, defect density, and cation distribution are
also comparable [31,35,37,41–50].

The key practical implication is that synthesis route should be treated as a property-
control variable. Ceramic synthesis provides bulk-like reference behavior, mechanochem-
ical routes emphasize finite-size disorder, wet-chemical methods enhance surface func-
tionality, hydrothermal/solvothermal routes improve shape control and crystallinity, and
PLD/RF sputtering enable thickness- and interface-controlled film states. Therefore, mean-
ingful comparison of NiFe2O4 properties requires the synthesis route, dimensionality,
defect density, and cation-ordering state to be considered together.

5. Bulk Nickel Ferrite as the Equilibrium Reference State
Any dimensionality-based review must begin with a reference state, and for NiFe2O4

that state is the equilibrium or near-equilibrium bulk ferrite [51–56]. Bulk nickel ferrite
is usually obtained through ceramic reaction and high-temperature sintering, conditions
under which the spinel phase approaches equilibrium cation distribution and the relative
influence of surfaces is minimized. A representative diffraction pattern of bulk-like NiFe2O4

is shown in Figure 5 to illustrate the cubic spinel reference structure discussed in this
section. Bulk NiFe2O4 is therefore used here as the baseline against which nanoparticle
magnetization suppression, one-dimensional shape-anisotropy effects, thin-film strain
effects, and ultrathin-film interfacial enhancement are evaluated. This avoids treating
each dimensional form as an isolated material and instead places all forms on a common
structure–magnetism scale.
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Figure 5. XRD patterns of NiFe2O4 samples annealed at 350 ◦C, 400 ◦C, and 450 ◦C, labelled as S-350,
S-400, and S-450, respectively. The diffraction peaks at approximately 30.3◦, 35.7◦, 37.3◦, 43.3◦, 57.3◦,
and 63.0◦ correspond to the (220), (311), (222), (400), (511), and (440) planes of cubic spinel NiFe2O4,
consistent with JCPDS No. 54-0964 [51–56].

From the viewpoint of magnetization reversal, bulk NiFe2O4 usually behaves as
a multidomain ferrimagnet. Domain-wall motion therefore contributes significantly to
reversal, keeping coercivity at moderate values. Grain size and porosity can alter the exact
Hc measured experimentally, but the dominant physical point is that bulk specimens are not
single-domain objects. This distinguishes them sharply from nanoparticles. It also means
that the anisotropy landscape of bulk NiFe2O4 is averaged over many grains and domains
rather than pinned primarily at surfaces or interfaces. Consequently, bulk measurements
provide the clearest access to intrinsic spinel exchange and the least direct access to finite-
size phenomena. Bulk NiFe2O4 also establishes the baseline temperature dependence. In
the absence of strong finite-size or interface effects, the reduction in Ms with temperature is
governed mainly by spin-wave excitations and standard ferrimagnetic thermal disordering.
The Curie temperature remains high because the three-dimensional exchange network is
fully connected. This is exactly why decreases in TC reported for nanocrystalline samples
are meaningful: they indicate not simply experimental scatter but a true weakening of
long-range order caused by reduced coherence and increased surface or defect fractions.
One may therefore summarize bulk NiFe2O4 with five characteristic features. First, it
approaches the inverse-spinel limit more closely than nanoscale or ultrathin forms. Second,
its magnetization is moderate but stable, making it a good reference for “normal” nickel
ferrite behavior. Third, it is structurally coherent enough that the role of surface disorder
is minimal. Fourth, its coercivity reflects multidomain reversal rather than blocking or
superparamagnetism. Fifth, its Curie temperature is high and relatively insensitive to
measurement details compared with nanopowders. These attributes justify using the bulk
phase as the zero-order state in any dimensionality-based theory [2,6,7,17,19,57–60].

A representative room-temperature hysteresis loop for NiFe2O4 is presented in
Figure 6 to illustrate the moderate ferrimagnetic response and the role of the bulk phase as
the magnetic reference state.
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Figure 6. Room-temperature magnetic hysteresis loop of NiFe2O4 measured at 300 K, showing
ferrimagnetic behavior with nonlinear magnetization response under an applied magnetic field
of ±20 kOe [57–60].

The importance of the bulk reference becomes most obvious when one examines
claims of enhanced or suppressed magnetization in reduced-dimensional samples. Without
a clear baseline, one might misinterpret a nanoparticle magnetization of 24 emu g−1 as
simply “normal” or a thin-film value above 250 emu cm−3 as automatically superior. In
reality, both numbers have meaning only relative to the bulk reference and to the defect
and inversion terms that dimensionality introduces. Thus, the bulk state does not merely
occupy the first section of a review; it anchors the entire interpretive framework. In practical
materials design, bulk nickel ferrite remains relevant whenever thermal robustness, modest
coercivity, and high-frequency resistive performance are needed without the complications
of nanoscale disorder or interfacial strain. Yet scientifically, its greater value lies in being
the cleanest expression of the intrinsic ferrimagnetic spinel before dimensionality begins to
rewrite the magnetic script. The sections that follow can therefore be read as systematic
departures from this equilibrium reference [24,28–30,57–61].

6. Nanoparticles and Nanocrystalline NiFe2O4: Finite-Size Suppression,
Spin Canting, and Blocking

The attachment-based dataset also contains representative experimental evidence
for the nanoparticle regime. Figure 7 below summarize the characteristic reduction
in spontaneous magnetization under strong milling and the size-dependent block-
ing/coercivity behavior that marks the transition from superparamagnetic to blocked
single-domain states [6,7,61].

The nanocrystalline regime is where dimensionality first becomes impossible to ignore.
Once the characteristic diameter of NiFe2O4 is reduced to a few tens of nanometers or
below, the ratio of surface atoms to interior atoms increases rapidly, and the magnetic
response begins to depart from the bulk state in a qualitatively new way. The uploaded
attachment based on the work of Nabiyouni and co-workers captures this transition well:
increasing milling time reduces the grain size and leads simultaneously to lower saturation
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magnetization and a lower Curie temperature. This is one of the clearest illustrations of
the finite-size problem in nickel ferrite. The essential reason for this suppression is surface
spin disorder. In a bulk inverse spinel, most cations are fully coordinated and participate in
well-defined superexchange pathways. Near the surface of a nanoparticle, however, oxygen
coordination is incomplete, bond angles are perturbed, and local symmetry is reduced. The
result is that surface moments no longer align collinearly with the core in the same way:
some spins cannot; others become weakly coupled or even frustrated [15,16,24,37,38,61].

Figure 7. Author-prepared schematic summarizing the representative nanoparticle mechanisms
in NiFe2O4: (a) ferrimagnetic core with a canted/disordered surface shell; (b) finite-size/disorder-
induced suppression of saturation magnetization and Curie temperature; and (c) non-monotonic
coercivity associated with the transition between superparamagnetic, blocked single-domain, and
larger-particle regimes [6,7,24,26,61].

The effective nanoparticle may therefore be pictured as a ferrimagnetic core sur-
rounded by a magnetically disordered shell. Equation (3) introduced earlier formalizes
this by assigning a disordered shell thickness δ that subtracts from the bulk-like magnetic
volume. The smaller the particle, the larger the relative contribution of that shell, and
the lower the measured Ms. This interpretation also explains why the suppression of
magnetization is often accompanied by unsaturated M(H) behavior at high fields. A canted
or frustrated surface shell cannot be aligned as easily as a uniform ferrimagnetic core. Con-
sequently, the magnetization curve may continue to rise at fields well above those needed
to saturate the core. The same logic appears in the older ferrite nanoparticle literature more
broadly and is consistent with the mechanosynthesized NiFe2O4 studies cited in the web
search results. In practical terms, a reduced Ms in a nanoparticle sample should not be
interpreted simply as “worse ferrite.” It is often the fingerprint of a core–shell-like magnetic
architecture imposed by dimensionality. Curie temperature suppression in nanocrystalline
nickel ferrite follows from the same picture. The ordering temperature is governed by the
average exchange energy that stabilizes the ferrimagnetic state. If a significant fraction of
the material consists of weakly coupled or frustrated spins, the effective exchange field
decreases and the long-range order collapses at a lower temperature [15,16,24,55,56].

The decrease from about 570 ◦C in bulk to about 517 ◦C in nanocrystalline NiFe2O4

reported in the attachment is therefore physically reasonable and theoretically important. It
confirms that nanoscale dimensionality does not merely affect low-temperature anisotropy
or room-temperature coercivity; it changes the thermodynamic stability of the ferrimagnetic
state itself. The size dependence of coercivity adds further richness. Unlike magnetiza-
tion, coercivity is usually non-monotonic with particle size. In large particles or bulk
grains, reversal occurs in part by domain-wall motion, which keeps Hc moderate. As the
particles become smaller and approach the single-domain size, domain-wall formation
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becomes energetically expensive and reversal shifts toward coherent or quasi-coherent
rotation, so coercivity rises. But once the particles become so small that Keff V is com-
parable to thermal energy, the magnetization direction fluctuates on experimental time
scales and Hc falls toward zero. This produces the classical coercivity maximum at an
intermediate size. The attachment’s discussion of nearly zero remanence and coercivity for
a nanocrystalline sample is fully consistent with the system having moved into or near the
superparamagnetic regime [15–18,37,38,61].

Nanoparticles’ synthesis route matters enormously here because the same nominal
size may have very different defect populations depending on whether it was achieved by
milling, co-precipitation, hydrothermal growth, or combustion. Ball-milled nanoparticles
often contain high internal strain and defect-rich surfaces, which amplify suppression
of magnetization. Chemically grown nanoparticles may be more crystalline at similar
size and therefore show larger Ms. This is why comparisons of magnetization values
across the NiFe2O4 nanoparticle literature often show significant scatter even at similar
reported sizes. A purely size-based plot therefore misses an important truth: finite size
and structural disorder enter simultaneously, and they are not easily separable unless the
synthesis route is controlled. There is also a dimensionality crossover hidden inside the
nanoparticle regime itself. At diameters of several tens of nanometers, the particles may still
be ferrimagnetically blocked at room temperature and exhibit measurable coercivity. As the
size decreases further, room-temperature superparamagnetism emerges, though the same
particles may remain blocked at lower temperature. Thus, the dimensionality problem is
not solved simply by calling all nanopowders “nanoscale.” One must specify whether the
particles are multidomain, single-domain blocked, or effectively superparamagnetic under
the measurement conditions [35–41,43,48–54].

One-dimensional nanostructures such as nanofibers, nanotubes, and rods belong
partly to the nanoparticle regime but deserve separate attention because shape anisotropy
begins to compete with surface disorder. Several internet reports on NiFe2O4 nanofibers
show that coercivity and anisotropy can be stabilized relative to roughly isotropic nanopar-
ticles because the elongated geometry provides an additional preferential magnetization
axis. This is a reminder that dimensionality is not equivalent to particle diameter alone.
Morphology matters. A 20 nm spherical particle and a 20 nm diameter, 500 nm long fiber
have very different magnetic-energy landscapes even if both are nanoscale in one dimen-
sion. From an applications standpoint, the nanoparticle regime is both the most promising
and the most delicate. It is promising because superparamagnetic or weakly blocked
NiFe2O4 nanoparticles can be manipulated by external fields, dispersed in fluids, and used
for magnetic hyperthermia, separation, catalysis, adsorption, or battery electrodes. It is
delicate because the same surface-driven physics that enables these uses also undermines
saturation magnetization and complicates reproducibility [27,36,39].

A successful nanoparticle design therefore requires balancing high surface area with
sufficient core ordering. The dimensionality-based theory developed in this review suggests
that this balance can be approached by maximizing crystallinity and controlling cation
distribution while accepting that some surface-driven suppression of Ms is unavoidable.
The major theoretical lesson of the nanoparticle regime is therefore this: dimensional
reduction from bulk to nanoparticles does not simply scale down the same ferrimagnet.
It creates a two-component magnetic entity composed of a bulk-like ferrimagnetic core
and a non-bulk surface shell. The experimentally measured magnetization, coercivity,
and Curie temperature are all averages over that heterogeneous entity. This insight is
one of the key foundations for understanding why NiFe2O4 behaves so differently across
dimensions [15,16,25,26,35–41].
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7. One-Dimensional Nanostructures and Anisotropy Engineering
One-dimensional nickel ferrite nanostructures, including nanofibers, nanorods, nan-

otubes, and chain-like assemblies, occupy an intermediate conceptual space between
isotropic nanoparticles and continuous thin films. They are nanoscale in diameter, so they
inherit strong surface effects, yet they are extended along one axis, so shape anisotropy
becomes a first-order factor. This regime is especially instructive because it demonstrates
that dimensionality affects not only the fraction of surface spins but also the geometry
of the anisotropy landscape. Figure 8 provides a processed schematic representation of
this concept and shows how the elongated geometry introduces a preferred magnetic axis
while surface disorder remains important at the nanoscale diameter [27,36,39]. The key
distinction between isotropic nanoparticles and one-dimensional NiFe2O4 nanostructures
is that the latter introduce a preferred magnetic axis through their elongated geome-
try. One-dimensional NiFe2O4 nanostructures such as nanofibers, nanorods, nanotubes,
and chain-like assemblies belong partly to the nanoparticle regime but require separate
treatment because shape anisotropy competes with surface disorder. The literature on
electrospun NiFe2O4 nanofibers, NiFe2O4 nanorods, NiFe2O4 nanotubes/nanowires, and
general magnetic nanowire systems shows that elongated morphology can introduce a pref-
erential magnetization axis along the long direction and can modify coercivity, remanence,
and reversal behavior compared with nearly isotropic nanoparticles of similar diameter.
Therefore, dimensionality is not equivalent to particle diameter alone. For example, a
nearly spherical 20 nm NiFe2O4 particle and a 20 nm diameter, 500 nm long NiFe2O4

fiber/rod have different demagnetizing factors, aspect ratios, shape-anisotropy energies,
and magnetic reversal barriers, even though both contain at least one nanoscale dimen-
sion. This morphology-dependent magnetic response is consistent with reported studies on
NiFe2O4 nanofibers and nanorods and with the broader nanomagnetism literature on shape
anisotropy in elongated magnetic nanostructures. In nanofibers, nanorods, nanotubes, and
chain-like assemblies, the demagnetizing field is minimized when magnetization aligns
along the long axis. This shape anisotropy can increase the effective energy barrier for
reversal and can partially delay the onset of superparamagnetic relaxation compared with
spherical nanoparticles of similar diameter, provided that intergrain exchange continuity is
not destroyed by porosity or weakly connected grains.

Figure 8. Schematic illustration of the magnetic role of one-dimensional NiFe2O4 nanostructures.
The elongated rod/fiber geometry introduces a preferred magnetization direction along the long axis,
while the nanoscale diameter preserves a significant surface-disordered contribution. The effective
anisotropy is governed by coupled magnetocrystalline, shape, and surface/interface terms, with the
shape contribution enhancing magnetic stability relative to isotropic nanoparticles of comparable
diameter [6,7,24,26,62].
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In a one-dimensional magnetic object, the demagnetizing field is minimized when the
magnetization lies along the long axis. As a result, even when the constituent material is
magnetically soft in bulk form, the morphology itself can create a preferred direction and
stabilize remanence or coercivity relative to isotropic particles. For NiFe2O4 this is impor-
tant because the moderate intrinsic anisotropy of the spinel can be significantly reshaped by
geometry. The total anisotropy therefore becomes a sum of magnetocrystalline, shape, and
surface contributions, and shape anisotropy may dominate if the aspect ratio is sufficiently
large. This is one reason why nickel ferrite nanofibers and rods often exhibit coercivities
and loop shapes different from those of nanoparticles of similar diameter [17,19,27,36].

The literature on one-dimensional NiFe2O4 is smaller than the literature on nanopow-
ders or thin films, but it is scientifically revealing. Electrospun or template-derived
nanofibers commonly show elongated grains linked along the fiber axis. Such structures can
preserve partial exchange continuity along the long direction even while suffering surface
disorder radially. The magnetic consequence is a competition between a favorable axis of
magnetization and a radially disordered shell. If the internal coherence is good enough, the
nanofiber may retain appreciable remanence and coercivity at room temperature despite a
nanoscale diameter. If, however, the fiber is composed of weakly coupled nanograins with
large intergranular disorder, the benefit of shape anisotropy will be partly lost. This regime
is theoretically useful because it separates two factors that are often confounded in ordinary
nanoparticles: volume and geometry. A one-dimensional NiFe2O4 nanostructure can have
a small diameter and therefore a large surface fraction, yet the elongated shape can delay
the onset of fully superparamagnetic behavior by increasing the effective energy barrier for
reversal. In terms of Equation (4), the anisotropy constant Keff is no longer controlled only
by crystal-field effects and surface disorder; it receives a substantial shape contribution.
Thus, one-dimensional dimensionality demonstrates that finite size does not always mean
lower coercivity. Depending on aspect ratio and microstructural connectivity, nanoscale
objects may become magnetically more stable along a preferred axis than similarly sized
isotropic particles [27,36,39].

The synthesis route is again crucial. Hydrothermal and electrospinning methods are
especially attractive for one-dimensional NiFe2O4 because they allow aspect ratio control
without the intense mechanical damage associated with milling. Template-based methods
can create nanotubes or porous wires, though porosity introduces additional surface disor-
der. From the viewpoint of applications, one-dimensional nickel ferrite is promising for
aligned absorber structures, anisotropic sensors, and magnetic field-guided assemblies. Yet
the literature still lacks a fully unified theory comparing rods, fibers, and tubes on equal
footing. Most studies remain synthesis-specific. From a review perspective, the main rea-
son to include one-dimensional NiFe2O4 is that it broadens the concept of dimensionality
beyond simple particle diameter or film thickness. Shape itself is a dimensionality variable.
Once this is acknowledged, the behavior of NiFe2O4 can be organized more systemati-
cally: isotropic nanoparticles emphasize surface disorder; one-dimensional nanostructures
emphasize surface disorder plus shape anisotropy; thin films emphasize strain and in-
terfaces; and ultrathin films emphasize all of these together with nonequilibrium cation
redistribution. This hierarchical view is one of the strengths of the present review [36,39].

8. Thin Films: Thickness, Strain, Anti-Phase Boundaries, and Anisotropy
For the thin-film regime, the uploaded attachment is especially useful because it

collects multiple classic datasets on thickness-driven changes in crystallinity, coercivity, and
saturation magnetization. Figure 9a–d visually support the argument that film thickness
influences NiFe2O4 simultaneously through grain size, texture, anti-phase boundaries, and
defect relaxation. For the thin-film regime, the uploaded attachment is especially useful
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because it collects multiple classic datasets on thickness-driven changes in crystallinity,
coercivity, and saturation magnetization [5,20,21,63–66]. These figures visually support the
argument that film thickness influences NiFe2O4 simultaneously through grain.

Figure 9. Thickness-dependent structural and magnetic properties of spinel ferrite thin films.
(a) XRD patterns show enhanced spinel crystallinity with increasing thickness. (b) Crystallite size
increases from ~15 to ~25 nm. (c) Hysteresis loops reveal thickness-enhanced magnetic moment.
(d) Ms increases monotonically, while Hc peaks at intermediate thickness, reflecting competing effects
of grain growth, anisotropy, strain relaxation, and domain evolution [5,20,21,63–66].

Thin-film nickel ferrite is where dimensionality becomes technologically and con-
ceptually richest. A film is not merely a flattened bulk specimen. It is a mechanically
clamped magnetic oxide grown under nonequilibrium conditions, strongly influenced by
substrate mismatch, oxygen stoichiometry, deposition kinetics, and post-annealing. As a
consequence, the properties of NiFe2O4 films often vary strongly with thickness, even when
composition is nominally constant. This theme runs throughout the papers summarized in
the uploaded attachments and remains central in the internet literature as well [9,28–34,42].

The PLD study provides a useful benchmark for thickness-driven microstructural and
magnetic evolution in nickel ferrite films.. In that work, nickel ferrite films of thickness
roughly 62–176 nm showed increasing grain size with increasing thickness, while coercivity
decreased as the films became thicker. The interpretation proposed there that thinner films
possess more grain boundaries or defect pinning centers, and therefore larger coercivity is
physically plausible and consistent with Equation (7). At smaller thickness, the film has
had less opportunity to coarsen and relax, so both grain-boundary pinning and defect-
mediated anisotropy are stronger. As the thickness increases, grains become larger and the
density of obstructive boundaries decreases, reducing Hc. This is a classic dimensionality
effect in oxide films and should be regarded as a robust trend rather than an idiosyncratic
experimental detail. At the same time, thickness does not control only grain size. It also
controls the degree of strain relaxation. A very thin film often remains highly strained
because it conforms more closely to the substrate lattice. As thickness increases, misfit
may be relieved through defects, dislocations, or a gradual return toward the bulk lattice
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parameter. Since NiFe2O4 is magnetoelastic, that strain state feeds directly into anisotropy.
The net result is that saturation magnetization and coercivity need not vary monotonically
with thickness in the same way. A thickness that maximizes grain growth may not maximize
magnetization if the same thickness also favors anti-phase boundaries or partial phase
separation. This helps explain why some film series show non-monotonic Ms versus
thickness even when Hc shows a clearer trend. Anti-phase boundaries (APBs) deserves
special emphasis. In spinel ferrite films grown on substrates, APBs form when adjacent
islands nucleate with a relative translational offset and then coalesce [31–34,42].

Across such a boundary, the cation network is out of registry, so exchange coupling
can become frustrated or antiferromagnetically unfavorable. The practical magnetic conse-
quence is that the film may require very high fields to approach saturation because spins
across APBs are not easily aligned. This problem is especially important in ferrites grown
epitaxially or semi-epitaxially on lattice-mismatched substrates. Even when the XRD pat-
tern appears phase-pure, APBs can reduce the effective magnetization and alter loop shape
dramatically. The older ferrite thin-film literature and the Caltun paper both underscore
how sensitive ferrite films are to crystalline disorder and how annealing improves magnetic
behavior by improving structural order. Texture and orientation are additional thin-film
variables. In some growth conditions, NiFe2O4 films exhibit strong (400) or related texture,
whereas under others they remain polycrystalline or even amorphous as deposited. Tex-
ture matters because magnetocrystalline anisotropy is orientation dependent. A textured
film can therefore exhibit different in-plane and out-of-plane reversal behavior than an
unoriented polycrystalline film. The attachment summarizing O.F. Caltun’s PLD work, for
example, points to the emergence of textured structures after annealing and the associated
change from paramagnetic-like behavior in the as-deposited amorphous state to ferrimag-
netic loops in the annealed state. The film problem also demonstrates the importance of
stoichiometry and oxygen control. Ferrite films grown at low oxygen pressure may contain
Fe-rich secondary phases or oxygen-deficient regions, both of which alter the magnetic
response. Because ferrites are transition-metal oxides, oxygen vacancies affect both cation
valence balance and exchange pathways [9,28–34,42].

In practical terms, thin-film synthesis of NiFe2O4 is a multi-parameter optimization
problem involving thickness, substrate, oxygen pressure, deposition temperature, and
post-anneal. This complexity explains why the reported saturation magnetization values
for nominally similar films vary widely across the literature. The web literature provides
important support for this interpretation. Recent reports on NiFe2O4 thin films stress the
role of strain in determining anisotropy and magnetic response, and some explicitly identify
film strain as the dominant factor in anisotropy control [26,29,67–70]. This confirms that
thickness in NiFe2O4 films should never be discussed without strain. Thickness affects
grain size, grain boundaries, and APBs, but it also changes how much of the epitaxial or
pseudomorphic strain is retained. Therefore, a genuinely dimensionality-based account of
NiFe2O4 thin films must treat thickness and strain as inseparable variables. From a broader
theoretical viewpoint, thin films reveal why dimensionality cannot be reduced to particle
surface fraction alone. In a nanoparticle, the main non-bulk term is surface spin disorder.
In a film, the free surface matters, but the substrate interface and the defect network
inside the film are equally important. The microstructural coherence function introduced
earlier is thus especially useful here because it can be low even in a crystalline-looking
film if APBs are abundant. This is precisely why film magnetization values cannot be
interpreted from XRD peak width alone. Technologically, the thin-film regime is central for
microwave devices, integrated ferrite components, spin filters, and oxide heterostructures.
Scientifically, it is central because it exposes the interplay of all three functions proposed in
this review: cation distribution, coherence, and surface/interface order. It is therefore the
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natural bridge between nanoparticle finite-size physics and the ultrathin-film anomalies
discussed next [34,49,50,70–75].

9. Ultrathin Epitaxial Films: Giant Magnetization, Nonequilibrium
Inversion, and Controversy

The ultrathin-film limit is the most controversial region of the dimensionality land-
scape because enhanced magnetization can emerge together with substrate- and interface-
sensitive behavior, as shown in Figure 10 [9,76].

Figure 10. Representative hysteresis comparison for ultrathin NiFe2O4 films reproduced from the
uploaded attachment [9,76]. The inset shows the approximate linear dependence of magnetization
on inverse thickness 1/t, indicating a strong finite-size and surface/interface contribution to the
magnetic behavior.

The attachment reproduces a representative ultrathin-film hysteresis comparison that
complements the APS literature discussed in this section.

The most controversial and conceptually provocative regime in the entire nickel ferrite
literature is the ultrathin epitaxial regime. Here the thickness is not merely below 100 nm
but is only a few nanometers, sometimes corresponding to only a few tens of unit cells.
Under such conditions, NiFe2O4 can no longer be viewed as a slightly perturbed bulk
ferrite. The entire film is effectively an interface-dominated material. It is in this regime
that Lüders and co-workers reported enhanced magnetic moment and even conductive
behavior in ultrathin epitaxial NiFe2O4 films grown on SrTiO3, with magnetization values
roughly 250% larger than those of the bulk. This result attracted substantial attention
because it seemed to violate the usual finite-size expectation that reducing thickness should
suppress, not enhance, the magnetic moment. The explanation proposed in that work
invoked an anomalous distribution of Ni and Fe cations over tetrahedral and octahedral
sites induced by off-equilibrium growth conditions and interface effects. In the language of
the present review, the inversion-related correction term ∆Minv(t) in Equation (6) becomes
strongly positive and outweighs the normally negative surface and defect terms. If true, this
means that ultrathin-film dimensionality can fundamentally re-engineer the ferrimagnetic
balance of NiFe2O4 by altering which ions occupy which sublattice. The significance of this
claim goes beyond NiFe2O4 itself [28–30].
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It implies that an oxide spinel can be transformed into a new magnetic state by
epitaxial stabilization rather than by chemical doping. Such a possibility is of enormous
interest for spintronic heterostructures, where an insulating ferrimagnet with tunable
moment and perhaps spin-filter functionality could be extremely valuable. This is one
reason why the ultrathin NiFe2O4 problem remains highly cited and widely discussed.
At the same time, the subsequent literature has shown that the situation is subtler than a
simple “giant moment” narrative. Later studies of ultrathin epitaxial NiFe2O4 and related
ferrites pointed out that substrate artifacts, parasitic paramagnetic signals, strain state,
and the exact oxygen environment during growth can all complicate the interpretation
of magnetometry data. Some work indicated that the cation distribution remained more
homogeneous than initially suspected, while other work emphasized the importance of
subtracting spurious substrate contributions carefully. The 2020 literature on enhanced
magnetization in ultrathin NiFe2O4 films, for example, revisited the cation-distribution
question using more advanced spectroscopic tools and reinforced the need for caution
when attributing large moments solely to inversion changes. From the standpoint of this
review, the value of the ultrathin-film literature is not that it conclusively proves one
mechanism. Its value is that it demonstrates how powerful dimensionality can become
once the film thickness is reduced to the scale of the interface itself. In ordinary thin films,
APBs, strain, and grain structure dominate. In ultrathin epitaxial films, nonequilibrium
site occupancy and electronic reconstruction can become equally important. The film is
effectively all interface, and that means its magnetic state can no longer be inferred from
bulk crystal chemistry alone. The ultrathin regime therefore forces a refinement of the
dimensionality framework. Surface/interface spin order is no longer just a reduction term;
it can become a reconstruction term. Similarly, the cation-distribution function is no longer
a small perturbation away from the inverse-spinel value; it may become a major driver
of the moment. Microstructural coherence remains important, but the defects that matter
are now those associated with epitaxial registry, step structure, and buried interfacial
disorder rather than simply grain boundaries in a polycrystalline film. A useful way to
organize the ultrathin-film controversy is to ask which terms in Equation (6) dominate. If
∆Minterface(t) and ∆Mstrain(t) are negative and large, the magnetization should fall below
the bulk value, as intuition suggests. If ∆Minv(t) becomes positive and even larger under
nonequilibrium growth, the net moment may exceed the bulk value. If the measured
enhancement arises instead from incomplete subtraction of substrate or parasitic signals,
then the intrinsic film moment may have been overestimated [28–30].

These scenarios are experimentally distinguishable in principle, but only with a com-
bination of magnetometry, x-ray absorption, XMCD, spectroscopy, and careful structural
analysis. This explains why ultrathin NiFe2O4 remains a live problem rather than a settled
one. What seems robust, however, is that ultrathin NiFe2O4 is not simply a thinner version
of ordinary thin films. It occupies its own dimensionality regime. The most important
lesson is therefore not the exact percentage enhancement reported in any one study, but
the fact that dimensionality reduction to a few nanometers can qualitatively transform the
spinel magnetic state. For a review focused on dimensionality, this is a crucial conclusion
and one of the clearest demonstrations that NiFe2O4 can exhibit non-intuitive physics when
pushed far from the bulk scale [28–30].

10. Dimensionality Property Map: Bulk, Particles, Films, and
Ultrathin Limits

At this stage, it is useful to compress the preceding sections into a single dimensionality
property map. The most stable point in the map is bulk NiFe2O4. Here the inverse-spinel
state is near equilibrium, the exchange network is three-dimensional and coherent, domain-
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wall motion contributes to reversal, and the magnetic properties cluster around the familiar
reference values. Surface disorder is negligible, APBs are absent in the thin-film sense,
and cation redistribution is largely controlled by thermodynamics rather than by growth
kinetics. Reducing the characteristic dimension into the nanocrystalline particle regime
shifts the balance toward free surfaces. Surface spin canting and frustration become
dominant negative corrections to the moment. Coercivity first rises toward the single-
domain window and then falls as thermal fluctuations become strong enough to induce
superparamagnetic relaxation. Curie temperature decreases because exchange connectivity
is effectively diluted by disordered surface regions. In this regime, the most important
experimental variables are particle size, crystallinity, and synthesis-induced defect density.
Changing the geometry from isotropic particles to one-dimensional structures introduces a
new anisotropy axis. Surface effects remain significant because the diameter is nanoscale,
but shape anisotropy can stabilize the magnetic state relative to spherical nanoparticles.
Consequently, nanofibers and rods may show coercivity and remanence not predictable
from size alone [15–18,24–34,42].

This regime is defined by the competition between a negative surface-disorder term
and a positive shape-anisotropy term. Moving to ordinary thin films replaces free-surface
control with interface and defect-network control. Thickness determines grain size, relax-
ation, and texture, while the substrate introduces strain and often anti-phase boundaries.
Magnetization is no longer governed simply by surface shell fraction; it depends on how
coherent the exchange network remains through the film plane and across planar defects.
Coercivity may increase as thickness decreases because defect density and pinning rise,
but magnetization may vary non-monotonically depending on phase purity and APB
density. Finally, the ultrathin epitaxial regime makes the interface itself the controlling
unit of dimensionality. At only a few nanometers, every cation is close to a surface or
interface, and nonequilibrium cation redistribution can become a first-order effect. If the
inversion degree changes significantly, the net ferrimagnetic moment can deviate strongly
possibly even upward from the bulk reference. This is the regime in which dimensionality
ceases to be a small perturbation and becomes a route to an emergent magnetic state. This
map leads to a practical classification of the dominant mechanisms in each regime. Bulk:
Equilibrium inversion and three-dimensional superexchange. Nanoparticles: Surface spin
disorder and blocking physics. One-dimensional nanostructures: Surface disorder plus
shape anisotropy [15–18,28–34,42].

Thin films: strain, APBs, and thickness-controlled microstructural coherence. Ultrathin
epitaxial films: interface-driven inversion changes, reconstruction, and strong substrate
coupling. Although these categories overlap, they provide a useful organizing principle
for the literature and help explain why reports from different dimensional regimes cannot
be compared casually. The map also clarifies why synthesis method and dimensionality
cannot be separated. Ceramic reaction naturally populates the bulk regime. Milling drives
the material toward the disorder-rich nanoparticle regime. Hydrothermal and solvothermal
methods can access better-ordered nanoparticles and one-dimensional forms. PLD and
sputtering define the thin-film and ultrathin regimes. Thus, dimensionality in NiFe2O4 is
not an abstract geometric descriptor; it is the physical consequence of how the material is
made and stabilized. A review article should ideally end not with a list of observations but
with a conceptual simplification. In the present case, the simplification is that all reported
magnetic behavior in NiFe2O4 can be interpreted as competition between bulk ferrimagnetic
order and dimensionality-specific perturbations. The nature of those perturbations changes
systematically with dimensionality. This is the deepest unifying message that emerges from
combining your attachments with the broader journal literature [15–18,28–34,42].
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11. Structure-Morphology-Magnetism Correlation from Microscopy,
Diffraction, and Magnetic Measurements

The discussion below is written as a practical reading of the datasets rather than
a caption-only archive, with emphasis on what each image set proves structurally and
magnetically and why that matters for NiFe2O4 dimensionality control [5–7,20–26,77–83].

Practically, the SEM plate associated with Figure 11 shows that mechanochemical
refinement does not generate isolated uniform nanocrystals; it produces dense agglomerates
built from much finer subunits. This means that the measured magnetization is controlled
simultaneously by crystallite refinement and by magnetic interaction within agglomerates,
which explains the incomplete saturation and the strong milling-time sensitivity reported
for mechanosynthesized NiFe2O4 [7,84].

Figure 11. Mechanochemical milling: SEM micrographs of nickel ferrite powders after 16 h milling,
showing agglomerated nanometric particles embedded within larger micrometric clusters [7,84].

The Figure 11 set linked to Figure 12 should be read as direct structural evidence
that film thickness in PLD-grown NiFe2O4 is an active growth variable rather than a
passive geometric parameter. As deposition time increases, the spinel reflections become
more pronounced, whereas iron-oxide impurity peaks can still appear in selected films.
Practically, this means that thicker films are magnetically useful only when phase purity
improves at the same time [5]. Figure 12 shows pulsed laser deposited NiFe2O4 thin
films: XRD patterns for the target and films deposited for different durations, highlighting
thickness-linked crystallization and secondary-phase sensitivity [5,85].

Figure 12. Pulsed laser deposited NiFe2O4 thin films: XRD patterns for the target
and films deposited for different durations, highlighting thickness-linked crystallization and
secondary-phase sensitivity [5,85].
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Figure 13 brings morphology, vibrational structure, and magnetism into one experi-
mental chain. The AFM panels show thickness-driven coarsening of the granular surface,
the Raman response reflects thickness-sensitive changes in octahedral and tetrahedral-
site environments, and the M-H curves show a stronger ferrimagnetic state as the film
approaches the thicker end of the series. In practice, the thickness effect is therefore a
combined grain-size, cation-site, and exchange-continuity effect [5,86].

 

Figure 13. Pulsed laser−deposited NiFe2O4 thin films: (a) AFM morphology, (b) Raman spectra,
and (c) room-temperature M−H curves showing the coupled evolution of topography, cation-site
signatures, and magnetic response with thickness. (d) Linear correlation between particle size and
annealing temperature, indicating thermally driven grain growth. (e) AFM 3D surface maps of four
samples showing thickness/processing-dependent surface roughness evolution. (f) Raman spectra
displaying the characteristic vibrational modes of spinel NiFe2O4. [5,85].

Figure 14 is a practical thickness map for sputtered NiFe2O4. The 10 nm film is
structurally immature, whereas the thicker films evolve toward a continuous coarse-grained
spinel layer. This microstructural transition is the practical reason why Ms increases with
thickness, while Hc first rises in the finer-grained regime and then falls once grain growth
and easier reversal become dominant [21,87–91].

Figure 15 confirms that the 500 nm sputtered film has already crossed into a mature
continuous-film regime. The dense cross-sectional microstructure and clearer internal
ordering explain why this thickness behaves differently from the 10–100 nm range. Once
the film reaches this level of continuity, the dominant variables shift from nucleation
deficiency to larger-scale factors such as residual strain, texture, and anti-phase-boundary
density [21,87–91].

https://doi.org/10.3390/magnetochemistry12060069

https://doi.org/10.3390/magnetochemistry12060069


Magnetochemistry 2026, 12, 69 27 of 38

Figure 14. RF-sputtered NiFe2O4 films: SEM thickness series for 10–1000 nm films showing the
morphological transition from discontinuous ultrathin coverage to continuous coarse-grained poly-
crystalline films: (a) 10 nm, (b) 50 nm, (c) 100 nm, (d) 500 nm, and (e) 1000 nm; (f) corresponding
grain-size trend, confirming monotonic grain coarsening with increasing film thickness. [21,87–91].

Figure 15. RF-sputtered NiFe2O4 films: TEM and HRTEM cross-sectional microstructure of the
500 nm film, showing columnar crystallization and dense film continuity at large thickness (a) low-
magnification image showing the multilayer film region with approximate thicknesses of 500, 100, and
10 nm; (b) high-resolution TEM image revealing local nanocrystalline ordering, with the inset selected-
area/FFT diffraction pattern confirming the polycrystalline spinel ferrite structure. [21,87–91].

Figure 16 shows that the modified-precipitation route produces a compact nanocrys-
talline assembly rather than the highly porous fluffy morphology common in rapid com-
bustion products. Practically, this morphology improves measurement reproducibil-
ity and helps separate intrinsic nanoscale magnetic behavior from simple packing
artifacts. It also supports the view that starch-assisted precipitation can enter the
nanocrystalline regime while maintaining better morphological uniformity than many
fast-chemical routes [22,92–94].
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Figure 16. Modified-precipitation NiFe2O4 powder: FE-SEM microstructure of the as-prepared
nanocrystalline sample, emphasizing the compact particulate morphology produced by starch-
assisted precipitation [22,92–94].

Figure 17 shows what incomplete ferrite stabilization looks like in flotation-extracted
NiFe2O4. The as-prepared particles remain extremely small and strongly influenced by
the reaction medium, while heat treatment drives visible morphological reorganization.
In practical terms, the weak magnetic response of this route is not only a size effect; it is
also a crystallization problem because the starting product is far from a fully developed
inverse-spinel ferrite [25,95–99].

Figure 17. Flotation-extraction NiFe2O4 nanoparticles: TEM micrographs of as-prepared and
heat-treated particles, showing strong morphology sensitivity to post-treatment and incomplete
spinel development in the as-prepared state (a) high-resolution TEM image showing well-resolved
lattice fringes and nanoscale crystalline domains; (b) low-magnification TEM image reveal-
ing agglomerated, nearly spherical nanoparticles with broad cluster formation at the tens-of-
nanometers scale. [25,95–99].

Figure 18 captures the thermal trajectory of co-precipitated NiFe2O4 very clearly.
Annealing sharpens the diffraction pattern, enlarges the particles, and moves the powder
from a highly defective nanoparticle ensemble toward a better ordered spinel ferrite.
Practically, annealing temperature is the key control knob because too little heat leaves
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the phase underdeveloped, while too much heat erodes the nanoscale advantages through
grain growth [26,100–103].

Figure 18. Co-precipitated NiFe2O4 nanoparticles: (a) XRD pattern, (b) TEM micrograph, and
(c) particle-size versus annealing-temperature trend, showing progressive crystallization and grain
growth under thermal treatment [26,100–103].

Figure 19 condenses the most important magnetic design rule in the nanoparticle
regime. As particle size increases, Ms rises because the magnetically disordered surface
fraction shrinks, but Hc does not rise indefinitely. Instead, coercivity passes through
a maximum near the blocked single-domain window and then declines as reversal be-
comes easier in larger particles. For applications, this means that the best particle size
depends on whether low coercivity or strong blocking is the main target [26,100–103].
Figure 15 captures the most useful magnetic design rule in the nanoparticle regime. As par-
ticle size increases, Ms rises because the magnetically disordered surface fraction decreases,
but Hc does not rise indefinitely. Instead, the coercivity passes through a maximum near
the single-domain window and then falls as the particles become large enough for easier
magnetization reversal. The ZFC/blocking behavior reported with the same sample family
supports the same interpretation. Practically, this means there is no single ‘best’ particle size
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for all applications: soft magnetic uses favor the larger and lower-Hc side, while blocked
nanoparticle uses favor the size range near the coercivity maximum [26,100–105].

Figure 19. Size-dependent magnetic behavior of co-precipitated NiFe2O4 nanoparticles: (a) particle
size increases nearly linearly with annealing temperature; (b) magnetic hysteresis loops at 77 and
300 K showing ferrimagnetic response with enhanced low-temperature magnetization and coercive
opening; (c) coercivity varies non-monotonically with particle size, indicating competing effects of
crystallinity, surface disorder, and magnetic-domain evolution l [26,100–105].

12. Applications Viewed Through Dimensionality
Nickel ferrite applications are often listed without explicit reference to dimensionality,

yet dimensionality usually determines why a given form of NiFe2O4 is chosen. Bulk and
thick-film ferrites are favored in classical magnetic and microwave applications because
they offer stable ferrimagnetic order, high resistivity, and manageable coercivity. Nanopar-
ticles are chosen for catalysis, separation, biomedical uses, and electrochemical applications
because their surface area and field response dominate over the need for bulk-like satu-
ration magnetization. Thin films are chosen for microelectronics and spintronics because
they integrate with substrates and heterostructures [44–48,72–76,82–94,101,104–112].

A dimensionality-aware application analysis is therefore more informative than a sim-
ple list of uses. In high-frequency magnetic components, such as inductors and microwave
devices, NiFe2O4 benefits from its large resistivity and moderate magnetization. Here, a
bulk ceramic or a sufficiently thick and well-ordered film is generally preferable because ex-
cessive surface disorder would lower the useful permeability and increase magnetic losses.
In contrast, in magnetic separation and catalysis, nanoparticle dimensionality is desirable
because the accessible surface area and the ease of magnetic retrieval matter more than
maximizing Ms. The same logic applies to adsorption and photocatalysis, where nanoscale
NiFe2O4 is attractive even though finite-size effects suppress the moment. Biomedical
applications provide another clear example. For magnetic hyperthermia, drug delivery,
or MRI-related uses, one typically wants particles that can be dispersed, guided, and re-
covered magnetically while avoiding large remanence that would promote irreversible
aggregation. Thus, weakly blocked or superparamagnetic nanoparticles are often more
useful than bulk ferrites. In that application domain, the surface-disorder penalty to Ms is
not purely negative; it can be part of the design space. This is one reason why the recent
literature continues to emphasize co-precipitation and hydrothermal synthesis of NiFe2O4

nanoparticles for biomedical or environmental use [28,30,104]. Energy storage and catalysis
also reveal a dimensionality dependence. Nanocrystalline and porous NiFe2O4 provide
abundant active sites and short diffusion paths, making them useful in supercapacitors,
battery anodes, and catalytic systems. Yet the same porosity and defect-rich structure that
enhance these functions often reduce the magnetic coherence. Therefore, in multifunctional
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systems where both electrochemical activity and magnetic recoverability matter, there is
usually a trade-off between active surface area and ferrimagnetic robustness. Thin and
ultrathin films are indispensable in integrated devices. Spin-filter concepts, magnetoelec-
tric heterostructures, and oxide spintronic devices require ferrite films grown directly on
single-crystal substrates or buffer layers. Here, dimensionality is tied to epitaxy, interface
sharpness, and thickness-dependent anisotropy. The ultrathin-film literature is especially
relevant in this context because it suggests that under carefully tuned growth conditions
NiFe2O4 may exhibit unusual magnetic or electronic properties not present in the bulk.
This makes ultrathin NiFe2O4 more than a curiosity; it becomes a candidate functional
oxide whose properties are actively engineered by dimensionality itself. The dimensionality
perspective therefore sharpens application logic. It suggests that researchers should not ask
only whether NiFe2O4 is useful for a given application, but which dimensionality regime
of NiFe2O4 is physically appropriate. A bulk ferrite is not simply a larger nanoparticle, and
an ultrathin epitaxial film is not simply a smaller thick film. Each occupies a different point
in the structure–magnetism landscape and therefore addresses a different technological
need [32,33,36–40,45–55,105–110].

13. Open Questions, Limitations of the Literature, and Future Directions
Despite decades of work, the literature on NiFe2O4 still contains several unresolved

questions that are best understood through the dimensionality lens developed in this re-
view. The first concerns cation redistribution. Many papers infer inversion changes from
magnetic trends alone, yet magnetization is also affected by strain, spin canting, anti-phase
boundaries, and parasitic phases. Future work should therefore combine magnetometry
with direct site-sensitive probes such as XAS, XMCD, Mössbauer spectroscopy, and atomi-
cally resolved microscopy whenever cation redistribution is invoked as the explanation
for anomalous moments. The second unresolved problem concerns anti-phase boundaries
in films. APBs are frequently mentioned but not always quantified. Yet their effect on
ferrite magnetization can be so large that any serious film study should attempt either
direct structural identification or indirect quantitative modeling of APB density. Without
that, thickness-dependent magnetization data remain open to multiple interpretations.
The same point applies to strain. It is no longer sufficient to report nominal substrate
mismatch; one must distinguish coherent strain, partially relaxed strain, and defect-assisted
relaxation. A third open question concerns the true intrinsic nature of the ultrathin-film
enhanced-moment reports. The literature now makes clear that substrate artifacts and para-
magnetic backgrounds can distort the interpretation of very thin oxide films. Future studies
should therefore include systematic substrate-only controls, element-specific magnetic
probes, and careful saturation analysis. The key question is not whether one specific past
report was entirely right or wrong, but whether interface-stabilized inversion changes can
reproducibly produce intrinsic moments above the bulk limit. This remains an important
and open challenge [34,35,49,50,111].

For nanoparticles, the main unresolved issue is how to separate finite-size effects from
synthesis-specific disorder. Many studies report particle size from XRD broadening alone
and then relate magnetization directly to that size. However, two 10 nm NiFe2O4 samples
synthesized by different methods can have very different surface chemistry, internal strain,
and shell disorder. Future work should therefore integrate TEM-based size statistics,
surface-sensitive spectroscopy, and temperature-dependent magnetic measurements rather
than relying on average crystallite size alone [15,16,35–41,52–56,100,105].

The dimensionality framework proposed here suggests a productive strategy for future
research. Instead of treating bulk, particles, fibers, films, and ultrathin films as disconnected
subfields, one should deliberately design experiments that move across regimes while
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holding other variables as constant as possible. For example, one could prepare NiFe2O4

by a common precursor chemistry and then convert it into bulk pellets, powders, and films,
so that dimensionality changes while chemistry remains comparable. Such cross-regime
studies would be particularly powerful for testing the scaling equations and regime map
proposed in this review [25,26,35–43,72,73].

Another promising direction is the coupling of dimensionality with external stimuli.
Strain, electric field, light, and chemical environment may all alter cation distribution or
spin order in reduced-dimensional NiFe2O4. If interface-sensitive ultrathin films can be
stabilized reproducibly, the possibility of tuning their magnetism dynamically becomes
especially interesting [26,29]. Likewise, the combination of nanoparticle surface engineering
with controlled blocking temperatures could produce optimized materials for biomedical
or environmental applications [27,28,30,112].

A final limitation in the literature is linguistic rather than experimental: many papers
still discuss nickel ferrite using generic ferrite language without distinguishing which phe-
nomena are actually specific to NiFe2O4. The present review argues that NiFe2O4 deserves
more tailored interpretation because its moderate anisotropy, inverse-spinel chemistry,
and sensitivity to nonequilibrium inversion place it in a particularly rich dimensionality
landscape. Recognizing this specificity is necessary if the field is to move from empirical
observation toward predictive design [1–8,20,25,26,72,73].

14. Conclusions
This review has re-examined nickel ferrite from the viewpoint of dimensionality and

has argued that dimensionality is the master variable governing the relationship between
structure and magnetic properties in NiFe2O4. The main conclusion is that NiFe2O4 does
not possess a single magnetic identity independent of size, thickness, morphology, or
synthesis route. Instead, the measured magnetic behavior emerges from a competition
among equilibrium inverse-spinel ferrimagnetism, cation redistribution, microstructural
coherence, and surface/interface spin disorder.

Bulk NiFe2O4 serves as the equilibrium reference state: a near-inverse-spinel ferrimag-
net with moderate saturation magnetization, high resistivity, and high Curie temperature.
Nanoparticles depart from this state because their disordered surface shell occupies an in-
creasingly large fraction of the volume, which suppresses Ms and TC and drives the system
toward blocking or superparamagnetic behavior. One-dimensional nanostructures add
shape anisotropy and show that morphology itself is a dimensionality variable. Thin films
form a separate regime controlled by thickness, strain, texture, and anti-phase boundaries;
their magnetic properties cannot be understood from size arguments alone. Ultrathin epi-
taxial films constitute the most extreme and controversial limit, in which interface-driven
nonequilibrium inversion and reconstruction may even produce moments beyond the bulk
expectation under specific growth conditions [1–8,15–18,25,26,28–30].

A major novelty of this article is the proposal of a three-function theoretical frame-
work for interpreting the literature: the cation-distribution function, the microstruc-
tural coherence function, and the surface/interface spin-order parameter. This frame-
work explains why the magnetic response of NiFe2O4 changes in different ways
across bulk ceramics, nanocrystalline powders, one-dimensional nanostructures, ordi-
nary thin films, and ultrathin epitaxial layers. It also clarifies why synthesis route
must be treated as part of the dimensionality problem rather than as a separate
methodological detail [10–18,25,26,28–34,42].

From an application perspective, the key conclusion of this review is that NiFe2O4

should be selected and engineered according to dimensionality rather than composition
alone. Bulk ceramics are best suited for stable magnetic and high-frequency uses, nanopar-
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ticles for surface-driven environmental, biomedical, catalytic, and electrochemical appli-
cations, one-dimensional structures for anisotropic and aligned architectures, and thin
or ultrathin films for integrated spintronic and magnetoelectric devices. Future progress
will therefore depend on matching the dimensionality-controlled magnetic state to the
target function while controlling cation inversion, crystallinity, surface disorder, strain, and
interface quality. The corresponding dimensionality-dependent application directions and
principal design limitations are summarized in Appendix A, Table A2.

The literature surveyed here, including the two uploaded attachments and the broader
internet-based journal record, strongly supports one overarching conclusion: dimension-
ality in nickel ferrite is not a secondary correction to a bulk ferrite model. It is the central
organizing principle of the field. Any future attempt to optimize NiFe2O4 for magnetic,
electronic, catalytic, or biomedical applications must therefore begin by choosing the appro-
priate dimensionality regime and understanding the structural perturbations that regime
introduces. That is the most robust lesson to emerge from the present review and the
clearest path forward for future nickel ferrite research [72–76,82–94,101,103,104,106–112].
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Appendix A

Table A1. Comparative perspective on major synthesis routes.

Method Main Dimensionality
Regime Accessed Key Strengths Typical Magnetic/Structural

Penalty

Solid-state ceramic reaction Bulk/coarse polycrystals Near-equilibrium spinel;
robust reference values

Large grains, limited
nanoscale control

Ball milling/reactive milling Nanocrystalline powders Simple, scalable, strong
finite-size access

High strain, contamination
risk, broad disorder

Co-precipitation/precipitation Nanoparticles Low temperature,
scalable chemistry

Agglomeration and
post-anneal sensitivity

Hydrothermal/solvothermal Nanoparticles and 1D forms Good crystallinity and
shape control

Autoclave complexity;
pressure dependence

Combustion Highly porous nanopowders Fast and energy-efficient Broad size distribution and
local inhomogeneity

PLD Thin films and ultrathin
epitaxial films

Excellent thickness control,
stoichiometric transfer

Costly; highly
parameter sensitive

RF sputtering Thin films Industrial relevance and
uniform deposition

Often requires annealing;
APBs/strain remain critical
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Table A2. Dimensionality-dependent application directions and key design limitations of NiFe2O4 materials.

NiFe2O4 Form/Dimensionality
Regime

Key Dimensionality-Controlled
Feature

Most Suitable Application
Directions Main Limitation to Control

Bulk/near-bulk ceramics

Stable inverse-spinel
ferrimagnetism; high resistivity;
moderate coercivity;
thermal robustness

High-frequency ferrite
components; microwave devices;
inductive elements; reference
magnetic materials

Large grain size and limited
surface functionality

Nanoparticles/nanocrystalline
powders

High surface-to-volume ratio;
surface spin canting; possible
superparamagnetism; high
interfacial activity

Magnetic separation;
hyperthermia; catalysis;
adsorption; environmental
remediation; battery and
supercapacitor electrodes

Suppressed Ms, aggregation,
broad size distribution, and
spin disorder

One-dimensional nanostructures

Shape anisotropy; directional
magnetic/electronic pathways;
enhanced alignment under
external fields

Anisotropic sensors; microwave
absorbers; field-guided
assemblies; aligned
electrode networks

Radial surface disorder and weak
intergrain coupling

Polycrystalline thin films
Thickness-dependent strain,
texture, grain boundaries, and
anti-phase-boundary effects

Integrated magnetic sensors;
microwave thin-film components;
magnetoelectric heterostructures

Defect-rich interfaces and
incomplete saturation

Ultrathin epitaxial films
Interface-driven strain, cation
redistribution, and electronic
reconstruction

Spin filters; oxide spintronics;
interface-engineered
magnetic devices

Substrate contribution, anti-phase
boundaries, and difficulty
separating
intrinsic/extrinsic effects
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