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Abstract By using superconducting quantum inter-
ference device (SQUID) magnetometry, we inves-
tigated anisotropic high-field (H � 7T) low-
temperature (10 K) magnetization response of inho-
mogeneous nanoisland FeNi films grown by rf sput-
tering deposition on Sitall (TiO2) glass substrates.
In the grown FeNi films, the FeNi layer nominal
thickness varied from 0.6 to 2.5 nm, across the per-
colation transition at the dc � 1.8 nm. We discov-
ered that, beyond conventional spin-magnetism of
Fe21Ni79 permalloy, the extracted out-of-plane mag-
netization response of the nanoisland FeNi films is
not saturated in the range of investigated magnetic
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fields and exhibits paramagnetic-like behavior. We
found that the anomalous out-of-plane magnetization
response exhibits an escalating slope with increase in
the nominal film thickness from 0.6 to 1.1 nm, how-
ever, it decreases with further increase in the film
thickness, and then practically vanishes on approach-
ing the FeNi film percolation threshold. At the same
time, the in-plane response demonstrates saturation
behavior above 1.5–2T, competing with anomalously
large diamagnetic-like response, which becomes pro-
nounced at high magnetic fields. It is possible that
the supported-metal interaction leads to the creation
of a thin charge-transfer (CT) layer and a Schot-
tky barrier at the FeNi film/Sitall (TiO2) interface.
Then, in the system with nanoscale circular domains,
the observed anomalous paramagnetic-like magneti-
zation response can be associated with a large orbital
moment of the localized electrons. In addition, the
inhomogeneous nanoisland FeNi films can possess
spontaneous ordering of toroidal moments, which
can be either of orbital or spin origin. The system
with toroidal inhomogeneity can lead to anomalously
strong diamagnetic-like response. The observed mag-
netization response is determined by the interplay
between the paramagnetic- and diamagnetic-like con-
tributions.
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Introduction

Magnetic nanoparticles (NPs) are expected to play a
decisive role in the development of next generation
of ultra-high density magnetic data storage, quantum
computing, magnetic targeted drug delivery, and many
other applications (Sun and Murray 1999; Reiss and
Hutten 2005; Frey and Sun 2011; McNally 2013;
Mody et al. 2014). On the other hand, magnetic NPs
are attractive for fundamental research in magnetism.
Magnetic properties of nanostructured materials, com-
posed of metallic ferromagnetic (FM) NPs of small
size, say 20–30 nm, or even smaller, essentially differ
from those in the bulk having submicron size particles
or larger. A small enough NP inevitably transforms
into a single-domain FM state, with parallel orien-
tation of intraparticle atomic moments due to strong
exchange interactions. The single-domain FM state
of a NP can be associated with a superspin (SS),
comprising many atomic moments ∼ 103–105 μB,
where μB = 9.27·10−21 emu is the Bohr magneton,
the electron spin magnetic dipole moment. Weakly
interacting NPs (small and well separated) exhibit
the Curie-like behavior in a superparamagnetic (SPM)
phase above the so-called blocking temperature (TB ),
when the temperature is high enough to overcome the
energy barrier between different orientations of a NP
SS. However, when NPs are situated relatively close
to each other, strong magnetic dipole-dipole inter-
action, exchange interaction (for sufficiently dense
packing), and other nonclassical interactions, such as,
for example, the Anderson-type superexchange cou-
pling, originating from electron tunneling between the
SPM NPs (Kondratyev and Lutz 1998), may become
relevant. In particular, atomically small NPs, favoring
the tunneling exchange between the neighboring big-
ger NPs, were considered as mediating the “superex-
change” mechanism (Russier 2001; Kleemann et al.
2001). As a result, regular arrays of NPs, as well as
their self-assembled local arrangements in a form of
small clusters, can possess collective magnetic states
at comparatively high temperatures.

Transitions into a superferromagnetic (SFM) phase
were discovered in two-dimensional (2D) self-
assembled (Kleemann et al. 2001; Rancourt and
Daniels 1984; Miu et al. 2015; Stupakov et al. 2016)
or regularly structured NP arrays (Russier 2001;

Sugawara et al. 1997; Cowburn et al. 1999). The
collective states are characterised by the observed
magnetic moment hysteretic-like irreversibility behav-
ior, induced by an external magnetizing field, which
persists essentially above the blocking temperature
TB . The hysteretic-like contribution is the most pro-
nounced at low temperatures, where it exhibits a
significantly slower relaxation rate. The origin of the
SFM order in 2D granular systems is not well under-
stood. Also, the relevance of two-dimensionality and
additional “superexchange” interactions for the occur-
rence of the out-of-plane SFM behavior in quasi-2D
FM NPs arrays remains unclear.

Yet, another specific issue, associated with a
domain state, has not been significantly explored in
the physics of 2D granular systems. Nevertheless, the
relevant physics was elaborated for 2D layers of dia-
magnetic organic molecules forming self-organized
domains on gold. It was demonstrated that for a circu-
lar domain, the lowest energy modes, corresponding
to rotations around the domain axis, with a high angu-
lar momentum value may exist (Vager and Naaman
2004). In addition, the combination of spin-orbit cou-
pling and contact potential at the large radius domain
boundaries may lead to a “giant” orbital moment
induced in atomiclike localized electronic states (Her-
nando et al. 2006). In agreement with these theoretical
predictions, large FM-like magnetization, up to sev-
eral tens of Bohr magnetons per adsorbed organic
molecule, with a very small hysteresis and no satura-
tion up to a field of 1T, with the highest response along
the axis perpendicular to the surface, was observed
(Carmeli et al. 2003; Vager et al. 2004).

Unfortunately, high-field magnetic response of FM
nanoscaled domain systems has been only scarcely
investigated. For example, it is reported that nanocom-
posite systems, combined of nanostructured sili-
con and embedded metallic Ni nanostructures, show
low-field FM spin-magnetism of the incorporated
Ni nanostructures and an additional non-saturating
up to 7T paramagnetic-like term (Rumpf et al.
2008, 2010). It is suggested that the non-saturating
paramagnetic-like magnetization term arises due to
orbital mesoscopic persistent currents driven by the
symmetry breaking at the metallic nanostructure –
semiconducting silicon interface due to the Rashba
field (Ganichev et al. 2002). However, the origin of
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orbital currents in FM nanoscaled domain systems
needs to be comprehensively investigated.

Here, by using SQUID magnetometry, we study
high-field (up to 7T) low-temperature (T � 10 K)
magnetization response of the inhomogeneous nanois-
land FeNi film samples with the nominal film thick-
ness varying from 0.6 to 2.5 nm, across the physical
percolation threshold at the dc � 1.8 nm (Stupakov
et al. 2016; Sherstnev 2014; Boltaev et al. 2017), in the
planar and perpendicular geometry of an applied dc
magnetic field. The nanoisland FeNi films were grown
by rf sputtering deposition onto Sitall glass substrates.
The Sitall material, utilized in our experiments, is
represented by TiO2 rutile phase. Beyond conven-
tional spin-magnetism of Fe21Ni79 permalloy, which
is known to saturate at low magnetic fields, we discov-
ered that the out-of-plane magnetization response of
the discontinuous FeNi films exhibits paramagnetic-
like behavior in the range of investigated magnetic
fields up to 7T. The anomalous out-of-plane magne-
tization response quickly decreases on approaching
the film percolation threshold due to the nanoisland
coalescence. For the same nominal thickness range
of the inhomogeneous nanoisland FeNi films on the
Sitall (TiO2) substrate, the out-of-plane SFM mag-
netization behavior was found in our recent study
(Stupakov et al. 2016). Moreover, the high-field mag-
netization response exhibits remarkable anisotropy for
the studied nanoisland FeNi film samples, where the
in-plane response is significantly suppressed. There is
a trend that the diamagnetic-like response, competing
with the FM-like behavior, becomes clearly recog-
nizable above 1.5–2T in the in-plane response. It is
interesting that for the FeNi film with the thickness
slightly above the FeNi film percolation threshold, the
in-plane diamagnetic-like magnetization response was
observed for the whole range of investigated dc mag-
netic fields. Here, we also compare the observed mag-
netization response with the in-plane magnetization
response of the FeNi films sputtered onto crystalline
diamagnetic substrates Al2O3 (100). The origin of the
“exotic” magnetic phases, discovered in the inhomo-
geneous FeNi nanoisland layers, grown onto the Sitall
(TiO2) glass substrates, and identified by their anoma-
lous paramagnetic- and diamagnetic-like response, is
discussed. The associated high-field magnetic proper-
ties are important from the practical point of view and

can be utilized, for example, in high magnetic field
sensing devices.

Experimental

FeNi film samples

The nanoisland FeNi films were grown by rf sput-
tering deposition from 99.95% pure Fe21Ni79 targets
at a base vacuum pressure less than 2×10−6 Torr
and a background Ar pressure of 6×10−4 Torr. We
used glass-ceramic Sitall substrates and crystalline
Al2O3(100) substrates. To reduce the influence of a
surface crystalline anisotropy, an amorphous 7-nm
thick Al2O3 buffer layer was deposited on top of the
Al2O3 substrates. An analysis of the X-ray diffrac-
tion pattern of the Sitall substrate, used in the present
experiments, showed that it contains the crystalline
TiO2 rutile phase (Kovaleva et al. 2015). In contrast
to the Al2O3 substrate, the used glass-ceramic Sitall
substrate provides good wetting conditions for the
FeNi adhesion (this issue is considered in detail in the
“Discussion” section). Our spectroscopic ellipsometry
study of the FeNi films of different thickness grown
on the Sitall substrates demonstrated that their dielec-
tric permittivity changes from insulating- to metallic-
like at the critical film thickness of about 1.8 nm.
In addition, the temperature dependence of their dc
conductivity suggests the existence of a percolation
transition for this critical FeNi film thickness (Sherst-
nev 2014; Boltaev et al. 2017). Below the percolation
transition at the critical thickness dc � 1.8 nm, the
FeNi layer has a discontinuous structure (Stupakov
et al. 2016), where lateral sizes of the nanoislands
are 5–30 nm, and the distance between them is less
than 5 nm (as schematically illustrated by Fig. 1). For
the present study, we prepared a series of the FeNi
films grown on the Sitall substrates, with the nomi-
nal film thickness varying from 0.6 to 2.5 nm. The
nominal film thickness (that is, the thickness of the
corresponding continuous film) was determined by the
deposition time defined by the film deposition rate
(∼ 0.67 Å/sec). During the deposition, the substrate
temperature was 73 ± 3 ◦C only. To avoid oxidation of
the films at ambient conditions, the grown FeNi films
were covered in situ by a 2.1-nm thick Al2O3 capping
layer (as schematically illustrated by Fig. 1).
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Fig. 1 A schematic picture
of the nanoisland FeNi film
samples (capping Al2O3
layer
(2.1 nm)/FeNi(d)/Sitall
substrate)

Magnetization measurements

For magnetization measurements, we cut out the sam-
ples of approximate dimensions 3 × 3 mm2 (as it is
illustrated by Fig. 2). Below we give the details of
the FeNi film magnetization evaluation. Once the total
magnetization M0 of the FeNi film sample of the mass
m0, as well as the magnetization Ms0 of the blank sub-
strate of the mass ms0, are measured, the FeNi film
magnetization Mf can be evaluated from the follow-
ing simple considerations. The total sample mass m0

can be expressed as m0 = ms + mf = ρsSL + ρf Sd,
where ms is the substrate mass, mf is the film mass,
S is the sample surface area, L is the substrate thick-
ness, d is the nominal film thickness, ρf is the film
density, and ρs is the substrate density. The total film
sample magnetization M0 = Ms + Mf is the sum of
contributions of the substrate and film magnetization,
Ms and Mf , respectively. In turn, the substrate contri-
bution, Ms , can be evaluated from the magnetization
Ms0, obtained from the independent magnetization

Fig. 2 a The FeNi film sample (capping Al2O3 layer (2.1
nm)/FeNi film/Sitall substrate), mounted for the SQUID mea-
surements in the in-plane H -field geometry

measurements on the blank substrate sample of the
mass ms0 as Ms = Ms0·ms

ms0
. Then, the total film magne-

tization Mf can be evaluated via the FeNi film sample
mass m0 as Mf = M0 − Ms = M0 − Ms0·ms

ms0
=

M0 − Ms0·(m0−mf )
ms0

∼= [
mf � m0

] ∼= M0 − Ms0·m0
ms0

.
However, to compare the FeNi film magnetization val-
ues Mf measured on a series of the film samples,
having different mass and size, one needs the normal-
ized magnetization values. Since S = m0

ρsL+ρf d
∼=

[
d ∼ 10−9 m, L ∼ 10−3 m

] ∼= m0
ρsL

, we arrive at
the following formula for the evaluation of the FeNi
film magnetization normalized to the sample surface
area S

Mf

S
∼= ρsL

m0

(
M0 − Ms0 · m0

ms0

)
= ρsL

(
M0

m0
− Ms0

ms0

)

(1)

expressed via the substrate thickness L and the sub-
strate density ρs . We note that the FeNi films inves-
tigated in the present study were sputtered onto the
Sitall substrates cut from a single Sitall material sheet,
having the thickness L � 0.056 ± 0.004 cm, where
�L
L

� 7%. The estimated Sitall material density is
ρs � 2.72 (± 4%) g/cm3. The additional errors in the
use of Eq. 1 come from the accuracy of the measured
quantities �M0 and �Mso (of about 2 · 10−8 emu) and
�m0 and �mso (of about 0.04 mg). Typical values of
the measuring quantities M0 and Ms0 (at T � 10 K
and H � 6.5T) are in the range 0.001–0.005 emu for
the studied FeNi sample series, so �M0

M0
� 0.002%.

Typical values of the m0 and ms0 are about 10 mg, so
�m0
m0

� 0.4%. Thus, in the magnetization evaluation



J Nanopart Res  (2018) 20:109 Page 5 of 14 109 

using Eq. 1, for M0
m0

we have
�

(
M0
m0

)

M0
m0

= �M0
M0

+ �m0
m0

�

0.4%, and, ultimately,
�

(
Mf
S

)

Mf
S

= �ρs

ρs
+�L

L
+�

(
M0
m0

)

M0
m0

�
11.5%. Evaluating the FeNi film sample magnetiza-
tion using Eq. 1, normalized to the sample surface area
rather than to the film volume, let us to avoid a source
of large potential errors, associated with uncertainty in
the nominal film thickness.

Here, by using a Quantum Design SQUID magne-
tometer (MPMS XL 7 T), we measured magnetization
of the grown FeNi film samples at T � 10 K for
the dc magnetic fields − 1.5T � H � 7T, applied
along an in-plane sample direction (as it is illus-
trated by Fig. 2) and perpendicular to the sample
surface. High sensitivity of magnetic measurements
(2 × 10−8 emu) was enabled by reciprocating sam-
ple transport. Recently by using a MPMS XL 7 T
SQUID magnetometer total magnetization of the d0

charge-imbalanced ferromagnetic interface between
nonmagnetic perovskites, such as SrTiO3/KTaO3,
SrTiO3/KNbO3, and SrTiO3/NaNbO3, of the order
of 10−6 emu was reported (Oja et al. 2012). The
FeNi film magnetization in the present study was
estimated in accordance with Eq. 1, namely, by sub-
tracting the mass-normalized magnetization of the
blank Sitall substrate from the mass-normalized mag-
netization response of the FeNi film sample (capping
Al2O3 layer (2.1 nm)/FeNi film (d)/Sitall substrate).
In this case, an accuracy of the FeNi film magnetiza-
tion estimate will be also determined by the accuracy
of the sample alignment in the out-of-plane or in-plane

configuration. Nevertheless, we argue that the accu-
racy of alignment setting in our magnetometer was
appropriate, as, for example, the magnetization data
obtained for different samples of the blank Sitall sub-
strate in out-of-plane H -field configuration coincide
with a high accuracy (see Fig. 4a).

Results

Low- and high-field magnetization response of the
FeNi films on the Al2O3 substrate

Figure 3a, b shows the in-plane low-field (− 0.2T �
H � 0.2T) and high-field (−1.5 T � H � 7.0T)
magnetization response (T � 10 K) of the 1.75 and
4.97 nm thick FeNi film samples [capping Al2O3

layer (2.1 nm)/FeNi film (d)/buffer Al2O3 layer
(7.0 nm)/Al2O3 substrate]. The presented magneti-
zation response (in emu/cm2) is estimated using the
simple relationship

M0‖
S

= ρL
M0‖
m0

, where M0‖ is the
measured in-plane film sample magnetization, m0 is
the film sample mass, ρ � 3.97 g/cm3 is the density
of bulk Al2O3, and L � 0.05 cm is the Al2O3(100)
substrate thickness. The Al2O3 (100) substrate con-
tribution was obtained independently from SQUID
measurements on the blank substrate sample for the
dc magnetic fields −1.5T � H � 7.0T in the in-
plane H -field geometry. From Fig. 3a, b one notices
that the Al2O3 substrate sample exhibits the diamag-
netic magnetization field dependence. We obtained
good agreement between the measured and calculated

Fig. 3 In-plane magnetization response of the FeNi films on
the Al2O3 substrates. a Low-field and b high-field magnetiza-
tion response (in emu/cm2) of the FeNi film samples—capping
Al2O3 layer (2.1 nm)/FeNi film (d � 1.75 and 4.97 nm)/buffer

Al2O3 layer (7.0 nm)/Al2O3 (100) substrate (0.05 cm). The
displayed symbols are larger than the error bars. Notice good
agreement between the measured and calculated magnetization
response for the blank Al2O3 substrate in (a, b)
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values for the magnetization field dependence of the
Al2O3 substrate sample, using the molar susceptibil-
ity χm � − 37 · 10−6 cm3/mol (see Fig. 3b). In
the low-field magnetization response of the FeNi film
samples shown in Fig. 3a one can clearly see the
magnetization loops around zero field, which can be
identified with the FM FeNi layer. Also, one notices
that the 1.75 and 4.97 nm thick FeNi films show the
saturation magnetization behavior on a background
of the Al2O3 substrate diamagnetic response. For
78.5% permalloy, the saturation of intrinsic induction
B − H � 10800 G, corresponding to the saturation
magnetization Ms � 860 G, occurs for the magne-
tizing force H � 10 Oe � 10−3T (Elmen 1935).
Then, the saturation magnetization of the 1-nm thick
Fe21Ni79 permalloy layer for a typical film sample
with the surface area S = 10−1 cm2 can be estimated as
∼ 8.6 · 10−6 emu. It is known that submicron permal-
loy dot arrays demonstrate the saturation magnetiza-
tion peculiar of continuous permalloy films (Schnei-
der and Hoffmann 1999). From Fig. 3a, we estimate
that the saturation magnetization of the FeNi film sam-
ples (normalized to the nominal FeNi film thicknesses
of 1.75 and 4.97 nm) is ∼ 5.4 · 10−6 and ∼ 5.3 · 10−6

emu, respectively. The agreement is good enough for
these ultrathin FeNi films; however, we note that
the estimated values are somewhat smaller. It is also
known that thin film permalloy samples with the thick-
ness until 100 nm show saturation magnetization at the
applied magnetic field Has � 5 Oe (Kern et al. 2016).
Here we observe that the magnetization loop for the
4.97-nm thick FeNi film is rather narrow (see Fig. 3a),
indicating that this film is nearly continuous. How-
ever, the saturation field for the submicron dot arrays,
for example, for magnetically saturated oblate permal-
loy ellipsoids (with diameter d and height h), which
is determined by the shape anisotropy given by the
aspect ratio, r = d/h, is different. Approaching sat-
uration magnetization, the applied field of saturation
Has has to equal to the intrinsic demagnetizing field,
Hd = − NMs , where N is the demagnetization fac-
tor, which is determined by the demagnetizing field of
isolated, magnetically saturated dot. Here, we observe
that the saturation magnetization for the nanoisland
1.75-nm thick FeNi film occurs at the applied mag-
netic field Has � 250–300 Oe (see Fig. 3a). From the
dependence of the demagnetizing field as function of
the aspect ratio (Schneider and Hoffmann 1999), the
in-plane demagnetizing field 250–300 Oe corresponds

to the aspect ratio of 25, which gives an estimate for
the average circular base diameter in the nanoisland
1.75-nm thick FeNi film of ∼ 40 nm.

Thus, the studied in-plane low-field magnetization
response of the FeNi films grown onto the Al2O3 sub-
strates indicates that the 1.75-nm thick FeNi film has a
nanoisland structure, whereas the 4.97-nm thick FeNi
film, seemingly, has a nearly continuous structure. In
the studied high-field magnetization response, these
films show magnetization saturation behavior, pecu-
liar of permalloy films. In general, no anomalies were
discovered, and the micromagnetics of the FeNi films
on the Al2O3 substrates can be satisfactorily described
by the film’s morphology.

High-field magnetization response of the nanoisland
FeNi films on the Sitall substrates

Figure 4a, b presents mass-normalized magnetiza-
tion response of the grown nanoisland FeNi film
samples [cap-ping Al2O3 layer (2.1 nm)/FeNi film
(d)/Sitall substrate] with the nominal film thickness
d varying from 0.61 to 2.0 nm. The magnetization
response was measured at T � 10 K for the dc
magnetic fields −1.0T � H � 7T applied along an
in-plane sample direction and perpendicular to the
sample surface. Focusing at high magnetic fields in
Fig. 4a, one can clearly follow the evolution of the out-
of-plane mass-normalized magnetization response,
which first increases and subsequently decreases with
increasing the film thickness from 0.61 to 1.82 nm.
By contrast, variation of the in-plane mass-normalized
magnetization response is comparatively much less
pronounced in the studied range of thicknesses (see
Fig. 4b).

To extract the effective FeNi film magnetiza-
tion, the substrate contribution was obtained inde-
pendently from SQUID measurements on the blank
Sitall substrate sample at T � 10 K for the dc
magnetic fields − 1.0T � H � 7T in the corre-
sponding H -field geometries (see Fig. 4a, b). The
substrate sample showed unsaturated, Langevin-like,
magnetization field dependence, which can be asso-
ciated with the presence of magnetic impurities
and/or defects pertaining the used Sitall glass mate-
rial (Kovaleva et al. 2015). We fitted the in-plane
substrate magnetization with the Langevin function,

M(H, T ) = Nμp

[
coth

(
μpH

kBT

)
− kBT

μpH

]
, where kB is

the Boltzman’s constant (see Fig. 5), and estimated
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Fig. 4 The mass-normalized magnetization response of the
FeNi film samples (the sample masses are given in brackets)
and of the blank Sitall substrate samples (S0 and S10) in the
magnetic field applied in zero-field-cooling conditions in the
a out-of-plane and b in-plane geometry. The displayed sym-
bols are larger than the error bars. Additional errors determined
by assignment of the demagnetization factor due to possible
sample misalignment are not large (notice good coincidence of
the mass-normalized data for the blank substrate samples). The
solid curves are the guides-to-the-eye

the average magnetic moment of magnetic impuri-
ties μp � 6 ± 0.02 μB and their concentration
Np � (2.03 ± 0.02) ·1019 cm−3. We note that the dia-
magnetic contribution from the capping Al2O3 layer
(of 2.1 nm thick, sputtered on the sample surface area
of about S = 10−1 cm2) is beyond the sensitivity of
the present SQUID measurements. Indeed, taking the
molar susceptibility χm and the density ρ of bulk
Al2O3, we estimated its diamagnetic contribution at
7 T of about − 2 · 10−9 emu. The effective FeNi film
magnetization, Mf , normalized to the film surface
area S, was estimated according to Eq. 1. Estimating
the effective FeNi film magnetization normalized to a
sample surface area (rather than to a film volume), let
us avoiding the source of additional potential errors

Fig. 5 The in-plane magnetization field dependence of the
blank Sitall substrate and the fit result with the Langevin func-

tion, M(H, T ) = Nμp

[
coth

(
μpH

kBT

)
− kBT

μpH

]
. The symbols are

less than the error bars.

due to the uncertainty in the nominal FeNi film thick-
ness. By subtracting, in accordance with Eq. 1, the
mass-normalized magnetization of the Sitall substrate
sample from the mass-normalized magnetization of
the FeNi film samples, measured at the dc magnetic
fileds − 1T � H � 7T in the corresponding H -field
geometries at T � 10 K (Fig. 4a, b), we obtained
the effective out-of-plane, Mf ⊥(H)/S, and in-plane,
Mf ‖(H)/S, magnetization of the studied nanoisland
FeNi films (shown in Fig. 6a, b, respectively).

Now we analyze behavior of the extracted effective
magnetization, Mf ⊥(H)/S and Mf ‖(H)/S, as func-
tion of the nominal FeNi film thickness. One notices
that for the FeNi films with the nominal thickness
varying from 0.61 to 1.6 nm the Mf ⊥(H)/S is not sat-
urated in the range of investigated magnetic fields and
exhibits nearly linear with H magnetization response
(see Fig. 6a). One can follow that the Mf ⊥(H)/S

exhibits an escalating slope with increase in the nom-
inal film thickness from 0.61 to 1.1 nm. Here, the
slope of the Mf ⊥(H)/S seemingly correlates with an
average size of the FeNi nanoislands, which increases
with nominal film thickness. Apparently, the maxi-
mum of the Mf ⊥(H)/S is obtained for the FeNi film
thickness, where the nanoislands have the largest aver-
age size, but are still definitely separated from each
other. With increasing film thickness and approach-
ing the FeNi film percolation threshold due to the
nanoisland coalescence at the dc � 1.8 nm, the slope
of the Mf ⊥(H)/S quickly decreases. We would like
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Fig. 6 The effective a out-of-plane, �M⊥(H)/S, and b in-
plane, �M‖(H)/S, magnetization response of the nanoisland
FeNi films (T � 10 K), obtained from Eq. 1. The solid lines are
the guides-to-the-eye

to mention that the observed out-of-plane high-field
unsaturated behavior corresponds to the out-of-plane
SFM magnetization behavior for the nanoisland FeNi
films on the Sitall substrate with the nominal film
thickness 0.6 nm � d � 1.8 nm, found in our recent
study (Stupakov et al. 2016).

The effective magnetization shown in Fig. 6a,
b exhibits remarkable anisotropy for the nanois-
land FeNi films with the thicknesses in the
0.8 nm � d � 1.6 nm range, where the in-plane
response is significantly suppressed. One notices the
following trends in the in-plane effective magneti-
zation field dependence, Mf ‖(H)/S, as function of
the nominal film thickness (Fig. 6b). Thus, FM-like
saturation behavior, with the saturated magnetization
value Mf ‖(H)/S � 6 · 10−4 emu/cm2 above 1.5–2T,
was observed for the FeNi film with the nominal
thickness 1.17 nm (we note that this thickness is
slightly above 1.10 nm, for which the Mf ⊥(H)/S

maximum was revealed). The saturation behavior
observed above 1.5–2T cannot be associated with the
permalloy layer. For example, we observed that the

saturation magnetization for the nanoisland 1.75-nm
thick FeNi film grown on the Al2O3 substrate occurs
at the applied magnetic field Has � 250–300 Oe (see
Fig. 3a). In addition, taking the typical sample area
S = 10−1 cm2, the effective saturation magnetiza-
tion response, normalized to the film thickness can
be estimated as 5 · 10−5 emu, which is six times
larger than the saturation magnetization of the 1-
nm thick Fe21Ni79 permalloy layer (estimated to be
of about 8.6 · 10−6 emu, as we already mentioned
above). Also, this effect cannot be attributed to the
magnetization induced in the near-interface region.
We estimated that magnetization induced by dipole-
dipole interaction of a SS magnetic moments of FM
FeNi nanoislands and the SPM impurities of the Sitall
substrate (with μp � 6 μB and their concentration
Np � 2.03 · 1019 cm−3) can hardly contribute here
essentially (with the effect of ∼ 0.006% only).

In addition, there is a trend that diamagnetic-like
response, competing with the FM-like response for the
FeNi film samples with the nominal thickness of 0.8,
1.1, and 1.6 nm, becomes clearly recognizable above
1.5–2T at high H (see Fig. 6b). Moreover, for the
FeNi film with the thickness 2.0 nm, slightly above
the FeNi film percolation threshold due to the nanois-
land coalescence at the dc � 1.8 nm, the in-plane
diamagnetic-like magnetization response, Mf ‖(H)/S,
was observed for the whole range of the studied dc mag-
netic fields (see Fig. 6b). The obtained diamagnetic-
like susceptibility seems to be anomalously large.
From the data shown in Fig. 6b for H � 6.5T we

have
Mf

S
= − 0.002 ± 0.0003

[
emu
cm2

]
. To esti-

mate the effective diamagnetic volume susceptibility
one should substitute the effective thickness of the
layer responsible for the anomalous diamagnetic-like
response. According to our atomic-force microscopy
(AFM) study of the grown FeNi films (Stupakov
et al. 2016), a large-scale topography profile of the
used Sitall substrate indicates the height variation in
the range 1–3 nm, which characterizes its surface
roughness. The effective thickness of the layer respon-
sible for the anomalous diamagnetic response should
be estimated taking into account the substrate sur-
face roughness. For the FeNi film with the nominal
thickness 2.0 nm, this can bring to the deff ≈ 5 nm
(or more, on a larger Sitall substrate sample area).
More issues regarding the evaluation of the effec-
tive diamagnetic susceptibility are addressed in the
“Discussion” section.
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Fig. 7 Profile of the out-of-plane, �M⊥/S, and in-plane,
�M‖/S, magnetization response at the constant magnetic field
H � 6.5T at T � 10 K as function of the nominal FeNi
film thickness. Here, the thickness dm � 1 nm, close to the
SPM–SFM phase transition, is related to the magnetic per-
colation point (Sousa et al. 2004). The solid curves are the
guides-to-the-eye

The observed trends in the magnetization behavior
of the studied nanoisland FeNi films, grown onto the
Sitall glass substrates, as function of their thickness
can be clearly followed from Fig. 7, where we present
the profile of the out-of-plane and in-plane effective
magnetization of the studied FeNi films at the constant
external magnetic field H � 6.5T.

Obviously, the observed out-of-plane and in-plane
high-field magnetization response of the inhomoge-
neous nanoisland FeNi films on the Sitall substrate
cannot be associated with conventional magnetism
of the permalloy layer. Moreover, the occurrence
of diamagnetic-like response, registered in the in-
plane high-field magnetization response, highlights
the anomalous behavior of the FeNi films on the
Sitall substrate. We noticed that the discovered anoma-
lous anisotropic high-field magnetization behavior
has some especially close analogies with the system
of gold capped with diamagnetic organic molecules.
There, the induced very high specific magnetization,
up to several tens of Bohr magnetons per adsorbed
molecule, with a very small hysteresis and no satu-
ration up to a field of 1T, is highly anisotropic, with
the highest response along the axis perpendicular to
the surface (Carmeli et al. 2003; Vager et al. 2004).
The observed FM-like unsaturated response is related
to charge-transfer (CT) between the organic layer and
the metal substrate. It has been proposed that this CT
results in unpaired electrons on the 2D organization
of the organic molecules on gold, which can provide

the basis for the observed magnetism (more details are
discussed below).

Discussion

First, we discuss possible and preferred processes at
the interface of the studied system FeNi film/Sitall
substrate. Sitall is a glass-ceramic composite mate-
rial, which is obtained by partial crystallization of
a Sitall-forming glass matrix. An analysis of the X-
ray diffraction pattern of the Sitall substrate, used in
the present experiments, showed that it contains the
crystalline TiO2 rutile phase (Kovaleva et al. 2015).
Here, the Sitall-forming glass matrix is represented
by TiO2 glass. It is also reported in literature that
stimulation of the crystallization process in the start-
ing TiO2 glass may create a conducting surface layer
due to partial reduction of Ti4+ to Ti3+ (Bobkova
et al. 1994). In contrast to the highly stoichiomet-
ric crystalline Al2O3 substrate, in the Sitall substrate
glass phase, the mobile ionic charges of Ti4+ and
O2− are available. It is known that image interac-
tions due to the charges in the non-metal provide a
significant contribution to the metal/non-metal adhe-
sion (Stoneham and Tasker 1985). In particular, in
the metal/glass adhesion, when a metal is deposited,
the image interactions attract the mobile ions of the
non-metal glass near to the metal/non-metal inter-
face. Moreover, the wetting conditions are apparently
different for the crystalline Al2O3 substrate and the
glass-ceramic Sitall (TiO2) substrate. There is a rule
that for wetting one needs the optic dielectric constant
ε∞ � 5.3 (the refractive index n = ε

1/2∞ � 2.3)
for the oxide substrate (Stoneham 1983). Namely, in
these systems, the catalytic so-called “metal-support
interaction” is also appeared to be strong (Stoneham
1983). For example, for Al2O3 substrate, ε∞ � 2.9,
which means that liquid metals will not wet it well. For
TiO2, we have ε∞ � 6.8–8.4, which provides good
conditions for wetting by liquid metals.

One may expect that the existence of a conducting
surface layer due to partial reduction of Ti4+ to Ti3+
induced by the crystallization process in the starting
TiO2 glass (Bobkova et al. 1994), and the presence of
mobile ionic charges in the Sitall glass may result in
high concentration of defects at the FeNi film/Sitall
(TiO2) interface. However, we suggest that in the pro-
cess of FeNi adhesion onto the Sitall (TiO2) substrate,



 109 Page 10 of 14 J Nanopart Res  (2018) 20:109 

the essential physics is likely to be related to the
phenomena disclosed for supported-metal catalysts.
These systems also consist of metallic nanoparticles
(usually of group VIII noble metals), dispersed on
transition metal oxides, and exhibit unusual properties
in catalyst activity in CO and H2 reactions. The nature
of the supported-metal interaction, which markedly
modifies catalytic and chemical properties of met-
als, is not yet well understood; however, there is a
direct correlation with reducibility of transition metal
oxides. Thus, easily reducible transition metal oxides,
such as TiO2 and Nb2O5, exhibit strong supported-
metal interaction. For example, studies involving sup-
ported nickel catalysts show tenfold greater activity
for Ni/TiO2 than for Ni/Al2O3 (Vannice and Garten
1979). The oxide surface reduction, which can be
done, for example, by the creation of oxygen vacancy
at the TiO2 surface, leads to the formation of Ti3+
ions. At the same time, removal of oxygen anions
from the surface can provide the conditions for the
metal ion and the surface cation be close enough for
bonding. The process is accompanied by an electron
transfer from the cation (such as Ti3+ or Nb4+) to
the metal particle (Tauster et al. 1981; Kovaleva et al.
2002a, b). On an electron transfer from Ti3+ ion to the
supported-metal atom, a Schottky barrier is formed at
the interface. Then, the supported-metal “interaction”
may result in the creation of a thin dipolar layer and
a Schottky barrier also at the FeNi film/Sitall (TiO2)
interface.

We already noticed that the discovered anomalous
anisotropic high-field magnetization behavior of the
nanoisland FeNi films/Sitall has some especially close
analogies with the system of gold capped with dia-
magnetic organic molecules. There, the induced very
high specific magnetization, up to several tens of Bohr
magnetons per adsorbed molecule, with a very small
hysteresis and no saturation up to a field of 1T, is
highly anisotropic, with the highest response along the
axis perpendicular to the surface (Carmeli et al. 2003;
Vager et al. 2004). When the organic molecules are
self-assembled as monolayers on gold substrate, most
of the molecules form chemical bonds with the sub-
strate, and a pseudo-2D layer of dipoles is created. The
energetically most effective channel for reducing the
created dipolar field is the electron transfer from the
gold substrate to the organic molecular layer. It is pro-
posed that, in the system of gold capped with organic
molecules, the transferred electrons have large radius

around the long molecular axis and are “squeezed”
on a two-dimensional network of boundaries between
the molecules. It is suggested that this may promote
a many body state, where the electrons are paired in
spin triplets (Vager and Naaman 2004). Another major
issue for the occurrence of “giant” orbital magnetism,
considered for gold capped with organic molecules,
is the presence of nanoscale domains formed during
the adhesion process (Vager and Naaman 2004, Her-
nando et al. 2006). The orbital angular momentum
l for a pair of triplet electrons allows only for odd
integers l = 1, 3, ... . In an effective perpendicu-
lar magnetic field H , composed of an external field
and the internal field due to average neighboring mag-
netization, the energy of a triplet pair of electrons
within a circular domain of radius ξ is determined
by the following Hamiltonian H = T + μBlzH ,
where T is the kinetic energy, with the eigenval-

ues determined by l, El(H) = �
2l2

4m0ξ
2 + μBlH =

�
2

4m0ξ
2

[
(l − λ)2 − λ2

]
, where m0 is the free electron

mass. Here, the lowest energy modes correspond to
rotations around the domain axis, with a high angular

momentum value λ = −2πξ2H
	0

= −2 	
	0

, where 	

is the magnetic flux penetrating the circular domain,
and 	0 = hc

e
is the magnetic flux quantum (Vager

and Naaman 2004). The magnetization of a domain is
estimated as M = −μBλ 〈N〉, where 〈N〉 corresponds
to an average number of triplet pairs in the domain.
The above theory provides an explanation for high
specific magnetization of the organic molecules self-
assembled as monolayers on gold substrate, with the
highest response along the axis perpendicular to the
surface (Carmeli et al. 2003; Vager et al. 2004). Com-
paring the experimental out-of-plane magnetization
with its theoretical value, we can estimate the domain
radius ξμ ≈ 0.145 μm. According to the theory, for
this radius, at the field 1T, we can have |λ| � 1520
HT ξ2

μ � 31–33.
On the other hand, when a region of the substrate

is capped with organic molecules, a potential gradi-
ent, which is induced by CT associated with binding,
appears at the boundary, extended along the screen-
ing length. It is suggested that, as a consequence of
the contact potential, a radial electric field is induced
at the domain boundary, and quasifree electrons can
be eventually captured in atomiclike orbitals of large
radius ξ at the domain boundary potential step (Her-
nando et al. 2006). It is shown that the combination
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of spin-orbit coupling and contact potential at the
large radius ξ domain boundaries can account for
the existence of a “giant” orbital moment induced in
atomic-like localized states. Moreover, it is argued that
the increase of CT reinforces the contact potential and
spin-orbit interaction strength, and, consequently, the
orbital momentum (Hernando et al. 2006).

As we have shown above, a thin dipolar layer and
a Schottky barrier can be also created at the FeNi
film/Sitall (TiO2) interface. Then, we suggest that
many free metal electrons may be localized in the
edge atomic-like states of large radius ξ at the FeNi
nanoisland boundary. Such a cluster, based on a FeNi
nanoisland, with many electrons localized in the edge
atomic-like states, free metal electrons, and the super-
spin (SS) magnetic moment, may have lower total
energy in a kind of many-body-localized (MBL) state,
including electronic, magnetic, and Coulomb contri-
butions. In particular, electrostatic interaction between
the localized electrons tends to decrease through the
spin alignment, similarly to the effect described by the
Hund’s rule in atomic orbitals. The detailed mecha-
nism of the ferromagnetic metallic cluster formation
in the Kondo-lattice metal, which is accompanied by
opening of the pseudogap in the conduction band of
the itinerant charge carriers and development of the
low- and high-spin intersite electronic transitions, is
discussed by Kovaleva (2004, 2007, 2010, 2012). Fur-
ther, the spin alignment of the electrons localized in
the edge atomic-like states implies the alignment with
the orbital moment through the spin-orbit coupling. In
general, we expect to find a very broad distribution
of such clusters in the inhomogeneous nanoisland
FeNi films of different nominal thickness. Then, it
is reasonable to suggest that a variety of the low-
temperature “exotic” magnetic phases, which can be
found in the inhomogeneous FeNi nanoisland FeNi
films, is associated with the existence of such mag-
netic clusters, as described above. In the thinnest
FeNi films under the study, the system may exist
in the “orbital glass” state, similar to that described
by Kusmartsev (Kusmartsev 1992). In the sufficiently
dense FeNi films, FM-like coupling between large
orbital moments of the nanoislands can occur. FM-
like coupling between large orbital moments of the
nanoislands can contribute to the SFM behavior found
in self-assembled quasi-2D metallic magnetic FeNi
nanoislands. In the SFM phase, the clusters can merge
into ordered stripy microdomains. As it was shown

in our previous study (Kovaleva et al. 2012), at high
temperatures, this state can survive until the crit-
ical temperature, associated with delocalization of
the electrons from the edge atomic-like states at the
boundary of the nanoisland.

The observed anomalous out-of-plane paramagnetic-
like magnetization response associated with a large
orbital momentum of localized electrons can lead
to an additional contribution to the magnetization,
induced in the used Sitall substrate with the SPM
impurities. In fact, the SPM Sitall substrate can rein-
force the observed out-of-plane paramagnetic- and
in-plane diamagnetic-like effects. However, the out-
of-plane magnetization and in-plane demagnetization
of the SPM Sitall substrate prevent accurate evaluation
of the effective paramagnetic- and diamagnetic-like
susceptibilities.

From Fig. 7, where we present the profile of the
out-of-plane and in-plane effective magnetization of
the studied inhomogeneous nanoisland FeNi films
at the constant external magnetic field H � 6.5T,
one notices that the anomalous in-plane high-field
diamagnetic-like response was observed for the FeNi
films/Sitall where the out-of-plane SFM phase is sup-
pressed. The diamagnetic-like response, competing
with the FM-like response for the FeNi film samples
with the nominal thickness of 0.8, 1.1, and 1.6 nm,
becomes clearly recognizable above 1.5–2T at large
H (see Fig. 6b). Moreover, seemingly, the out-of-
plane SFM coupling is almost suppressed near the
percolation threshold, and, for the FeNi film with the
thickness 2.0 nm, above the FeNi film percolation
threshold due to the nanoisland coalescence at the
dc � 1.8 nm, the in-plane diamagnetic-like magneti-
zation response was observed for the whole range of
studied dc magnetic fields (see Fig. 6b).

We suggest that the discovered in-plane
diamagnetic-like response can arise from the low-
temperature “exotic” magnetic phase, associated with
the existence of such magnetic FeNi clusters, as
described above. Thus, it is established that in the
systems with an effective perpendicular anisotropy,
there is a tendency to inhomogeneous distribution
of magnetic moments in the form of supervortices
(SVs) (Stupakov et al 2016, Dzian et al. 2013). Then,
the observed behavior can be discussed in terms of
the non-superconducting diamagnetic state related
to the inhomogeneous distribution of the toroidal
moment density (Volkov et al. 1984). In particular,
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inhomogeneous toroidal moment density can be
generated in magnetic materials with inhomoge-
neous magnetization, where the formation of ordered
vortex-like states is favored. Here each magnetic
vortex possesses toroidal moment directed along the
vortex line. In the parameter range corresponding to
the system electron percolation, toroidal inhomogene-
ity can create orbital magnetic field (Gorbatsevich
1989), which can result in anomalously strong dia-
magnetic response (Ginzburg et al. 1984). This may
be well consistent with the in-plane diamagnetic-like
response found in the present study for the inho-
mogeneous nanoisland FeNi films with the nominal
thickness around the percolation threshold at the
dc � 1.8 nm. The observed diamagnetic-like response
can be explained if one assumes the existence of rigid
vortex-like magnetic structure with inhomogeneously
distributed vortices. Inhomogeneous vortex distri-
bution acts on percolating electrons as an effective
magnetic filed, which forms spontaneous current con-
tours exhibiting Larmour’s precession in an external
magnetic field (Gorbatsevich 1989).

In relation to this, we would like to mention that
observation of the anomalous almost “ideal diamag-
netic and paramagnetic” response, recorded at high
magnetic fields, was reported for epitaxial layers of
CuCl on Si substrates by Mattes and Foiles (Mat-
tes and Foiles 1985). There, a possible mechanism
of the anomalous high-field magnetic response was
attributed to interface magnetism, related to the energy
band heterostructure at the interface, and given in a
framework of the excitonic high-temperature super-
conductivity mechanism. However, we would like to
note that, in this earlier article, the role of a domain
structure for the occurrence of the anomalously large
diamagnetic response was also discussed, in lines with
the theory (Ginzburg et al. 1984).

Conclusions

By using SQUID magnetometry, we investigated
anisotropic magnetization response of the inhomoge-
neous nanoisland FeNi films grown by rf sputtering
deposition onto the Sitall (TiO2) glass substrates. The
obtained magnetization response is clearly beyond
conventional spin-magnetism of Fe21Ni79 permalloy.
We have found that for the nanoisland FeNi films with
the nominal thickness below the physical percolation

threshold, varying from 0.6 to 1.6 nm, the out-of-plane
magnetization response is not saturated in the range
of investigated magnetic fields (0T � H � 7T) and
exhibits paramagnetic-like magnetization response.
The magnetization response reveals an escalating
slope with increasing the nominal film thickness from
0.6 to 1.1 nm. The maximum slope is obtained for
the 1.1–1.17-nm FeNi film thicknesses. With further
increasing the film thickness, the slope is decreasing,
and the anomalous out-of-plane paramagnetic-like
response vanishes on approaching the FeNi film per-
colation threshold at the dc � 1.8 nm. In addition, the
extracted high-field magnetization response exhibits
remarkable anisotropy. Interesting, we have found
that when the anomalous out-of-plane paramagnetic-
like magnetization response becomes suppressed in
the nanoisland FeNi films, the anomalous in-plane
diamagnetic-like response becomes evident above
1.5–2T at high magnetic fields. Moreover, we have
discovered that for the FeNi film with the thickness
2.0 nm, above the FeNi film percolation threshold, the
anomalously large in-plane diamagnetic-like magneti-
zation response was observed for a whole range of the
studied dc magnetic fields 0T � H � 7T.

The origin of the “exotic” magnetic phases, dis-
covered in the inhomogeneous FeNi nanoisland
films/Sitall (TiO2) and identified by their anomalous
paramagnetic- and diamagnetic-like response, is dis-
cussed. The found high-field magnetic properties of
the inhomogeneous nanoisland FeNi films can be uti-
lized, for example, in high magnetic field sensing
devices.
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