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ABSTRACT

Commonly, metamaterials are electrically engineered systems with optimized spatial arrangement of sub-
wavelength sized metal and dielectric components. We explore alternative methods based on use of magnetic
inclusions, such as magnetic nanoparticles, which can allow permeability of a composite to be tuned from negative
to positive at the range of magnetic resonance. To better understand effects of particle size and magnetization
dynamics, we performed electron magnetic resonance study on several varieties of magnetic nanoparticles and
determined potential of nanoparticle use as building blocks for tunable microwave metamaterials.

INTRODUCTION

Recent progress in metamaterias has inspired scientists and engineers who have proposed numerous exciting
applications of artificial materials with custom tailored electric permittivity ¢ and magnetic permeability  in radio
frequency and optical ranges. Revolutionary basic science ideas and unparalleled applications have been proposed
for double negative (both and u are negative), single negative (gu <1), near-zero &, and near-zero x materials, as
well as the metamaterials with strong anisotropy of ¢ and x [1-5].

Starting from the dawn of the era of metamaterials, researchers exploited electrical engineering approach to
metamaterial design, based on the optimized spatial arrangement of sub-wavelength sized metal and passive
dielectric components. Unfortunately, such devices typically operate only in narrow frequency ranges; include
significant losses; have relatively large sizes of the building blocks (“meta-atoms”); and are difficult to produce on
an industrial scale.

Current research trends espouse approaches based on active control of € and p to tune the materials’ parameters, and
bottom up fabrication routes to allow for relatively inexpensive manufacturing [6,7]. In our work we explore
composites with magnetic nanosize inclusions in a dielectric matrix as promising systems for active microwave
metamaterials with tunable permeability.

The use of natural magnetic materials in as a constituent part of metamaterials is attractive as it provides high values
of magnetic permeability, as well as a possibility to tune material parameters with the external magnetic fields [8,9].
In the vicinity of a ferromagnetic resonance (at microwave range), real part of permeability, i’ , can vary in a broad
range (from positive to negative values depending on a particular material), while W’ demonstrates an absorption
line [9,10]. The frequency of magnetic resonance can be controlled by external magnetic fields providing possibility
of tuning. Feasibility of this approach to negative refraction index materials was shown in [10], based on bulk
ferromagnetic materials. Composite structures filled with superparamagnetic nanoparticles can provide various
advantages, including lesser eddy currents losses as well as easier fabrication routes [7].

In this paper, we investigate magnetization dynamics of small (<50nm) iron oxide nanoparticles as a function of
their size. We also estimate the potential for their use in tunable metamaterials.
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EXPERIMENTAL TECHNIQUES AND RESULTS

Series of ferrofluid samples with particles of a different size were fabricated by chemical synthesis or obtained from
Nanomaterials & Nanofabrication Laboratories (NNLabs) and OceanNanotech (Table 1). Magnetization data for
NNLabs samples were obtained from manufacturer specifications. Characterization of Ocean Nanotech samples was

performed in house with a SQUID magnetometer. All samples could be dissolved in a nonpolar solvent.

Table 1. List of ferrofluid systems

Magnetization after solvent
Size Manufacturer | Particle | Surfactant Solvent evaporation
(T =300 K, H=4500 Oe)

5+ 1nm | NNLabs Fe;04 Oleic Acid Toluene 30 emu/g or higher

9+ 1 nm | OceanNanotech | Fe;O4 Oleic Acid | Chloroform 45 emu/g
11+ 1 nm | OceanNanotech | Fe;O4 Oleic Acid | Chloroform 26 emu/g

1522 nm | Cornell Au/Fe,0;5 | Oleylamine | Toluene N/A
20 +3nm | NNLabs Fe;0, Oleic Acid | Toluene 20 emu/g
30+ 3 nm | NNLabs Fe;0, Oleic Acid | Toluene 10 emu/g @
40+ 5 nm | OceanNanotech | Fe;04 Oleic Acid | Toluene N/A

Electron Magnetic Resonance (EMR) studies were performed at room temperature using a standard Bruker EMX
spectrometer operating at the microwave frequency of 10 GHz. The EMR signal (the derivative of microwave
absorption) was recorded in the dependence on the static magnetic field, which was slowly swept from 0 G to 7000
G. The modulation frequency was 100 kHz and amplitude was 3 G.
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Fig. 1. Typical EMR signal in the well-diluted ferrofluid. The narrow signal at the resonance
frequency (1) and half-field signal (2 and inset) are indicated.
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In the first series of experiments, the EMR signals were recorded in well-diluted systems in order to characterize an
individual behavior of particles. The samples of ferrofluids were diluted to the point, where the shape of the EMR
line was not affected by further dilution. Fig. 1 shows a typical EMR signal observed in nanoparticles with the
nominal size of 9 nm. As was discussed in Refs. [11, 12], the EMR in nanoparticles can be described using
"quantization" approach, considering resonance transitions between energy levels of a giant spin which corresponds
to the total magnetic moment of a nanoparticle [11, 13]. A narrow feature (Trace 1) with Lande factor (g) ~2
observed in the middle of a broader resonance line, is an indication of discrete energy levels. Another interesting
feature is low-field signals observed at H, /n, where Hy is the resonance field and n =1, 2, 3... The low-field signals
can be explained in the frames of the quantization model as well. They were ascribed to multiple quantum
transitions originated from effects of magnetic anisotropy and dipolar interactions of nanoparticles. The both
features are common in small quantum systems, such as single electron spins or small spin clusters [14], and not
expected in classical macroscopic ferromagnets.

Our experiments with particles of a different size provided an opportunity to observe the evolution of quantum
features with increase in the particle size. Fig. 2a shows the EMR signals obtained in nanoparticles of various sizes.
Each trace was normalized to the double integral under the curve, which is proportional to the static magnetization
(“amount of magnetic material”) in the corresponding sample. The sharpest resonance signals were obtained with
the smallest diameter particles. As the diameter of the nanoparticles approached 40 nm, the main absorption line
became very broad and shifted toward the lower fields. The resonance peak at half-field and a narrow feature at
resonance were clearly observed in samples with diameter < 20nm. While the position of the narrow line did not
change (Hy = 3425 G), its magnitude quickly decreased upon increase in the particle size. The changes in the
relative magnitude of the narrow feature are clearly seen in Fig. 2 b, whish shows the derivative of the EMR signal.
Detailed analysis of the nanoparticle magnetization dynamics and its evolution with increase in nanoparticle size
will be published elsewhere.
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Figure 2. (a) EMR signal in ferrofluids.. (b) Derivative of EMR signal (second derivative of absorption.)

Let us now discuss opportunities, which nanoparticles can provide for the design of tunable metamaterials. First, let
us note that magnetic properties of the superparamagnetic particles differ from those of ferromagnetic materials.
Due to relatively small size and increasing role of the thermal fluctuations, the magnetization M, in
superparamagnetic systems is lower than that in classical ferromagnetic materials, but still is relatively high. It
depends on temperature and external magnetic field, following the Langevin law [15] and saturates in high fields or
at lower temperatures to the ferromagnetic value.
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For tuning the resonant transverse magnetic permeability p=p’-ip"” in a broad range (such as tuning p’ from positive
to negative values), the higher M,, the better. Another important parameter is the width of the EMR line, which
should be relatively narrow. According to Fig. 2, narrow EMRs were observed in smallest nanoparticles 5 and 9 nm.
Taking into account the magnetization data (Table 1), they are the most promising candidates.

However, due to moderate magnetic properties of iron oxides, high concentrations of particles might be necessary
to achieve high enough volume magnetization. On the other hand, high densities of magnetic nanoparticles could
result in a significantly broadened EMR due to strong dipolar interactions, which is unwanted effect.

To test the effects of broadening and estimate a possible tuning range, we studied systems with an extremely high
concentration of particles. Dried samples on strips of thin tissue paper were produced from the ferrofluids by simple
evaporation of the solvent.
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Fig. 3. EMR in diluted (Traces 1 and 3) and dried samples (2 and 4) with 5 nm
nanoparticles (a) and 9 nm nanoparticles (b). The signals are normalized to maximum

Fig. 3 shows the EMR in well-diluted liquid systems (Traces 1 and 3) and corresponding dried samples (2 and 4)
containing 5 nm (Fig. 3 a) and 9 nm (Fig. 3b) nanoparticles. Broadening was observed in the dried systems in
comparison with liquids, however, the EMR line was still relatively narrow. The half-widths were estimated as 360
Oe in 5 nm and 550 Oe in 9 nm samples correspondingly.

Discussion

The transverse microwave magnetic permeability can be found as

p=p=ip =1+ 4 =iy ) (M
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where %’(x) and %" (x) are real and imaginary parts of the magnetic susceptibility. If the lineshape is Lorentzian,
¥'(x) and y'(x) are [15]

_M, L
25 01+(x/68)°
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where x = H— Hy Hy and 0 are the center field and half-width of the resonant absorption line. In our case, the lines
are close to but not strictly Lorentzian. Instead, we will use the relation,

X) = k1(x)ey /5 and (Z"(0) = k1(X)exp, 3

where I(x).., is the experimental lineshape of the absorption line (integrated EMR signal), and k is the scaling
factor, which can be estimated from magnetization data (Table 1) and relation between M, and the area , S, under
the absorption line, S=(7/2)*M, .

k= (w2)My/S 4

Taking into account the content of surfactant of ~ 25 % [16], we estimated the magnetization per volume as M, =
120 emu/ cm® and 180 emu/cm’ for 5 nm and 9 nm samples correspondingly. Calculated values of p are shown in
Fig. 4. As one can see, in the both cases, the real part of permeability varies from —0.8 to 2, in the dependence on the
magnetic field. The line for the 9 nm sample is broader than in the 5 nm system, however, due to the higher value of
the volume magnetization, the magnitude of the variation is approximately the same.
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Fig. 4. Estimations of real (a) and imaginary (b) parts of permeability in dried samples with 5 nm and 9 nm
particles (as indicated)

Note, that this range of tunability was obtained in samples with a very high density of the nanoparticles: nothing else
but nanoparticles plus surfactants. For metamaterials applications, it would be necessary to include additional parts
to design the electric permittivity. This could substantially decrease the volume magnetization. To solve this
problem, the use of nanoparticles with higher magnetization is important, such as permalloy and iron platinum
nanoparticles.

In conclusion, electron magnetic resonance was studied in iron oxide nanoparticles of various sizes. Evolution of
the EMR signal upon increase in the particle size was observed, including broadening of the main resonance and
sharp decrease in relative magnitude of “quantal” features. Microwave permeability was estimated in solid systems
of 5 nm and 9 nm nanoparticles. It was shown that the real part of permeability can be tuned with the external
magnetic field in the range from —0.8 to 2.
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