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Magnetic properties of inhomogeneous nanoisland FeNi films were studied by SQUID magnetometry. The FeNi films with nominal
thickness ranging from 0.6 to 2.0 nm were deposited by rf sputtering on Sitall glass substrates and covered by a protecting
Al2 O3 layer on the top. The SQUID data indicate pronounced irreversibility behavior for the out-of-plane temperature-dependent
magnetization response (measured at 𝐻 ≃ 100 Oe) using zero-field cooling (ZFC) and field-cooled warming (FCW) after the
applied dc magnetizing field 𝐻𝑚 ≃ 2 T for the FeNi samples with nominal thickness 1.1 nm ≲ 𝑑 ≲ 1.8 nm, below the percolation
threshold. The positive difference between the FCW and ZFC data identifies two irreversibility temperature scales, 𝑇𝐵 ≈ 50 K
and 𝑇∗ ≈ 200 K, which can be associated with the superparamagnetic and superferromagnetic behavior in inhomogeneous nanoisland FeNi films, respectively. However, above the film percolation threshold, we observed a crossover from the out-of-plane to
in-plane magnetization orientation. Here, the in-plane FCW-ZFC difference implies negative remanent magnetization response
in the temperature range 𝑇𝐵 ≲ 𝑇 ≲ 𝑇∗ . The observed magnetization properties can be associated with the presence of the superferromagnetic phase in self-assembled clusters of quasi-2D metallic magnetic FeNi nanoislands.

1. Introduction
Arrays of magnetic nanoparticles (dipolar magnets) are considered to form the basis of novel ultrahigh density magnetic
data storage technology [1–3]. In dipolar magnets, each magnetic nanoparticle (NP) is in a single-domain ferromagnetic
(FM) state with parallel orientation of intraparticle atomic
moments arising due to strong exchange interactions. If the
temperature is high enough to overcome energy barrier
between different orientations of NP net magnetic moments,
they exhibit the Curie-like behavior above the blocking
temperature (𝑇𝐵 ) in the so-called superparamagnetic (SPM)
phase. Meanwhile, owing to strong long-range dipolar interactions, the arrays of NPs can possess magnetic ordering at
comparatively high temperatures, and such regime is called
superferromagnetic (SFM). Indeed, dipolar interactions of

single-domain NPs comprising many atomic moments
(∼103 ÷ 105 𝜇𝐵 ) can be much stronger than ordinary dipolar
interactions of localized atomic moments ∼ 𝜇𝐵 , where 𝜇𝐵 =
9.27⋅10−21 emu is the Bohr magneton, which have a characteristic scale much less than 1 K. For example, one can estimate
that magnetic moment 𝑚 of Fe21 Ni79 permalloy nanodiscs
with diameter 𝑎 ∼ 10 ÷ 30 nm and height 1 nm varies from
6.8⋅103 to 6.1⋅104 𝜇𝐵 (here, the saturation magnetization 𝑀𝑆 ≃
800 emu/cm3 ). Then, the characteristic energy of dipoledipole interactions, 𝐸dip = 2𝑚2 /𝑟3 , of two similar singledomain nanodiscs located at the distance 𝑟 = 30 nm varies
from 2 to 180 K.
In the SFM phase, the magnetic structure in regular arrays
of single-domain NPs depends essentially on the lattice type
and on the particle magnetic anisotropy. The latter, in turn,
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strongly depends on the particle shape and size. For example,
in small enough nanoplatelets, spin reorientation transition
(SRT) may lead to effective perpendicular magnetic anisotropy [4]. For 2D lattices of NPs with high perpendicular
anisotropy, the magnetic structure corresponds to various
types of two-sublattice antiferromagnetic (AF) order. For
square lattices with in-plane anisotropy, the magnetic structure has four-sublattice AF order, whereas, for the triangular
lattices, a FM order is implemented [5]. Here, for finite fragments of triangular lattices, the ground state can be a vortex
state formed by the magnetic moments lying in the plane
(supervortex) [6, 7]. Similarly, for soft magnetic dots [8–11],
supervortex represents a topologically nontrivial ordered
state, more intricate than the standard domain structure.
Magnetic properties in quasi-2D systems of inhomogeneously distributed magnetic NPs usually exhibit complex
behavior as a consequence of the SPM and SFM phase coexistence [12]. Here, local magnetic order determined by geometric self-arrangements of neighboring interacting NPs can
exist. In quasi-2D systems of inhomogeneous dipolar magnets, fairly separated weakly interacting NPs determine SPM
behavior above blocking temperature 𝑇𝐵 , whereas strongly
interacting NPs in the close-packed assemblies are responsible for SFM behavior. By using electron holography with
subparticle resolution, local in-plane FM versus AF order was
observed in assemblies of ∼15 nm Co nanoparticles, depending on the close-packed triangular versus square arrangements, and even several flux-closed regions, which can be
associated with a supervortex state, were recognized [13].
These results are supported by the numerical simulations,
which emphasize that local dipolar magnetism in quasi-2D
inhomogeneous NP systems survives even at a pronounced
structural disorder [13].
Here, by using SQUID magnetometry, we study inplane and out-of-plane magnetic response in inhomogeneous
nanoisland FeNi films, composed of flat nanoislands with lateral sizes of 5 ÷ 30 nm, with the nominal film thickness varying from 0.6 to 2.0 nm (as schematically illustrated by Figure 1). The inhomogeneous FeNi films were grown by rf sputtering deposition on Sitall glass substrates, commonly used as
film substrates in microelectronics. The experimental notice
presented in [14], where equatorial magnetooptical Kerr
effect was studied in periodic structures of alternating FeNi
and Co nanoisland layers, suggests that a supervortex collective state is essentially relevant here. We present the evidence
of the out-of-plane SFM magnetization behavior for the FeNi
films with the nominal film thickness 1.1 nm ≲ d ≲ 1.8 nm,
below the physical percolation threshold. Recently, the outof-plane SFM behavior in quasi-2D Fe (2.5 nm)/Al2 O3 multilayer composites was reported [12]. Moreover, we found a
crossover from the out-of-plane to in-plane magnetization
orientation with increasing nominal FeNi film thickness
across the physical percolation threshold and discovered negative remanent magnetization response. This is in agreement
with the earlier observation of negative remanence in nearly
percolating magnetic granular (Ni, Fe) films in an insulating
amorphous SiO2 matrix by Yan and Xu [15]. The understanding of the found out-of-plane and in-plane magnetization
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Figure 1: A schematic picture of the nanoisland FeNi film samples
(capping Al2 O3 layer (2.1 nm)/FeNi (𝑑)/Sitall substrate).

properties, associated with self-organized ensembles of quasi2D single-domain FM FeNi nanoislands, is quite important
for the fundamental physics of magnetism, as well as for
technological applications.

2. Materials and Methods
2.1. FeNi Films Growth and Characterization. The nanoisland
FeNi films were grown by rf sputtering deposition from
Fe21 Ni79 targets at a base vacuum pressure less than 2 ×
10−6 Torr and a background argon pressure of 4 ×10 −4 Torr.
Glass-like Sitall material was used for substrates. The analysis
of an X-ray diffraction pattern of the used Sitall substrate
showed that it is represented by TiO2 rutile phase [16]. During
the deposition, the substrate temperature was 73 ± 3∘ C. The
nominal film thickness (i.e., the thickness of the corresponding continuous film) was controlled by the deposition rate
and time (see more details in [17]). We prepared the nanoisland FeNi films with nominal thickness varying from 0.6
to 2.0 nm. Our earlier spectroscopic ellipsometry studies of
the nanoisland FeNi films of different thickness grown on
the Sitall glass demonstrated that their dielectric permittivity
changes from insulating-like to metallic-like at the nominal
FeNi film thickness about 1.8 nm. In addition, the temperature dependence of dc conductivity suggests the existence
of the percolation threshold for the same nominal FeNi film
thickness [18]. To avoid oxidation of the films at ambient
conditions, the grown FeNi films were covered in situ by the
Al2 O3 capping layer 2.1 nm thick.
2.2. Atomic-Force Microscopy Study of the Grown FeNi Films.
Surface morphology of the nanoisland FeNi films grown by
the rf sputtering deposition on the Sitall glass substrates
was studied by atomic-force microscopy (AFM) using Ntegra
Prima (NT-MDT, Zelenograd, Russia) facility. Figure 2(a)
represents a large-scale AFM image of the FeNi film sample
(Al2 O3 (2.1 nm)/FeNi (𝑑)/Sitall substrate) with the nominal
film thickness 𝑑 ≃ 1.2 nm. The shown large-scale topography
profile indicates the height variation in the range 1 ÷ 3 nm,
which characterizes the surface roughness. The smaller-size
image in Figure 2(b) clearly identifies the grainy structure
with the grain lateral dimensions in the range of 15 ÷ 25 nm.
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Figure 2: AFM images of the FeNi film samples (Al2 O3 (2.1 nm)/FeNi (𝑑)/Sitall substrate) with the nominal film thickness (a, b) 𝑑 ≃ 1.2 nm
and (c) 𝑑 ≃ 1.9 nm.

Due to intrinsically uneven surface of the substrate, the grain
height fluctuates strongly. The typical height is of about 1 nm
(see the height profile in Figure 2(b)). The inevitable AFM
broadening does not allow estimating the real width of gaps
between the grains. Figure 2(c) represents an AFM image of
the FeNi film sample (Al2 O3 (2.1 nm)/FeNi (𝑑)/Sitall substrate) with the nominal film thickness 𝑑 ≃ 1.9 nm. Due to
appreciable coalescence of the nanoislands in the film with
the thickness above the percolation threshold at 𝑑𝑐 ≃ 1.8 nm
[18], the topography profile is more shallow in the percolating
regions.
2.3. SQUID Measurements. For magnetization measurements, we cut out the FeNi film samples of approximate dimensions 3 × 3 mm2 . Using the SQUID magnetometer MPMS
XL 7 T, we were able to measure magnetization in the temperature range from 2 to 300 K. High sensitivity of magnetic
measurements (2 × 10−8 emu) was enabled by reciprocating
sample transport. Recently, by using a MPMS XL 7 T SQUID
magnetometer, total magnetization of 𝑑0 charge-imbalanced
FM interface between nonmagnetic perovskites of the order
of 10−6 emu was reported [19]. For the zero-field-cooled
(ZFC) measurements, a sample was first cooled down to

𝑇 ≃ 5 K in zero magnetic field. Then, the magnetic field
𝐻 ≃ 100 Oe was applied, and the ZFC data were collected,
while the sample is slowly warmed up above the irreversibility
temperature. We would like to point out that, for singledomain Fe21 Ni79 nanoislands, the stray magnetic fields at the
edge constitute 1.08 T. Therefore, to avoid uncertainties in the
determination of the equilibrium magnetization at small 𝐻
and to achieve a fully polarized magnetic state, we applied the
large magnetizing filed 𝐻𝑚 ≃ 2 T, while the film sample was
cooled down to 5 K, finally switching the field off. Then, the
field-cooled warming (FCW) data were collected, while the
sample is slowly warmed up in the same measurement field
𝐻 ≃ 100 Oe. In a more usual protocol, after the ZFC part, a
second set of data is collected, while the sample is slowly
cooled down in the same field, the field-cooled (FC) part.
However, use of the ZFC-FC protocol, when the measurement field is not large, usually of about 100 ÷ 200 Oe, cannot
guarantee a fully polarized magnetic state in our case.

3. Results and Discussion
Figures 3(a)–3(d) show the ZFC and FCW magnetization
response of the FeNi film samples (schematically illustrated
by Figure 1) with different nominal film thickness varying
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Figure 3: The out-of-plane (top panels) and in-plane (bottom panels) ZFC and FCW normalized magnetization response (calculated using
(1)) of the nanoisland FeNi film samples (Al2 O3 (2.1 nm)/FeNi (𝑑)/Sitall substrate) with the nominal film thickness of (a) 0.61 nm, (b) 1.10 nm,
(c) 1.39 and 1.60 nm, and (d) 1.82 and 2.04 nm. The displayed symbols are larger than the error bars. The solid curves are the guides to the eye.

from 0.61 to 2.04 nm, registered in the in-plane and out-ofplane geometry of the applied magnetic field. To compare the
ZFC and FCW magnetization response, 𝑀0 (𝑇), measured for
the different FeNi film samples, the magnetization response
was normalized to the equal sample area, 𝑆 = 10−1 cm2
(which is typical for our samples measured here by SQUID
magnetometry), using the following formula:
𝑀0norm (𝑇) ≃ 𝑆𝜌𝑆 𝐿

𝑀0 (𝑇)
,
𝑚0

(1)

where 𝑚0 is the sample mass, 𝜌𝑆 ≃ 2.72 ± 0.08 g/cm3 is the
Sitall substrate density, and 𝐿 ≃ 0.056 ± 0.004 cm is the substrate thickness. The normalized magnetization response of
the FeNi film samples shown in Figures 3(a)–3(d) is typical
paramagnetic-like, due to the dominating contribution of the
Sitall substrate, which contains clustered magnetic impurities
and/or defects. We fitted the in-plane magnetization field
dependence of the Sitall substrate measured at 𝑇 ≃ 10 K with
the Langevin function 𝑀(𝐻, 𝑇) = 𝑁𝑝 𝜇𝑝 [coth(𝜇𝑝 𝐻/𝑘B 𝑇) −
𝑘B 𝑇/𝜇𝑝 𝐻], where 𝑘B is Boltzmann’s constant and estimated
average magnetic moment of magnetic impurities 𝜇𝑝 ≃ 6𝜇𝐵
and their concentration 𝑁𝑝 ≃ 2.03 ⋅ 1019 cm−3 .
One can notice that the out-of-plane magnetization
response, 𝑀0norm (𝑇), clearly demonstrates difference between
the FCW and ZFC curves for all studied samples (see the
top panels of Figures 3(a)–3(d)). However, we found that the
FCW-ZFC difference is remarkably pronounced for the FeNi
film samples with the nominal film thickness 1.1 nm ≲ d ≲
1.8 nm, where the associated irreversibility behavior persis-

ted up to 𝑇∗ ≈ 200 K (see Figures 3(b)–3(d) and 4(b)). In
addition, a clear kink was observed there for the out-ofplane FCW-ZFC difference at 𝑇𝐵 ≈ 50 K (as illustrated by
Figure 4(b)). The revealed temperatures, 𝑇𝐵 ≈ 50 K and 𝑇∗ ≈
200 K, indicate the existence of two different temperature
scales for the out-of-plane irreversibility behavior of the studied nanoisland FeNi films. We noticed an apparent analogy
to the results for the quasi-2D Fe (2.5 nm)/Al2 O3 multilayer
composites at low-filling factor [12]. In line with [12], the temperatures 𝑇𝐵 ≈ 50 K and 𝑇∗ ≈ 200 K can be associated with
the SPM and SFM behavior, respectively. Here, fairly separated and weakly interacting small FeNi nanoislands determine the SPM behavior above the blocking temperature 𝑇𝐵 ≈
50 K, whereas strongly interacting FeNi nanoislands in their
dispersive assemblies are responsible for the induced out-ofplane SFM behavior. The latter is indicated by the additional
hysteretic-like contribution persistent up to the higher irreversibility temperature 𝑇∗ ≈ 200 K (as it is schematically
illustrated by Figure 5(b)). From Figure 4(b), one can estimate
that the SFM hysteretic-like contribution attains its maximum of about 1.8 ⋅ 10−6 emu at low temperatures (≈20% from
the saturation magnetization of Fe21 Ni79 permalloy, here one
should take into account that saturation magnetization of
NPs is usually somewhat less than that of a bulk material).
Analyzing the in-plane normalized magnetization response, 𝑀0norm (𝑇), obtained from the FCW and ZFC measurements, we can distinguish three different types of behavior, depending on the nominal FeNi film thickness (see the
bottom panels of Figures 3(a)–3(d) and Figures 4(a)–4(c)).
Thus, for the thinnest investigated FeNi film sample (i) with
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Figure 4: The difference between the FCW and ZFC normalized magnetization response shown in Figure 3 for the FeNi film samples (Al2 O3
(2.1 nm)/FeNi (𝑑)/Sitall substrate) with the nominal film thickness (a) 0.61 nm, (b) 1.10 nm, and (c) 2.04 nm in the out-of-plane and in-plane
sample configuration. The solid curves are the guides to the eye.
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Figure 5: A schematic illustration of the temperature-dependent ZFC and FC magnetization response (and of the associated difference, shown
by a solid black line) for FM NPs. (a) For SPM phase of weakly interacting NPs. (b) For SPM phase of weakly interacting NPs, coexisting with
SFM phase of strongly interacting NPs. Here, red star symbols correspond to the additional hysteretic-like SFM contribution. (c) Modeling the
in-plane negative response (shown in Figure 4(c)) above the NP’s system percolation threshold. Here, the FC curve is obtained by subtraction
of the SFM contribution, MFC (3) = MFC (1) − [MFC (2) − MFC (1)].

the nominal thickness 𝑑 ≃ 0.61 nm, the FCW-ZFC difference
is quite small (see Figure 3(a)). Here, the in-plane FCW-ZFC
difference starts to deviate from nearly zero values (within the
experimental accuracy) below ≈60 ÷ 70 K (see Figure 4(a)),
indicating the associated SPM character of the irreversibility
behavior below the blocking temperature (as it is schematically demonstrated by Figure 5(a)). The normalized FCWZFC difference attains its maximum of about 2 ⋅ 10−6 emu
at 5 K (≈45% from the saturation magnetization of Fe21 Ni79
permalloy) (see Figure 4(a)).
However, for the studied FeNi film samples (ii) with
nominal thickness in the range 1.1 nm ≲ d ≲ 1.8 nm, the inplane response did not show clearly perceptible difference

between the temperature-dependent magnetization response
using ZFC and FCW at the dc magnetizing field 𝐻𝑚 ≃ 2 T
(see Figures 3(b), 3(c), and 4(b)).
And finally, there is a remarkable difference between the
in-plane FCW and ZFC normalized magnetization curves for
the FeNi film sample (iii) with the thickness 𝑑 ≃ 2.04 nm,
above the physical percolation threshold at 𝑑𝑐 ≃ 1.8 nm [18]
(see the bottom panel of Figure 3(d)). Here, the in-plane ZFC
curve shows a pronounced maximum at the blocking temperature 𝑇𝐵𝑐 ≃ 25 K. This implies the existence of a crossover from
the out-of-plane to in-plane magnetization orientation. 𝑇𝐵𝑐 ≃
25 K seemingly manifests SPM properties in the FeNi film
close to the percolation threshold at 𝑑𝑐 ≃ 1.8 nm [18]. Below
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Figure 6: The temperature dependence of the normalized remanent magnetization, produced by the in-plane and out-of-plane magnetizing
field 𝐻𝑚 ≃ 1T at 𝑇 ≃ 10 K in the studied FeNi film samples (Al2 O3 (2.1 nm)/FeNi (𝑑)/Sitall substrate) with the nominal film thickness (a)
1.10 nm and (b) 2.04 nm. Arrows indicate the magnetization response (𝐻 ≃ 0) with cycling temperature from 10 K to 300 K and back, down
to low temperatures. The displayed symbols are larger than the error bars. The solid curves are the guides to the eye.

𝑇𝐵𝑐 , the normalized FCW-ZFC difference attains its maximum
of about 6 ⋅ 10−6 emu at 10 K (≈37% from the saturation
magnetization of Fe21 Ni79 permalloy) (see Figure 4(c)). Surprisingly, here, the in-plane FCW curve exhibits lower magnetization values than that of the corresponding ZFC curve
from about 𝑇𝐵𝑐 to 𝑇∗ ≈ 200 K (see the bottom panel of Figure 3(d)). Due to this, the normalized FCW-ZFC difference
turns out to be negative, with a pronounced minimum of
about −1.8⋅10−6 emu around 50 K (see Figure 4(c)). And, with
rising temperature above the SFM irreversibility temperature
𝑇∗ ≈ 200 K, the FCW-ZFC difference vanishes. In contrast
to the induced out-of-plane SFM behavior found below the
percolation threshold, where the FCW curve lies above the
ZFC curve, here, the FCW curve lies below the ZFC curve.
According to our simple modeling, this behavior can be
adjusted by the negative SFM contribution (as it is schematically illustrated by Figure 5(c)). The found behavior indicates
that the magnetization response is in a direction opposite to
the applied dc magnetizing field 𝐻𝑚 ≃ 2 T (while the film
sample was cooled down from above 𝑇∗ ≈ 200 K to 5 K), and
it can be associated with the SFM component.
Figures 6(a) and 6(b) display temperature dependence
of the in-plane and out-of-plane normalized remanent magnetization response of the nanoisland FeNi film samples
(capping Al2 O3 layer (2.1 nm)/FeNi film (𝑑)/Sitall substrate)
produced by the magnetizing field 𝐻𝑚 ≃ 1 T at 10 K. Here,
after the magnetizing field was switched off, the remanent
magnetization was recorded at zero external magnetic field
(𝐻 ≃ 0 T) on rising temperature from 10 to 300 K and then
on cooling down to the lowest measuring temperature. The
magnetization measurements at 𝐻 ≃ 0 T allowed us to get rid
of the paramagnetic-like contribution of the Sitall substrate
(dominating the magnetization response shown in Figures
3(a)–3(d)). One can notice from Figure 6(a) that the outof-plane remanent magnetization of the FeNi film with the

thickness 𝑑 ≃ 1.1 nm decreases from about 5 ⋅ 10−6 emu at
10 K (≈57% from the saturation magnetization of Fe21 Ni79
permalloy) to about 2 ⋅ 10−6 emu at 300 K (≈23%, resp.). The
observed trends of the in-plane remanent magnetization are
the most pronounced for the FeNi film sample with the nominal thickness 𝑑 ≃ 2.04 nm (see Figure 6(b)). Here, the FeNi
film was initially magnetized along the magnetic field (𝐻𝑚 ≃
1 T) direction applied in the film plane at 10 K. Surprisingly,
with rising temperature up to 50 K, the in-plane normalized
remanent magnetization relaxed down to negative values of
about −2 ⋅ 10−6 emu. Here, above the blocking temperature
𝑇𝐵 , large magnetic moments of individual SPM nanoislands
become strongly fluctuating, and the resulting contribution
from the SPM component is zero at 𝐻 ≃ 0. This means that
some parts of the FeNi film, related to the SFM component,
retain the magnetization opposite to the applied magnetizing
field 𝐻𝑚 ≃ 1 T. Indeed, with further increasing temperature
above the irreversibility temperature 𝑇∗ , the negative magnetization response disappeared, and the in-plane remanent
magnetization attained a small value at 300 K. Interestingly,
the in-plane temperature dependence of the magnetization
was reproducible at subsequent cooling down, exhibiting the
same negative magnetization response below 150 K down to
50 K. This means that the negative magnetization component
is related to a magnetically ordered ground state of the SFM
phase. It remains intact to the applied magnetizing field 𝐻𝑚 ≃
1 T, preserving the initial magnetization orientation. The
result shown in Figure 6(b) suggests that, around 50 K, the
inverted hysteresis 𝑀 − 𝐻 loop will be observed for the inplane measurements, with the negative magnetization value
of –12% at 𝐻 ≃ 0 (normalized to positively saturated value).
One can notice from Figure 6(a) that the temperature dependence of the in-plane remanent magnetization of the FeNi
film with the nominal thickness 𝑑 ≃ 1.1 nm showed, in main,
similar trends. However, the observed temperature effects
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were less pronounced here and shifted to lower temperatures. We note that the observed trends of the remanent
magnetization have a strong resemblance to the results of the
independent FCW-ZFC measurements (see Figures 4(b) and
4(c)), giving supporting experimental evidence.
Now, we discuss the observed magnetization properties.
The observed out-of-plane SFM behavior below the percolation threshold can be associated with an effective perpendicular magnetic anisotropy in the rf sputtered FeNi films
composed of quasi-2D FM FeNi nanoislands. For example, an
effective perpendicular anisotropy can exist in small enough
quasi-2D FeNi nanoislands due to SRT [4]. As a result, the
local magnetic structure may correspond to AF ground state
on square or triangular lattice fragments of self-assembled
quasi-2D FeNi nanoislands. In addition, here, we observed
a crossover from the out-of-plane to in-plane magnetization
orientation with increasing the nanoisland size close to the
percolation transition. Here, the in-plane magnetic structure
may have four-sublattice AF order for square lattice fragments, whereas a FM order may be implemented for the
triangular lattice fragments.
We would like to note that such system with an effective
perpendicular magnetic anisotropy has also a tendency to
inhomogeneous distribution of magnetic moments in the
form of supervortices [7]. We infer that the studied nanoisland FeNi films, composed of inhomogeneously distributed
FM single-domain nanoislands, represent a unique playground to challenge a supervortex state and its magnetic
properties. For small magnetic anisotropy, a purely planar
vortex can exist on close-packed hexagonal fragments of a
triangular lattice, with in-plane distribution of FM NP’s magnetic moments. Here, the total out-of-plane projection of the
magnetic moment vanishes, but the in-plane component of
the total magnetization is nonzero, as the magnetic moment
of the vortex core remains not compensated [7]. This may be
relevant to the in-plane magnetization properties found in the
present study for the nanoisland FeNi film with the nominal
film thickness above the percolation threshold at 𝑑𝑐 ≃ 1.8 nm.
With the increase of the particle magnetic anisotropy, the vortex core starts to protrude out-of-plane. And with the further
increase, the symmetry of the vortex ground state increases,
where the planar magnetization component vanishes (featuring zero-net magnetic moment), but the perpendicular component changes significantly [7]. This may be well consistent
with the magnetization properties found in the present study
for the nanoisland FeNi films with the nominal film thickness
1.1 nm ≲ d ≲ 1.8 nm.
Recently, the out-of-plane SFM behavior in quasi-2D Fe
(2.5 nm)/Al2 O3 multilayer composites was reported [12]. The
results by Miu et al. indicate that the dipolar interactions are
not the major interactions and support the relevance of twodimensionality and additional short-range “superexchange”
interactions for the occurrence of the out-of-plane SFM
behavior in quasi-2D FM NPs above some critical filling
factor (see [12] and references therein). In particular, the stray
fields of non-point-like magnetic dipoles can promote this
“superexchange” and drive SFM order in quasi-2D FM NPs.
In addition, an indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction between FM NPs in quasi-2D magnetic

7
structures can contribute to the short-range “superexchange”
coupling mechanism and be responsible for SFM behavior
[20]. Thus, the SFM phase, associated with complex magnetic
behavior in quasi-2D clusters of large NP’s localized magnetic
moments, implies essentially a Many-Body Localized (MBL)
state [21].
In addition, here, we demonstrated that the discovered inplane negative magnetization response above the nanoisland
FeNi film percolation threshold can be associated with the
SFM component. Earlier, negative remanent magnetization
was observed in nearly percolating magnetic granular (Ni,
Fe) films in an insulating amorphous SiO2 matrix [15]. The
temperature-dependent remanence magnetization observed
there and shown in Figure 2 of [15] is similar to the in-plane
magnetization behavior found in the present study for FeNi
nanoislands above the percolation threshold (see Figures 4(c)
and 6(b)). The remanence observed in [15] was as large as −9%
compared to the positively saturated value. It was suggested
in this study that near the percolation threshold the magnetostatic interaction between coexisting SPM and FM components, with a special geometry of the FM nanoclusters, favors
their opposite alignment, induced by the applied magnetizing
field. An alternative interpretation in terms of interface
exchange interaction or exchange anisotropy was suggested
for similar phenomena observed in amorphous and multilayered materials (see [15] and references therein). The negative
remanent magnetization is possible in an exchange-coupled
bilayer, when a magnetically soft material is influenced by
the demagnetizing field of the hard material. Note that the
observed phenomena have a strong similarity with exchange
bias effect, actively studied in many composite magnetic
materials.

4. Conclusions
We present the evidence of the out-of-plane SFM behavior
for the nanoisland FeNi films with the nominal film thickness
1.1 nm ≲ 𝑑 ≲ 1.8 nm below the percolation threshold at
𝑑𝑐 ≃ 1.8 nm [18] in the temperature range, which fits well to
the estimated characteristic energy of the long-range dipolar
interactions of about 180 K (the estimate is given in Introduction). The SFM behavior is indicated by the additional
hysteretic-like contribution persistent up to the irreversibility
temperature 𝑇∗ ≈ 200 K. Besides, an admixture of the SPM
phase was identified here by a clear kink in the out-of-plane
FCW-ZFC difference at 𝑇𝐵 ≃ 50 K.
Above the film percolation threshold, we observed a
crossover from the out-of-plane to in-plane magnetization
orientation. Here, the ZFC curve shows a clear maximum
near the blocking temperature 𝑇𝐵𝑐 ≃ 25 K, which certifies
the presence of SPM component. The in-plane FCW-ZFC
difference turns out to be negative in the temperature range
𝑇𝐵 ≲ 𝑇 ≲ 𝑇∗ , implying that the magnetization response is
in a direction opposite to the applied dc magnetizing field
𝐻 ≃ 2 T. The investigation of 𝑀(𝐻) hysteresis loops at small
applied magnetic fields at different temperatures will be interesting and relevant here. We showed that the discovered inplane negative magnetization response above the nanoisland
FeNi film percolation threshold can be associated with the
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SFM component. From our study, we can conclude that the
negative magnetization response can be related to some parts
of the FeNi film, which retain the magnetization opposite to
the applied magnetizing field, preserving their initial magnetization orientation. These parts, related to the SFM component, can be considered as being magnetically hard, so that
the direction of their magnetization could not be changed by
the applied magnetizing field. The origin of the magnetically
hard component in the studied nanoisland FeNi films needs
to be further investigated. For example, its relevance to a
core of the purely planar vortex, which can exist on closepacked hexagonal fragments of a triangular lattice here, with
in-plane distribution of FM NP’s magnetic moments, should
be challenged.
We conclude that the observed magnetization properties
can be associated with the SFM behavior in self-assembled
clusters of quasi-2D metallic magnetic FeNi nanoislands. The
SFM phase associated with complex magnetic behavior in
quasi-2D clusters of large NP’s localized magnetic moments
(∼103 ÷105 𝜇𝐵 ) implies a MBL state. The electronic excitations
[21–23] of this MBL state and response to strong applied magnetic fields need to be further fundamentally studied. Also,
the understanding of the found out-of-plane and in-plane
SFM behavior, associated with self-organized ensembles of
quasi-2D single-domain nanoislands, requires further studies
by using, for example, magnetic imaging techniques.
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