
Chapter 3
Spin-Polarized Plasmonics: Fresh View
on Magnetic Nanoparticles

Vladimir P. Drachev, Maria Pogodaeva, Sergey V. Levchenko,
and Ali E. Aliev

Abstract Here we discuss effect of spin-polarization on plasmon excitation in deep
ultra-violet spectral range for Co nanoparticles with a single-domain magnetic struc-
ture. Structural, magnetic, and optical characterizations of Co nanoparticles shine a
light on a mechanism of the magneto-plasmonic response.

3.1 Introduction

It is a common belief that the quality of the plasmon resonance of magnetic nanopar-
ticles such as Co is quite low, which follows, in particular, from the experimental
data for permittivity of bulk cobalt by Johnson and Christy (J&C) [1]. Our recent
paper shows that for single-domainmagnetic nanoparticles the usual approach, based
on bulk permittivity, does not work, while used to work perfectly for nonmagnetic
nanoparticles [2]. Indeed, our experiments prove that Co nanoparticles with a single-
domain magnetic structure support a sharp plasmon resonance at about 280 nm with
the resonancequality comparable to gold nanoparticles. This typeof plasmons is quite
different from known plasmons in noble metals. Note that the plasmon resonance
of Co is in the deep ultraviolet spectral range, which is the range for bio-molecule
resonances [3], as it is shown in Fig. 3.1, and, therefore, attractive for bio-medical
applications in addition to its magnetic nature.

Deep ultraviolet (DUV) Raman spectroscopy selectively visualizes nucleotide
bases, monomeric units of deoxyribonucleic acids (DNA) and aromatic amino acids,
monomeric units of proteins, in cells due to the resonant effect (spectra are presented
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Fig. 3.1 Absorption spectra of DNA (black) and aromatic proteins (gray) (from [3] © Institute
of Physics and Engineering in Medicine. Reproduced by permission of IOP Publishing. All rights
reserved). The CoNP plasmon resonance in absorption is shown in red, optical density in arbitrary
units (from [2] with permission licensed under CC BY 4.0 https://creativecommons.org). The red
bar shows the Raman shift range at the laser excitation wavelength 266 nm. The enhancement of
the CoNPs will cover this range

in Fig. 3.1, black and gray lines correspondingly) [4–7]. In the resonant Raman
condition, where the electronic transition energy of amolecule corresponds to photon
energy of Raman excitation light, the Raman scattering intensity of the molecule is
enhanced by as much as 106 compared to the non-resonant Raman scattering [5].
Because other biological compounds in cells, such as lipids and sugars, are not in the
resonant condition at the DUV, Raman scattering from nucleotide bases and aromatic
amino acids [4–7] are selectively enhanced in theDUV resonant Raman spectroscopy
of cells. Main obstacle of the current resonance Raman approach is that the UV light
overdose is harmful to the cells viability and biomolecules functionality [5]. Surface-
enhanced resonance Raman scattering (SERRS) will strongly reduce the required
energy density for robust detection. Unique combination of plasmonic and magnetic
properties makes this platform appropriate for a combined approach of diagnostics
and therapy (theranostics). Magnetic nanoparticles represent an attractive tool for
medical applications based on their ability to be simultaneously functionalized and
guided by an external magnetic field [8–17]. Various biomedical applications of
magnetic nanoparticles include enhancing and targeting gene delivery by magnetic
force in vitro and in vivo [8, 9], magnetic fluid hyperthermia and cancer therapy [9,
10], cells separation [12], magnetic resonance imaging [13–15]. Biocompatibility
of magnetic nanoparticles is under extensive studies and can be achieved by an
appropriate coating [16, 17].

Currently plasmonic applications in bio-sensing involve noble metals, Ag or Au,
since the quality of their plasmon resonance is highest [18–20]. The SERS protocols
based on Ag and Au nanoparticles are demonstrated for tag free protein-protein
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binding detection, the feasibility of using SERS to distinguish protein conformational
states, which was shown for human insulin and its analog insulin lispro [21–24]. A
protocol has been developed to detect cell surface markers, CD44 and CD24, in
three breast cancer cell lines [25]. The dielectric functions Ag and Au for this type
of nanostructures were carefully studied as well [26–28].

However, Co nanoparticles (Co-NPs), under certain conditions can support an
excellent plasmon resonance at about 280 nm with a quality factor greater than
Al, In, and comparable to Au in the visible [2]. Importantly, this Co platform is
comprising both magnetic and plasmonic properties. A long lasting search for plas-
monic materials in the ultraviolet spectral range does not consider Co as a promising
candidate [29–32]. One of the criteria for a high quality plasmonic material is that the
number of electrons involved in interband transitions must be low, and at the highest
possible frequency. These criteria significantly reduces the number of materials that
are likely to have favorable optical properties, by the simple fact that all materials
with partially occupied d or f states are going to perform poorly across the visible due
to interband transitions [33]. Recent works pushed the plasmonics to high-energy
range using Al [33–35] and In [36].

The Mott model [37, 38] of conductivity in magnetic metals helps to qualitatively
explain observed phenomena for Co nanoparticles. Indeed, the electrical conduc-
tivity in metals can be described in terms of two largely independent conducting
channels, corresponding to the spin-up and spin-down electrons. Importantly, the
probability of spin-flip scattering processes in metals is normally small as compared
to the probability of the scattering processes in which the spin is conserved. This
means that the spin-up and spin-down electrons do not mix over long distances and,
therefore, the electrical conduction occurs in parallel for the two spin channels. Also,
the scattering rates in ferromagnetic metals of the spin-up and spin-down electrons
are quite different, whatever the nature of the scattering centers is. These two chan-
nels of conductivity with a distinct spin-dependent scattering is the primary origin
of giant magnetoresistance [39].

Here, we discuss the effect of spin polarization on plasmon oscillations of the free
electrons in nanoparticles, which is, crucial in many envisioned applications at the
cross road of magnetism and plasmonics.

3.2 Spin Polarization in Co Nanoparticles

Anew typeof plasmons is specific for spin-polarizedmagnetic nanoparticles.One can
expect two independent plasmons which co-exist in a spin-polarized metal nanopar-
ticle following Mott’s model. These two plasmons coexist in a particle at the same
frequency and polarizations of excitation, but for electrons of opposite spin. Inter-
nanoparticle interactions completely demolish plasmon quality resonance, which is
the probable reason why it was not observed previously and why the results for bulk
films [1] cannot be used for single domain nanoparticles evaluations. It is known
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that the exchange interaction of electrons splits the energy bands between spin-
up (majority) electrons and spin-down (minority) electrons. We suggest that a low
quality of the plasmon resonance for spin-down electrons is due to the large relax-
ation rate of the conduction electrons caused by high density of empty states in a
partially populated d-band. However, the majority electrons with a completely filled
d-band does not affect the relaxation rate and plasmon resonance of the conduction
spin-up electrons within magnetic nanoparticles.

Figure 3.2 shows spin polarization for bulk Co and Co nanocluster calculated
using density functional theory (DFT) simulations. Transitionmetals are challenging
for DFT, since standard exchange-correlation (XC) functional approximations, local
density approximation (LDA) and generalized gradient approximation (GGA) under-
estimate localization of valence d-electrons. This problem is commonly addressed
via ad hoc inclusion of a Hubbard correction to e.g. GGA with an effective U term
(GGA+U). The resulting GGA+U method has the same low computational cost
as GGA. U is a parameter that can be tuned to reproduce experimental results, in
particular lattice parameters and magnetic moments. Although optimal U have been
suggested in the literature for various metals including Co, [40, 41] not all properties
can be reproduced with good accuracy at the same time. Moreover, the value of theU
parameter depends on the coordination of metal atoms. Therefore, a different value
of U may be required to describe metal bulk and clusters.

In Fig. 3.2 projected density of states (DOS) for the bulk hexagonal close packed
(hcp) cobalt (panel b) and a 48-atom cluster (panel a) are shown. DOS for face-
centered cubic (fcc) crystal structure looks qualitatively similar. For this compar-
ison we used DFT with the Perdew–Burke-Ernzerhof (PBE) exchange-correlation
functional [42]. All calculations are done with all-electron full-potential electronic-
structure package FHI-aims [43–46] with “tight” numerical settings. The hcp lattice
constants were optimized with PBE. The initial atomic structure of the cluster is
obtained using Wulff construction for hcp Co, [47, 48] and then fully relaxed.
Projected DOS for the cluster is calculated using Gaussian width of 0.01 eV.

As can be seen in Fig. 3.2, the general shapes of DOS for bulk and particle for
both spin channels are similar, but there are also important differences. In particular,

Fig. 3.2 Projected density of states (DOS) for a 48-atom Co cluster and b bulk hexagonal close
packed (hcp) cobalt. Projections on valence s, p, and d orbitals of Co are shown. Spin-minority
DOS is shown with negative sign. Zero on the energy axis corresponds to the Fermi level
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more structure is observed for the particle both below and above the Fermi level
(corresponding to 0 eV). This is not surprising, since the particle has additional
states due to the presence of the surface. Notably, the pronounced peaks around the
Fermi level in both spin channels are discrete and broadened in the cluster compared
to bulk.

3.3 Methods

In this work, the oleic acid (OA) coated cobalt nanoparticles were fabricated by
the high temperature reduction of cobalt salt in the presence of trioctylphosphine
(TOP) as a surfactant and lithium triethylborohydride as a reducing reagent [49–
51]. Cobalt nanoparticles were synthesized using a method similar to that of Sun
and Murray [52]. The reduction of cobalt nanoparticles was conducted under inert
atmosphere. At room temperature, 0.13 g (0.019 M) of anhydrous cobalt chloride,
0.3 mL (0.018 M) of oleic acid and 30 mL (1.87 M) of dioctyl ether were mixed
together under purged nitrogen gas in the three-necked flask containing magnetic
stir bar and heated to 100 °C. Then 1.5 mL (0.063 M) of trioctylphosphine, which
was injected via syringe and the temperature raised to 205 °C. At this temperature, a
strong reducing reagent, 1.5 mL (0.236 M) lithium triethylborohydride, was added
in solution and the cobalt nanoparticles begin to grow immediately. The blue colour
of the solution turns to black upon nucleation and growth of cobalt nanoparticles.
The reaction was terminated by cooling the solution to room temperature and 20 mL
(4.8 M) of anhydrous ethanol was added to precipitate the particles. The solution
was aged overnight at room temperature in order to attach cobalt nanoparticles to the
magnetic stir bar in the flask. The cobalt nanoparticles are removed from a magnetic
stir bar and washed several times with ethanol by centrifugation. Finally, oleic acid
coated cobalt nanoparticles were suspended in 8 mL of hexane.

To address the mechanism of new type of plasmons specific for magnetic
nanoparticles our work involves the structural electron microscopy, superconducting
quantum interference device (SQUID) magnetometry, dynamic light scattering
(DLS), and spectroscopy of Co nanoparticles. The structural andmagnetic character-
izations prove the single-domain and superparamagnetic properties of nanoparticles
required for spin dependent channels of plasmon oscillations. The magnetic field
induced aggregation of nanoparticles in our experiments results in the suppression
of the resonance quality.

3.4 Structural Properties

The scanning electron microscopy (SEM) energy dispersive X-ray (EDX) image of
the cobalt nanoparticles synthesized by the high temperature decomposition of cobalt
salt (Fig. 3.3).
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Fig. 3.3 a SEM image of the Co nanoparticles. b Corresponding EDX spectrum. From [2] with
permission licensed under CC BY 4.0 https://creativecommons.org

We observed the large aggregates of cobalt nanoparticles instead of isolated parti-
cles because the circular magnet placed underneath the silicon substrate attracted the
magnetic nanoparticles from the solution. An energy dispersive X-ray (EDX) spec-
trum analysis has been obtained from the cobalt nanoparticle sample. This spectrum
clearly shows the presence of cobalt peaks. In addition, EDX spectrum also shows
the presence of nickel peaks because the sample was made conducting by coating
with nickel.

High resolution transmission electron microscopy (TEM) images were obtained
with the FEI Tecnai G2 F20 S-Twin 200 keV field emission scanning transmis-
sion electron microscope (S/TEM). The high magnification TEM image of spherical
cobalt nanoparticles shows the size distribution of cobalt nanoparticles ranges from
6 to 12 nm with average particle diameter of 8.7 nm. High resolution TEM images
show that our particles form both hcp and fcc crystal structure. Figure 3.4a shows

Fig. 3.4 a High resolution TEM pattern of [100] hcp crystal structure of Co nanoparticle. The
radius here measures 4.59 ±0.05 nm. b High resolution TEM pattern of [100]—[001] hcp crystal
structure of Co nanoparticle. Plane 1: 0.216 nm±0.05 nm, Plane 2: 0.223 nm±0.05 nm, interplanar
angle 91.8° ±3°. Calculated: [100] 0.217113, [001] 0.217113, [100]—[001] angle 90°

https://creativecommons.org
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TEM of [100] crystal structure of some cobalt nanoparticles have lattice spacing
2.102 Å and inter-planar angle 83.6° typical for hcp. Figure 3.4b shows high reso-
lution TEM image of [111] crystal structure of other cobalt nanoparticles has lattice
spacing 1.95 Å and inter-planar angle 25.63°, typical for fcc.

For calculation expressions explaining the basic crystallography of cobalt was
used [53]. Following by definition, if two planes have indices (hkl) the distance
perpendicularly between them is shown by the inverse of the magnitude of the lattice
vector.

dhkl = 1
∣
∣ha∗ + kb∗ + lc∗∣∣ (3.1)

Then:

∣
∣ha∗ + kb∗ + lc∗∣∣2 = (

ha∗ + kb∗ + lc∗) · (

ha∗ + kb∗ + lc∗)

= h2a∗2 + k2b∗2 + l2c∗2 + 2klb∗ · c∗ + 2lhc∗ · a∗ + 2hka∗ · b∗

= h2a∗2 + k2b∗2 + l2c∗2 + 2klb∗c∗ cosα∗ + 2lhc∗a∗ cosβ∗ + 2hka∗b∗ cos γ ∗

here, a∗,b∗, and c∗ are lattice vectors, α∗ is the angle between lattice vectors b∗ and
c∗, β∗ is the angle between c∗ and a∗. Knowing that cobalt is found primarily in two
phases, hexagonal close packed and face-centered cubic further expansion of this
formula was used only for those two overall structures. The lattice constants used
for cobalt are found in a variety of literatures. For hcp lattice constants of a = b =
0.2507 nm, c = 0.4069 nm. For fcc lattice constants of a = b = c = 0.35446 nm.

First calculations were done to families of standard planes for both fcc and hcp
structures. Hexagonal first:

α∗ = β∗ = 90◦, γ ∗ = 60◦ and a∗ = b∗, d2
hkl = 1

(h2 + k2 + hk)a∗2 + l2c∗2 (3.2)

cosφ = dhkldh′k ′l ′

[{

hh′ + kk ′ + 1

2
(hk ′ + kh′)

}

a∗2 + ll ′c∗2
]

In which:

a∗ = 2

a
√
3
, c∗ = 1

c

Next for cubic:

α∗ = β∗ = γ ∗ = 90◦ and a∗ = b∗ = c∗, d2
hkl = 1

(h2 + k2 + l2)a∗2 (3.3)
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cosφ = hh′ + kk ′ + ll ′√
h2 + k2 + l2

√
h′2 + k ′2 + l ′2

(3.4)

In which:

a∗ = 1

a

Using these equations [53] the calculated interplanar distances and then angles
were able to be deduced. These equations were used to code a simple Mathematica
program that would output both interplanar distances as well as angles.

The analysis of the TEM images showed and confirmed the likely structure of
cobalt. Though, a large amount of the images had planes and angles that were incon-
clusive the data definitely points most directly at hexagonal close packed to be the
average crystalline phase of the particles. The large amount of inconclusive inter-
planar angles are likely due to surface deformities, aswell as, small and unpredictable
tilts in the particles. This would allow for the interplanar angles and distances to be
skew, reduced in the case of the interplanar distances and increased up to 180° in the
case of the interplanar angles. In general, cobalt should not be found in face-centered
cubic crystalline phase below 400 °C. However, some nanoparticles in our case did
show possible indications of being in this phase.

3.5 Magnetic Response

Magnetic properties of Co-NP embedded into poly(methyl methacrylate) (PMMA)
host matrix were measured using direct current (DC) option of 7 Tesla SQUID
magnetometer (Magnetic Property Measurement Device, Quantum Design Inc.).
Figure 3.5 shows the step-by-step sample preparation for magnetic measurements:
Co-NP collected from magnetic stirring bar were dispersed in PMMA, deposited on
a substrate, dried, and then the PMMA film with embedded Co-NP were packed into
a gelatine capsule. To reduce the influence of the sample shape (demagnetization
effect), all Co-NP embedded sheets were placed in gelatine capsule parallel to the
applied magnetic field.

Fig. 3.5 Sample fabrication steps for magnetic measurements. From [2] with permission licensed
under CC BY 4.0 https://creativecommons.org

https://creativecommons.org


3 Spin-Polarized Plasmonics: Fresh View … 61

Fig. 3.6 a Temperature dependence of magnetic moment for 8.8 nm Co-NP measured in FC (solid
blue circles) and ZFC (open blue circles) regimes at applied field of 20 Oe (sample #25). The
inset shows an expanded view at a peak of ZFC magnetization. The small bump at 52 K indicates
an oxygen contents in the sealed capsule. b Shift of ZFC magnetization peaks towards lower
temperatures for decreasing particle sizes: 8.8 nm for sample #25; 7.6 nm for sample #28; and 6.6
nm for sample #33, respectively. From [2] with permission licensed under CC BY 4.0 https://creati
vecommons.org

The temperature dependence of magnetization in field cooling (FC) and zero
field cooling (ZFC) regimes exploited to determine the blocking temperature (T b) at
which the ZFCmagnetization shows a pronounced peak. T b is the temperature below
which the magnetization curve shows the hysteresis and above superparamagnetic
properties [54]. The observed curves for FC and ZFC regimes shown in Fig. 3.6a, b
are typical for single-domain ferromagnetic nanoparticles.

For very small particles at finite temperatures the magnetic anisotropy energy,Ku,
becomes comparable to the thermal energy resulting in random flip of the magneti-
zation direction and in superparamagnetic (SP) relaxation. Thus, the T b is defined as
the temperature at which the SP relaxation time (response ofmagnetic dipole), equals
the timescale of the experimental technique used to study the magnetic properties,
ωτ = 1. The SP relaxation time τ, also called the Neel relaxation time, τN [54], given
by [55],

τ = τ0 exp

(
KuV

kbT

)

. (3.5)

was measured using ACMS option of Physical Property Measurement Device
(Quantum Design Inc.) in the frequency range of 10 ≤ f ≤104 Hz with alternating
current (AC)magnetic field amplitude of±10Oe.Here,Ku is themagnetic anisotropy
energy, V is the particle volume, kB is Boltzmann’s constant and T is the tempera-
ture. The value of τ0 extracted from the linear extrapolation of τ to zero 1000/T for
Co-NP with 6.6 nm in diameter is 4.1 × 10−14 s (see Fig. 3.7). Here we ignore the
temperature dependence of τ0, as it is small compared to the effect of the temperature

https://creativecommons.org
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Fig. 3.7 Thermal variation
of a relaxation time versus
reciprocal temperature for
d = 6.6 nm (sample #33).
The green dashed line is an
extrapolation of relaxation
time to 1000/Tb = 0. The
inset shows the ZFC
magnetization curves
measured for each frequency
(f = 1/2πτ) shown in the
main panel. From [2] with
permission licensed under
CC BY 4.0 https://creativec
ommons.org

through the exponential [56]. Hence, for DCmeasurements, where ln(τ/τ0)≈ 29, the
blocking temperature, above which the single domain Co-NP starts randomly flip
its magnetic moment and is small enough to display superparamagnetism, should
roughly satisfy the relationship

Tb ≈ KuV

29kB
. (3.6)

With a knowledge of average particle diameter from the precise analysis of TEM
images and dynamic light scattering measurements (d#25 = 8.8 nm, d#28 = 7.6 nm,
d#33 = 6.6 nm,) the magnetic anisotropy energy extracted from Fig. 3.6b (Ku

#25 =
2.74 × 106 erg/cm3, Ku

#28 = 3.73 × 106 erg/cm3, Ku
#33 = 3.9 × 106 erg/cm3) falls

between bulk fcc and hcp structures (2.7× 106 erg/cm3 for fcc and 4.7× 106 erg/cm3

for hcp), respectively.
The increase in anisotropy constant (energy) for small Co-NP and clusters is

resulted from strong contribution of surface atoms. The fraction of Co atoms on
the surface of nanoparticles increases with decrease in particle size, which results
in decrease of coordination number of surface atoms, increased spin and orbital
magnetic moments towards free atoms [57]. The anisotropy energy, Ku, is also
increases due to the reduction of spherical symmetry of small nanoparticles [58].

Above the blocking temperature the susceptibility is precisely follows the Curie
law, χ ~ C/T, where C = n(μ0μ)2/kB is the Curie constant, n is number of particles,
μ0 is magnetic moment of vacuum, andμ is the relative magnetic moment of Co-NP.
The linearity of χ ~ T c/T plot observed for studied Co-NP (see Fig. 3.8) also implies
a low interaction between nanoparticles. The interaction between nanoparticles is a
crucial parameter determining the strength of plasmon resonance in Co-NP.

The correctly measured T b should increase as a cub of the particle diameter, T b ~
V ~ D3. The deviation of T b dependence from cubic behaviour in Fig. 3.9a implies

https://creativecommons.org
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Fig. 3.8 ZFC and FC susceptibility (χ = M/H) for 8.8 nm Co-NP (#25) measured at applied
magnetic field of 20 Oe plotted versus reciprocal temperature, T c = 1394 K is the Curie temperature
for bulk Co. From [2] with permission licensed under CC BY 4.0 https://creativecommons.org

Fig. 3.9 a The particle diameter dependence of the blocking temperature, Tb. Dashed and dash-dot
curves show a fitting to the cub dependence, Tb ~ V. b The particle diameter dependence of the
anisotropy energy. The dot line is a fitting of reciprocal-cub dependence for [58] and our result. The
bulk value for fcc cobalt is shown by dashed (green) line. From [2] with permission licensed under
CC BY 4.0 https://creativecommons.org

the decrease of anisotropy energy. On the other hand, the increase of particle size
above single-domain size should bring the anisotropy constant towards the balk value
[58]. Figure 3.9b shows that for particles larger than 8 nm the anisotropy energy is
close to the bulk fcc value, 2.7 × 106 erg/cm3.

Conanoparticles coatedwithCoO (or partially oxidizedduring fabrication) should
exhibit exchange anisotropy due to an interfacial interaction between ferromagnetic

https://creativecommons.org
https://creativecommons.org
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Fig. 3.10 a The shift of magnetization loops for sample #25 cooled in field+1 T (open red squares)
and−1 T (open green triangles), T = 10 K. b Themagnetization loop for the same sample cooled in
zero field is symmetrical. The diamagnetic slope of m(H) curves beyond the hysteresis loop comes
from a PMMA matrix. From [2] with permission licensed under CC BY 4.0 https://creativecomm
ons.org

Co metal and antiferromagnetic CoO. The shift of the symmetry of hysteresis loop
measured at low temperatures (10 K), after the sample was cooled in a magnetic
field of 1 T (FC), implies that CoO shell was formed on the particle surfaces (see
Fig. 3.10a). At the same time, the ZFC cooled sample shows quite symmetrical
hysteresis loop at T = 10 K (see Fig. 3.10b). These measurements were taken for
samples #25 (8.8 nm) fourmonths later frompreparation date. Since the sampleswere
embedded into PMMA matrix, the oxidation, perhaps, comes from the surfactant
shell on the surface of Co-NP. However, as prepared samples measured within 2–3
weeks do not show any shift of the hysteresis loop.

The high-field magnetic moment for 8.8 nm Co-NP (#25) measured at 5, 100
and 298 K are shown in Fig. 3.11a. The analysis of saturation magnetization (Ms)
at 5 K (the diamagnetic contribution of PMMA matrix was subtracted) shows that
the Co-NP exhibit no-saturation behaviour up to highest available field of 7 T. The
saturation magnetization obtained from the extrapolation of M versus 1/H line to
0 gives ~10 emu/g, which is close to the value obtained for 7.8 nm Co-NP having
fcc structure produced by the Kraschmer carbon arc process [59]. At the same time,
this value is one order lower than for bulk fcc Co (162 emu/g, or 175 emu/g, see in
[60]). The reduced remanence, Mr/Ms = 0.02, is far below of theoretical values for
nanocrystals having uniaxial anisotropy such as cobalt in the hcp form (0.5) or in the
fcc form (0.8) [60].

Among the possible explanations for the reduced saturation magnetization and
remanence is the multiphase (fcc–hcp) crystalline domain structure of single particle
separated by amorphous cobalt and the exchange coupling between adjacent Co-NP.
The dipole coupling enhancements are attributed to the long-range order of the 2D
lattice (particles are embedded into thin PMMA film) and collective “flips” of the

https://creativecommons.org
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Fig. 3.11 a The field dependence of magnetic moment of Co nanoparticles (0.69 mg) dispersed
in 10.31 g PMMA matrix taken at 5 K (blue line), 100 K (green line) and 298 K (red line).
b The field dependence of magnetization for 5 K and 298 K. Main panel shows magnetization
of Co-nanoparticles with subtracted diamagnetic contribution of PMMA host material. Top-left
inset shows as-measured magnetization at 5 and 298 K. Green dashed line shows the reference
line for diamagnetic contribution of host material. Bottom-right inset shows expanded view of
magnetization at low fields. From [2] with permission licensed under CC BY 4.0 https://creativec
ommons.org

magnetic dipoles. On the other hand, the coercive field at T = 5 K, Hc = 0.145 T, is
comparable to reported fcc CoNP [60].

The magnetic moment per particle was calculated for 8.8 nm Co-NP (#25) from
the susceptibility χ above the blocking temperature at low field using following
equation [58]

χ = Msμ

3kbT
, (3.8)

whereμ is the magnetic moment per particle,Ms is the saturation magnetization, and
kb is Boltzmann’s constant. The diamagnetic susceptibility of the PMMAmatrix was
measured and subtracted to obtain these results: At 214 K contribution of diamag-
netic part (PMMA) for sample #25 is 0.45 × 10−6 emu; Magnetic moment, m =
(18.8−0.45) × 10−6 emu = 18.35 × 10−6 emu; Saturation magnetizationMs at T =
298 K (the same at 214 K):Ms = 0.57 emu/g. Susceptibility χ measured for applied
field H = 20 Oe at 214 K: χ = m/(mρ· H) = 18.35 × 10−6/(0.69 × 10−3 × 20 Oe)
= 1.33 × 10−3 emu/g Oe. Here mρ = 0.69 mg is the mass of Co nanoparticles in
PMMA host material (10.31 mg). Thus, the magnetic moment per particle above T
= 214 K:

μ = 3kBTχ

Ms
= 3 · 1.38 · 10−16 · 214 · 1.33 · 10−3

0.57
∼= 2.07 · 10−16 Erg/G (3.9)

https://creativecommons.org
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Number of Bohr magnetons: n = μ/μb = 2.07 × 10−16/9.27 × 10−21 = 22300,
which is ~0.687μb per atom.Number ofCoatoms in single particle,na,was calculated
as follows: m(Co atom) = mol. weight/NA = 58.933 g/mol/6.022 × 10−23 atom/mol
= 9.786 × 10−23 g/atom. Thus, na = mparticle/m(Co atom) = 3.175 × 10−18/9.786 ×
10−23 = 32444.

The above number of Bohr magnetons per atom in single 8.8 nm nanoparticle is
much lower than the number of Bohr magnetons per single atom in bulk cobalt (300
K), 1.67μb (fcc) and 1.73μb (hcp). Partially it is caused by demagnetization factor,
Nd = 1/3, for spherical, non-interacting particles. Note, the demagnetization does
not affect theMs in (3.8), but only χ measured at low fields, χ = χeff (1+Nd). Thus,
taking into account the demagnetization factor results in 0.96μb per atom.

3.6 Optical Resonance in Spin-Polarized Co Nanoparticles

Good quality plasmon resonance in absorption is proven below to be the prop-
erty of isolated Co nanoparticles. Indeed, we observe a complete suppression of
sharp plasmon resonance for aggregated Co nanoparticles, probably due to the inter-
particle interaction inducing a spin-flip electron scattering at the particle surface.
This behavior is reversible, i.e., the sharp resonance is totally restored for separated
nanoparticles after sonication, as shown below. Note, that the absence of cobalt oxide
shell, which could introduce an antiferromagnetic response, is controlled with the
low temperature SQUID measurements.

The ab-initio simulations of the relaxation constants performed for the giant
magnetoresistance show big difference for spin-up and spin-down electrons [61, 62].
Susceptibility of Co nanoparticles can be expressed as a sum of two terms coming
from two independent group of electrons, thus the total polarizability is given by:

α = r3(χ↑ + χ↓) = r3
(

1

X↑ + iδ↑
+ 1

X↓ + iδ↓

)

(3.10)

Here we use the spectral representation of the Drude-Sommerfield model [63,
64].

χi = εh − εmi

2εh + εmi
= 1

Xi + iδi
, εmi = ε0i − ω2

p

ω(ω + i2�)
, εh ≈ ε0, ω2

sp = ω2
p

ε0 + 2εh
(3.11)

Xi = ω2
sp−ω2

ω2
sp

, δi = ω2�i
ω2
sp
, 2�↑ = υF

/

λ↑ and 2�↓ = υF
/

λ↓, where λ↑ =
12 nm, λ↓ = 0.6 nm, Fermi velocity υF = 2.1 × 105 m/s, thus 2�↑ ≈ 72.4meV
and 2�↓ ≈ 1448meV [61, 62]. Extinction cross-section is kImα. Thus, the absorp-
tion spectra should look like a sharp resonance, due to spin-up electrons, plus a
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Fig. 3.12 Two plasmon
model for Co nanoparticles
absorbance. Ñsp is taken 280
nm. Green is the sum of red
(spin up) and blue (spin
down). Insert: a cartoon of
the projected density of
states typical for Co. From
[2] with permission licensed
under CC BY 4.0 https://cre
ativecommons.org

broad background coming from spin-down electrons (Fig. 3.12). Thus, as soon as all
possible electron scattering processes gowithout spin-flip,meaning that two group of
electrons are independent, one should expect sharp plasmon resonance. In particular,
it requires single domain nanoparticles, since inter-domainwalls increase probability
of spin flip electron scattering and thus two group of electrons are not independent
anymore.

3.7 Effect of Dimers

Experiments show sharp plasmon resonance for isolated, single-domain Co nanopar-
ticles (Co NPs). However, the plasmon resonance disappears, if small, two-three
particles aggregates were formed. The magnetization measurements by SQUID
system show superparamagnetic properties of the Co NPs at room temperature,
which indicates the single-domain structure. The temperature dependence of the
magnetization gives blocking temperature, which corresponds to the particle volume
of this size. Below the blocking temperature field dependence of the magnetization
has hysteresis behavior. The shift of the hysteresis loop cooled to 10 K at field +1
T and opposite shift for the sample cooled at −1 T allows to control the oxidation
level of nanoparticles. All the results below correspond to the particles without oxide
shell. Figure 13a demonstrates remarkable resonance quality of the representative
spectrum for CoNPs in hexane solution shown in red. The plasmon resonance quality
is about the same as for gold nanoparticles, which have resonance in the green spec-
tral range. Co-NPs are isolated due to surfactants, trioctylphosphine and oleic acid.
Dynamic light scattering data show an average size close to the mean size from TEM
images.

https://creativecommons.org
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Fig. 3.13 a Experimental absorbance of Co-NPs in hexane. As grown Co-NPs (red), after 1 h
sonication with external 130 mT DC magnetic field (blue), after 2.5 h sonication with external 130
mTDCmagnetic field (green, plasmon peak is demolished), magnetic field is off and 1 h sonication
(black). b Co-NPs size distribution measured with dynamic light scattering (red)-as grown; (green)
-2.5 h sonication with external 130 mT DC magnetic field; (black) after 1 h sonication without
magnetic field. From [2] with permission licensed under CC BY 4.0 https://creativecommons.org

Fig. 3.14 Dynamic light scattering (DLS) size distribution of Co nanoparticles (a), as grown
sample; (b), after 2.5 h sonication with external 130 mT DC magnetic field; and (c), after 1 h
sonication without external magnetic field. From [2] with permission licensed under CC BY 4.0
https://creativecommons.org

https://creativecommons.org
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Shown in Fig. 3.14 are dynamic light scattering (DLS) results on particle size
distribution of undiluted Co nanoparticles samples. As grown Co nanoparticles have
DLS average particle size 8.7 nm. Then, the solution was sonicated in the presence of
130 mT external DC magnetic field. The effective particles size has been increased
from 8.7 nm to 12 nm. This increase in particle size is due to agglomeration of Co
nanoparticles in the presence of magnetic field. To reverse the agglomeration, the
sample was sonicated for 1 h in the absence of an external DC magnetic field. The
particle size has been reduced down to 10 nm. When an external field is removed,
sonication isolates the nanoparticles and results in decreasing of the effective particle
size. TheDLSmeasurementswere performed at the same time as collected the optical
spectra and prepared sample for magnetometry like in Fig. 3.13.

The following experiment illustrates interaction of Co nanoparticles separated by
thin surfactant shell. To initiate aggregation, the 130 mT DC magnetic field together
with sonication were applied to the Co NP hexane suspension in a quartz cuvette.
After 1 h of “aggregation” the dynamic light scattering and absorption spectra were
collected. Figure 3.3 shows reduced plasmon peak (shown in blue). After 2.5 h soni-
cation in magnetic field plasmon peak disappeared (shown in green). The dynamic
light scattering shown in the Fig. 3.3b gives increase in the hydrodynamic parti-
cles size from 8.7 to 12–13 nm corresponding to small, two-three particles aggre-
gates. Remarkable, that the following up sonication, without external magnetic field,
separates aggregated particles and the plasmon resonance is restored. Thus, this
magnetic/sonication induced aggregation is a reversible process.

The magnetization of as grown, after aggregation, and after sonication without
magnetic field samples, shown in Fig. 3.15, also demonstrate a reversible behavior.
It first decreases after 2.5 h of sonication in magnetic field (Fig. 3.15 blue line), then
return to the initial value after sonication without magnetic field (Fig. 3.15 black
line).

Fig. 3.15 Magnetization of Co-NPs embedded in PMMA. As grown Co-NPs (red), after 2.5 h
sonication with external 130 mT DC magnetic field (blue), and 1 h sonication with magnetic field
off (black). From [2] with permission licensed under CC BY 4.0 https://creativecommons.org

https://creativecommons.org
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Fig. 3.16 Absorbance of the
Co NPs in hexane solution:
experiment (red) and
calculated (black) using J&C
data. 1 From [2] with
permission licensed under
CC BY 4.0 https://creativec
ommons.org

Note that calculated absorption spectrum for Co nanoparticles using J&C permit-
tivity for Co films does not show a pronounced resonance (Fig. 3.16 black line) in
contrast to the experimental spectrum for single-domain Co nanoparticles (Fig. 3.16
red line). For the nanoparticles with substantially sub-wavelength size the dipole
approximation reduces Mie’s theory to the following expression for the extinction
cross-section [29]:

σext = 9
ωε

1/2
h

c
V

εhε2(ω)

[ε1(ω) + 2εh]
2 + ε22(ω)

(3.12)

where ω is the light frequency, V is the volume of the spherical particle, εh is the
dielectric permittivity of the surrounding (host) medium, and c is the speed of light.
The spectrum of nanoparticles was calculated using bulk material complex permit-
tivity ε(ω) = ε1 + iε2 from J&C [1]. Note that, this approach for modeling nanopar-
ticles spectra works for nonmagnetic metals like Au, Ag , but cannot be used for Co.
One can see that the calculated spectrum using permittivity measured for Co films
has no good resonance. That is the reason why Co was not consider as a promising
candidate so far. Indeed, if the film has multi-domain structure, where neighbour
domains are typically disoriented, the electron scattering easily changes the spin
polarization. Thus, electrons with spin-up become with spin-down and immediately
got huge increase in relaxation rate due to available empty states in the d-band.

https://creativecommons.org
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3.8 Conclusions

Spin-polarizedmetals have two channels of conductivity resulted in interesting appli-
cations including the most known giant magnetoresistance. Magnetic nanoparticles
have unusual features compared to bulk materials. They manifest superparamagnetic
properties in case of single-domain size. They have discrete density of states due to
quantum size effect. Our experiments with Co nanoparticles clearly show a new type
of plasmon excitation. This type of plasmonhas unusual properties due to existence of
two independent groups of electrons with opposite spins providing weak interaction
so that all electron scattering processes occur without spin flip. Magnetic response of
the nanoparticles enables controlled and reversible aggregation accompanied by the
tailoring of optical absorption. Magnetic nature of the nanoparticles suggests a new
type of these plasmons. Magnetic response of Co nanoparticles shows less magnetic
moments per atom relative to the bulk value, namely 0.68 μb and taking into account
the demagnetization factor 0.96 μb per atom versus 1.7 μb. The exchange interac-
tion of electrons splits the energy bands between spin-up electrons and spin-down
electrons. It makes possible to coexist two independent channels of conductivity as
well as two independent plasmons in the same nanoparticle with very different elec-
tron relaxation. Indeed, the density of empty states in a partially populated d-band
is high, resulting in a large relaxation rate of the spin-down conduction electrons
and consequently in low quality of the plasmon resonance. In contrast, the majority
electrons with a completely filled d-band do not provide final states for the scattering
processes of the conduction spin-up electrons, therefore supporting a good quality
plasmon resonance. The scattering without spin flip is required to keep these two
plasmons independent.
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