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ABSTRACT

We investigate the frequency dispersion of complex permeability in the GHz range in superparamagnetic nickel-zinc ferrite thin films
with different Ni/Zn ratios using a microstrip probe. The films, comprising crystallites as small as 3 nm and deposited by a microwave-
irradiation-assisted solvothermal method, exhibit the coexistence of two resonance characteristics—a ferromagnetic resonance peak (f,) at
~2 GHz and a superparamagnetic resonance peak (f,) above 20 GHz, breaching Snoek’s limit. The high value of f, is attributed to the high
surface anisotropy and far-from-equilibrium distribution of cations in the lattice, while f, is attributed to the thermally driven
superparamagnetic relaxation of ferrite nanocrystallites in the thin films. This work demonstrates the feasibility of employing
superparamagnetic ferrite thin films so deposited as excellent CMOS-integrable magnetic components for high-speed and high-frequency

electromagnetic device applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102965

The rapid growth of CMOS technology is driving the demand for
compact and fast on-chip components with low power consumption.
The development of chip-integrable magnetic materials with high per-
meability and resonance/cutoft frequency in the microwave and tera-
hertz ranges is becoming indispensable due to its possible application
in high-frequency electronics. Even though magnetic metal alloys and
oxides like spinel ferrites are both preferred candidates, the latter has
the upper hand owing to their high electrical resistance. However, for
conventional spinel ferrites, the natural resonance frequency (f;) falls
in the MHz range because of the low magnetocrystalline anisotropy
field (Hy).! Researchers have successfully introduced additional
anisotropy like shape anisotropy,” ~ strain-induced anisotropy,” ” and
exchange anisotropy'’ * to increase f,. However, the increase is lim-
ited by SnoeK’s law, which states that uf, oc M, where u is the mag-
netic permeability, f, is the natural resonance frequency, and M; is the
saturation magnetization. In other words, a simultaneous increase in f,
and permeability is unattainable.

However, nanomaterials in their superparamagnetic state show
multiple resonance characteristics.''* As the particle size decreases,
there exists a volume Vp, where the magnetic anisotropy energy
(KVp) of the nanoparticle becomes comparable to the thermal energy
(kgT). Under these conditions, the spins can undergo a thermally

driven relaxation/reversal. The frequency of relaxation depends expo-
nentially on the ratio of anisotropy energy and thermal energy and is
given by

—KV,
fo = foexp (—kBT”). ()

As a result, the permeability dispersion curve in superparamagnets
will have two resonances: one for precession around the anisotropy
field and the other for relaxation under thermal fluctuation. Several
studies have shown that the value of f; can surpass f,, breaking Snoek’s
limit. For example, 9 nm-Fe;O, synthesized via high-temperature
(~265°C) organic-phase synthesis with natural resonance at 1.3 GHz
showed f; at 5.3 GHz and was further increased to 6.9 GHz by control-
ling the intra-particle dipolar interaction."” On the other hand, a f;, of
8.8 nm-Fe;0, is found to be at 1.3 GHz when prepared via a different
synthesis method.'* These examples clearly indicate that the synthesis
route and conditions play a dominant role in determining the magnetic
resonance characteristic. Even though spinel ferrites or their compo-
sites, like Fe;Oy/silica, ™" Fe;O4/MWCNT (multiwalled carbon nano-
tubes),’” and cobalt ferrite,'® show resonance characteristics above
Snoek’s limit, the f, is always observed below 10 GHz.
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Polycrystalline nickel-zinc ferrite (NZF) thin films prepared by
the spin-spray method show excellent high-frequency magnetic char-
acteristics with high permeability (>50) and natural resonance as high
as 3 GHz.'””° However, the particle size is in the range of 100-300 nm,
and thus, is not superparamagnetic. It will be fascinating to see if
Snoek’s limit on superparamagnetic NZF thin films can be broken,
allowing for applications in high frequency devices, especially in the
mm-wave range relevant to 5G technologies.

Nanocrystalline spinel ferrite thin films deposited by low-
temperature (<200°C) microwave-irradiation-assisted solvothermal
(MAS) deposition comprise densely packed superparamagnetic par-
ticles, which exhibit the “far-from-equilibrium” distribution of cations
in their crystal structure that is unique to MAS deposition.”"”” Owing
to the superparamagnetic property and out-of-place cations, the high
frequency resonance characteristics of MAS deposited films are
expected to exhibit both precession and relaxation mechanisms. In
this context, high-frequency magnetic characteristics of the superpara-
magnetic NZF thin films deposited by the MAS process are investi-
gated here. The evolution of the resonance characteristics under the
influence of an external magnetic bias field is also analyzed.

The MAS process is a well-established method used to prepare
nanoparticles, organic reagents, and, most recently, thin films.”* "
The method uses the microwave dielectric heating of specific solvents
and dissolved ions of specific precursor solutes to drive the chemical
reaction, resulting in the formation of nanocrystallites of the desired
compound. Here, for the deposition of two varieties of NZF thin films,
NiOASZn()ASFeZO4 (N50) and Ni0A752n0A25F6204 (N75), we follow the
procedure mentioned elsewhere.”' Briefly, the precursors iron (III)
acetylacetonate, nickel (II) acetylacetonate, and zinc (II) acetylaceto-
nate are taken in desired stoichiometric quantity and dissolved in a
mixture of ethanol and 1-decanol (volume ratio 3:5) to form the reac-
tant solution. The borophosphosilicate glass (BPSG) (300 nm)/Si sub-
strate (1cm?) is immersed into this solution and exposed to
microwave irradiation (2.4 GHz; 300 W; Discover-SP CEM Corp.,
USA) for 30 min. After the reaction, the ferrite-coated substrate is
removed from the solution, cleaned with ethanol, and dried at 50°C
in air. The aforesaid deposition process is repeated to obtain a thicker
film.

The secondary electron micrographs from FE-SEM show dense,
strongly adherent films with a thickness of 1.9 and 1 um for N50 and
N75 films [Figs. 1(a) and 1(b)], respectively. Grazing angle x-ray dif-
fraction [Fig. 1(c)] using a Cu-Ko source reveals a cubic spinel struc-
ture in both samples with peaks indexed to the Fd3m space group

Ferrite fﬂﬁi; Wi

scitation.org/journal/apl

(ICDD: 00-008-0234, NijsZngsFe,O,) without any impurity phases.
The mean crystalline size of the particles (Scherrer’s formula) is found
to be 3.2 and 2.7 nm for N50 and N75 films, respectively, confirming
their nanocrystallinity. The lattice parameters (8.407 A for N50 and
8.402 A for N75) extracted from the Nelson-Riley plot (supplementary
material Sec. S1) are very close to the bulk value (8.40 A) of NiZn-fer-
rite.”* Meanwhile, the presence of another probable spinel, magnetite,
is ruled out by XPS analysis (supplementary material Sec. S2).
Therefore, the contributions of lattice stress and impurity phases to
the effective magnetic anisotropy are deemed to be negligible.

The static magnetic behavior of NZF thin films is characterized
using a SQUID magnetometer. As shown in Fig. 2(a), the films N50
and N75 exhibit strong splitting below Ty between the zero-field
cooled (ZFC) and field cooled (FC) magnetization curves, where the
ZFC curves exhibit a magnetization maximum followed by descent
when the temperature decreases to 5K. Such behavior of the ZFC
curves corresponds to a typical superparamagnetic response described
by the characteristic blocking temperature T, which corresponds to
the maximum value of ZFC data. Also, in the FC curve, only a slight
drop in magnetization is observed below Tg. This implies that there is
a significant interaction between superparamagnetic particles, where
in an ideal non-interacting case, FC magnetization increases monoton-
ically below Tp.””*" Figure 2(b) shows the blocking temperature distri-
bution obtained from the derivative d(Mpc —Mzpc)/dT of
experimental data, where the maximum value gives the mean blocking
temperature, Tg. The difference between the measured Tp and Tg
reveals that the samples comprise an inhomogeneous size distribution.
Tg=18K and Ty = 9K were obtained for N50, whereas Ty= 30K
and T = 15K were obtained for N75, ie., a higher value of Tp and
Ty for N75 than for N50. Field-dependent FC and ZFC measurements
show that the strength of dipolar interaction is larger in N50 than
in N75, which may be due to the higher moment of N50 samples
(supplementary material Sec. $3). The narrower distribution of Tg in
N50 [Fig. 2(b)] is the result of the stronger dipolar interaction, which
couples several neighboring particles.”’ The inverse susceptibility
(x") derived from the FC measurements with an applied magnetic
field of 500 Oe is plotted in Fig. 2(a). Inverse susceptibility vs T of
superparamagnets are described as a curve rather than a straight line,
as it is with paramagnets. Here, the slope of y ! increases gradually
with temperature as the magnetic order is progressively disrupted by
thermal energy, and even at 350K, for both the films, transition to
paramagnetic phase is not complete.

(C) A(311) _

v 3 g s N75
S iy,
Z N50
5

=

ICDD: 00-008-0234
| | | |

30 40 50 60

FIG. 1. SEM images show dense, well-adhered nanocrystalline N50 (a) and N75 (b) films on a BPSG/Si substrate. X-ray diffraction shows a spinel structure of N50 and

N75 (c).
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FIG. 2. Magnetic susceptibility derived from the FC/ZFC curves of N50 (solid blue) and N75 (solid yellow) are plotted in (a). Blocking temperature (Tg) is indicated by vertical
dashed lines. Inverse susceptibilities (") of N50 and N75 are represented by blue and yellow broken curves, respectively. (b) Vertical dashed lines indicate the mean block-
ing temperature (Tp) of each sample. Hysteresis curve of N50 and N75 samples at 5 and 300K is plotted in (c). The inset represents the magnetization values for low fields at

300K.

Figure 2(c) shows the magnetic hysteresis of N75 and N50
samples measured at 300 and 5K for an applied field in the range
+50kOe. As expected, at 300K, both samples show superparamag-
netic nature with coercivity (H.) of 6 and 13 Oe [inset, Fig. 2(c)].
The higher value of coercivity in N75 is due to the wider particle size
distribution and stronger interparticle magnetic coupling in N75. The
saturation magnetization (M) measured is higher for N50 than N75
both at 5 and 300 K.

The resonance behavior of the superparamagnetic NiZn ferrite
thin films, N50 and N75, is investigated by analyzing the frequency
dispersion of complex permeability (1 vs f) in the presence of different
external bias fields. The broadband (450 MHz to 55 GHz) permeability
of the samples is measured based on a transmission line theory using a
“U”-shaped microstrip-line (MSL) probe as reported elsewhere.””””
During the measurements, a 200-um thick laminate separates the film
from the microstrip line. Calibration is done by saturating the film
with a strong bias field (Hpc = 20 kOe) parallel to the MSL. After cali-
bration, the S-parameters of the MSL in the presence of the film
underneath were measured at different bias fields (Hpc = 0, 2, 5, 10,
and 15kOe). The impedance change in the electrical circuit due to the
magnetic film is manifested as a change in the S-parameters. The com-
plex permeability (1, = 1, + ju!') of the thin film is then determined
by using the transmission coefficient (S;,) recorded in a VNA
(E8361A, Agilent technologies) and an electromagnetic model of the
film in an Ansys Maxwell 3D solver.

Figure 3 shows the measured permeability dispersion of N50 and
N75, where p1," and p,” represent the real and imaginary parts of com-
plex permeability, respectively. The measured permeability of N75 and
N50 is ~1.5 and ~0.5, respectively. The u,” curve of both samples
exhibits two maxima—one at ~2 GHz and the other one at ~26 GHz,
indicating the presence of two resonance phenomena. The nature of
the resonance characteristics associated with these peaks, whether they
are of ferromagnetic resonance (FMR) f, and/or superparamagnetic
resonance fj, is confirmed when the shift in these peaks is studied for
different Hp, as shown in Figs. 4(a)-4(d). As Hpc is increased, one of
the peaks shifts toward a higher frequency linearly (supplementary
material Sec. S4), while the other one remains unaffected, as
depicted in Fig. 4(e). The peak that shifts with bias field is, thus,
identified as the ferromagnetic resonance f, peak, as it follows Kittel’s

equation of ferromagnetic resonance in spherical particles, given by
fr = 7(Hx + Hpc)/2m, where y is the gyromagnetic ratio and Hy is
the magnetocrystalline anisotropy field. Therefore, the ferromagnetic
resonance frequency f, of N75 and N50 is identified at 2.2 and
1.7 GHz, respectively. Both films have a narrow resonance linewidth
and a one-to-three-order increase in the FMR frequency in relation to
bulk ferrites, which have resonance in the MHz range due to their low
anisotropy field”* *” but comparable to resonance in nanocrystalline
ferrites reported in the literature.'”*’

To evaluate the relationship between the effective Gilbert damp-
ing constant, o, and f,, we used the equation

OLeff = —, 2
=7, @
where Af is the full-width half maximum (FWHM) of the p/ — f
peak. Af and f, values were extracted from fitting the corresponding
peak with a Voight function (supplementary material Sec. S3). As
expected, the damping constant decreases with an increase in f,. The
damping constant o5 ranges from 0.45 to 0.04 and 0.3 to 0.06 for N75
and N50, respectively, and is comparable (0.06-0.34) to the values for
polycrystalline Nij 5Zn, sFe,O,4 reported in the literature.”’

2.5
fr Hpc = 0 Oe

2.0+ ; w fP
L5 e rowl

1.0-
0.5
0.0
_0_5-
-1.0.."
sl :
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Frequency (GHz)

FIG. 3. The plots show frequency dependent complex permeability at zero bias for
samples N50 and N75.
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is shown. For the sake of clarity, an offset is applied to the y-axis (€). The measured f, values at different Hpc satisfy a linear relationship. (f) Gilbert damping constant (c) derived

from i — f plots. The dashed lines are merely a visual aid.

The high FMR frequency of NZF reported here is comparable to
other studies reported in the literature'” and can be attributed to the
high magnetic anisotropy of the material. At present, the origin of
such high anisotropy is not completely clear. However, two possible
reasons are (i) the presence of a far-from-equilibrium cation distribu-
tion of magnetic ions, which alters the Hj, and (ii) significant contri-
bution from the surface anisotropy in nanoparticles, owing to the large
surface area to volume ratio in fine particles.”' *’

Raman spectroscopy has proved to be an effective tool to charac-
terize the distribution of cations in spinel ferrites.”"”* Raman spectra
were collected by shining a 532 nm laser probe of power 3 mW. The
spinel structure displays five Raman active modes, namely, Ay Eg
and three T, because of the symmetrlc and asymmetric bending or
stretching of metal-oxygen bonds.”* At room temperature, N50 and
N75 show three Raman peaks centered at 350, 480, and 680 cm ™"
(Fig. 5), which correspond to Eg, T,g and A;g modes, respectively. The
peaks at 300 and 520.5cm ™' originate from the substrate. The A,q
peak represents the symmetric stretch between metal ions in A-site
cations and tetrahedrally coordinated oxygen atoms in the spinel
structure. Since different metal-oxygen stretches appear at different
wavenumbers, the broad A, peak at ~600-750 cm ' in both N50
and N75 suggests the presence of multiple cations in the A-site. The
A, peaks of both samples were deconvoluted by fitting them with
individual Lorentzian components. The deconvoluted peaks appearing
at 640, 670, and 698 cm ' can be ascribed to the tetrahedrally coordi-
nated Zn-0O, Ni-O, and Fe-O stretches, respectively, which, in turn,

indicate the presence of Zn*", Ni**, as well as Fe’" at the A-site. By
calculating the area under the curve, the concentration of different cat-
ions in the A-site is estimated. In line with our previous reports on
MAS-synthesized MnZn-ferrite and Zn-ferrite nanoparticles, the thin
films presented here also possess a far-from-equilibrium distribution
of cations in the crystal.”"** In contrast with bulk crystals and nano-
particles prepared using other synthesis methods,”” " where the A-
site occupancy of Ni*" is less than 8%, the ferrites prepared by the
MAS process have >20% of A-sites occupied by Ni**. Such rearrange-
ment of magnetic ions (Fe*™ and Ni*") in MAS-ferrite nanoparticles
can alter the magnetic anisotropy energy landscape and produce a
significant increase in the ferromagnetic resonance frequency, as
observed in the permeability measurements.

The other important feature of the ¢/ — f plot of both N50
and N75 samples is the broad peak at ~26 GHz, which remains
unaffected by the external bias field. In the literature, the presence
of a second resonance peak is usually attributed to superparamag-
netic relaxation'*'* or antiferromagnetic modes.”” In our samples,
the possibility of antiferromagnetic resonance (AFR) is unlikely for
two reasons: (i) the AFR frequency of ferrites is typically seen in
THz regions’’ and (ii) the microstructural investigations (XRD
and Raman spectroscopy) employed were unable to detect any AF
oxide phases like nickel oxide (NiO). Hence, the peaks at 26 GHz
(N50) and 24 GHz (N75) are likely to be originated from the
thermally driven superparamagnetic relaxation (f,). Also, f;
remains unchanged when Hpc is varied, which further confirms
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the assignment of f; to a thermally driven transition from a super-
paramagnetic state to a no-response state.

The transition from the superparamagnetic state to a no-
response state in iron oxide nanoparticles is studied by Hasegawa
et al.,"" wherein the dependence of the relaxation frequency on the
ratio between the effective thermal field (H;) and effective mag-
netic anisotropy field (Hy) is evaluated. Two cases are considered.
In case 1 where H; < Hj, the magnetic nanoparticles undergo
transition from the superparamagnetic state to a no response state
through a ferromagnetic state, i.e., f, < f,. On the other hand, in
case 2, H; > Hj, where there is a direct transition from the super-
paramagnetic state to a no-response state, which means f, > f..
For our samples, the ratio g_;:% > 1, i.e., the transition is
directly from the superparamagnetic state to a no-response state.
Accordingly, the relaxation frequency satisfies the following
relation:"”

Yo Yo kgT

H, — , 3
(1 +a2) " n(1 4 o?) VM, ®

fo=

scitation.org/journal/apl

where o is the Gilbert damping parameter under thermal field, Vp is
the volume of nanoparticles, and M; is the saturation magnetization at
temperature, T.

Ideally, in Eq. (3), the f, of N50 should be only two-thirds the
value in N75 due to the difference in VoM values. However, in our
samples, f,(N50) is close to f,(N75). The non-uniform particle size dis-
tribution and non-identical local structures lead to differing magnetic
interaction, thereby causing discrepancies in measured f,. Also, the
high damping (Afy/f, ~ 1) nature of the superparamagnetic reso-
nance presented here limits its use in a high-Q, mm-wave device.
Understanding the effect of a local structure on magnetic interactions
and controlling the same by improving the deposition and/or post-
deposition processing are the way forward toward tunable f, with
lower damping values. However, it is beyond the scope of this paper.

In summary, we have demonstrated the coexistence of superpara-
magnetic and ferromagnetic resonance in thin films comprising well-
formed, ultra-fine crystallites of NiZn-ferrite, deposited by a novel
microwave-assisted solvothermal (MAS) process. The superparamag-
netic resonance frequency (f,~26GHz), measured using a
microstrip-line probe, far exceeds the ferromagnetic resonance fre-
quency (f,~2 GHz), thus pushing the cutoff frequency of NiZn fer-
rites into the mm-wave range. Ferrite thin films of two different NiZn
compositions—N50 and N75—exhibit appreciable permeabilities
(u) ~1.5) up to 10 GHz with tand (=p/u1,) as low as ~0.17. The
superparamagnetic NiZn ferrite crystallites as small as 3 nm display a
very high degree of disorder in the cationic distribution in the lattice,
owing to the kinetically driven and “far-from-equilibrium” deposition
process employed and resulting in the observed unique high-
frequency properties. This finding could spur a plethora of high-
frequency device applications, especially in mm-wave magnetics
and for EM noise suppression in frequency bands relevant to 5G
technology and could prompt more studies on the superparamagnetic
relaxation behavior of nanocrystalline ferrite films and particles.

See the supplementary material for lattice parameter and crystal-
line size calculation from XRD data, XPS analysis, additional DC mag-
netic measurements, and permeability measurements.
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