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A systematic study of ensembles of nickel nanoparticles fabricated by Ni+-ion implantation at a dose of
(0.5–1.0) × 1017 ions/cm2 in a thin near-surface layer of an amorphous SiO2 matrix by means of transmission
electron microscopy (TEM), dc magnetic measurements, and magneto-optical technique is presented. TEM
characterization of Ni nanoparticles proves the formation of isolated spherical nickel nanoparticles with diameters
from 2 to 16 nm. The crystal structure and lattice constant of the nanoparticles correspond to face-centered-cubic
Ni. The larger size nanoparticles are shown to have core-shell structure, which is unusual for the implantation
conditions used. The shell of these nanoparticles consists of Ni, while the core has supposedly the composition
coinciding with the matrix, i.e., SiO2. The core-shell nanoparticles in the investigated sample coexist with
ordinary pure Ni nanoparticles, which strongly affects the magnetic and especially magneto-optic properties
of the samples. For all three doses, the nanoparticles are in the superparamagnetic state at room temperature
passing to the “frozen” state at lower temperatures. However, only the sample implanted with the lowest dose
demonstrates the classic superparamagnetic behavior according to the shape of the experimental magnetization
temperature dependencies for the zero-field-cooled (ZFC) and field-cooled regimes. This shape deviation from
that characteristic of the pure superparamagnetic ensembles is ascribed mainly to the particle core-shell structure.
The Ni nanoparticles’ anisotropy constant estimated with the help of ZFC curves appears to exceed the bulk Ni
anisotropy second constant approximately by two orders of magnitude. Magnetic circular dichroism (MCD) is
characterized by spectral dependence modified strongly as compared to the MCD spectra of a continuous Ni
film. In the spectral range 1.1–4.2 eV, the MCD spectrum consists of two broad maxima of opposite sign with
the characteristics depending on the implantation dose and the measurement temperature. The MCD spectra
analysis allows one to show that the higher-energy maximum (at 3.34–3.48 eV depending on the dose) is related
to the surface plasmon resonance (SPR) excitation in pure Ni nanoparticles, while the lower-energy maximum
(at 2.19–2.73 eV depending on the dose) should be associated with the SPR excitation in core-shell nanoparticles.
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I. INTRODUCTION

Nowadays, the formation of magnetic metal nanoparticles
in ionic matrices and glasses is an area of very active research
(e.g., Refs. 1–4) driven by a great number of new effects
found in nanoscale magnetic systems5–7 and their technical
importance.8 Ion implantation is a prospective technology to
fabricate new materials with nanoparticles and to change effec-
tively the surface properties of a sample.9 The history of the ion
implantation technique application for the synthesis of metal
nanoparticles in dielectrics dates back to 1973, when Davenas
with coauthors pioneered this method to create small particles
of various metals in LiF and MgO ionic crystals.10 Since then,
it has been widely used for the formation of nanoparticles,
mainly noble metals in dielectric matrices, in order to obtain
new composite materials for the magnetic recording industry
and the creation of high-speed optical devices with record
high values of nonlinear optical parameters.11–16 This method
allows creating materials that combine the magnetic properties
and transparency in the visible spectrum, which may be of
interest not only for magnetic recording and nonlinear optics,
but also for new combined magneto-optical materials. From
the last point of view, magneto-optical properties of ensembles
of magnetic nanoparticles attract considerable attention.

One of the interesting aspects of these investigations is
associated also with the possibility of the surface plasmon
oscillations in small metal nanoparticles and their effect in
magneto-optical properties, in particular, for Ni particles.17

Up to now, the main efforts of the implanted Ni nanoparticles’
investigations have been concentrated on the magneto-optical
Kerr effect18,19 (KE). The application of magneto-optical
effects in the transmitted light [Faraday rotation and magnetic
circular dichroism (FR and MCD, correspondingly)] for such
types of Ni nanostructure systems is now at the initial stage.
To evaluate the magneto-optical efficiency of a nanomaterial,
knowing its behavior in an external magnetic field as well as
the magnetic nanoparticles’ morphology is also of importance.

Based on the above statements, we devoted the study
to morphology, magnetic, and magneto-optical properties of
ensembles of Ni nanoparticles fabricated in the SiO2 matrix
by low-energy Ni+-ion implantation. Much attention is given
to MCD, one of the most powerful magneto-optical effects20

that has not been investigated earlier for such systems with Ni
nanoparticles.

The paper is organized as follows. In Sec. II, the description
of the sample preparation and experimental techniques is
given. In Sec. III, experimental TEM data are presented and
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discussed. Section IV deals with the measured temperature
and magnetic field dependencies of the static magnetization.
In Sec. V, attention is focused on MCD spectroscopic studies
of the samples implanted with different doses.

II. EXPERIMENT

The samples were prepared by implanting fused silica glass
plates with 0.5 × 1017, 0.75 × 1017, and 1 × 1017 Ni+/cm2

(samples D1, D2, D3, respectively) at 40 keV using an ILU-3
ion-beam accelerator in vacuum of 10−5 Torr.15,21 A sample
holder was cooled by flowing water and the current density
was maintained at lower than 8 μA/cm2 in order to avoid
heating of the sample during the implantation process.

The magnetization temperature and field dependencies
were studied with the Quantum Design Magnetic Property
Measurement System MPMS XL in the temperature interval
5–300 K. The magnetic field up to 2 T was directed parallel to
the sample plane.

Electron-microscopy studies were conducted at the Elec-
tron Microscopy Laboratory of the Joint Center of Siberian
Federal University using a JEOL JEM-2100 (LaB6) transmis-
sion electron microscope (TEM) operating at 200 keV and
equipped with an energy dispersive x-ray spectrometer Oxford
Instruments INCA x-sight. Selected-area electron diffraction
(SAED) was used to determine the lattice structure and the
lattice constant of the nanoparticles. Cross-section specimens
for TEM were prepared by cutting thin slices of the implanted
samples, gluing them face to face with an epoxy resin, and then
using conventional methods involving grinding and polishing
the samples to a thickness of 10–15 μm. Finally, Ar+-ion
milling was used at an incident ion angle of 6◦ from both
sides of the specimen to make it electron transparent using a
Gatan PIPS Model 691 at an operating voltage of 5 keV.

MCD and FR were measured in the normal geometry: the
magnetic vector and the light beam were directed normal to the
sample plane. The azimuthal modulation of the polarization
plane orientation of the incident light wave was used for
the FR measurement. The FR angle αF was measured in
the spectral range 1.2–3.8 eV in magnetic field changing
from −0.3 to 0.3 T with an accuracy of ±0.2 min. The
modulation of the state of the light wave polarization from
the right-hand to the left-hand circular polarization was used
for MCD measurement. The modulator was made of a fused
silica prism with a glued piezoelectric ceramics element.
The prism is of 100 × 15 × 10 mm3 in size with horizontal
long axis. In the absence of an acoustic excitation, the prism
is optically isotropic. When the ac voltage of frequency ω

corresponding to the eigenfrequency of the system is supplied
to the piezoelectric ceramics, an elastic standing wave will
be excited in the quartz prism. Linearly polarized light with
the polarization plane turned to an angle of 45◦ relatively the
horizontal prism axis falls on the prism. At the exit of the
prism, the light wave will acquire circular polarization when
a standing acoustic wave is excited in it. This polarization
changes from the right- to the left-hand circle during one period
of acoustic vibration of the prism. In the case of a sample
possessing MCD, its absorption coefficients are different for
the right- and left-hand circular polarized light waves with
respect to the magnetic moment direction of a sample. As

a result, the light flux having passed through the sample
and reaching a photomultiplier has a modulated intensity.
The MCD value was measured as the difference between
the photomultiplier voltages for two opposite directions of
an applied magnetic field in the spectral range 1.1–4.2 eV
in a magnetic field of up to 0.35 T in the temperature range
95–300 K. The measurement accuracy was about 10−4, and
the spectral resolution was 20–50 cm−1 depending on the
wavelength.

FR of the SiO2 matrix was taken into account: the FR value
of Ni nanoparticles was determined as a difference between the
spectra recorded for the Ni+-irradiated sample and the initial
SiO2 matrix. The measured MCD spectra, according to their
definition, are due to magnetic particles only; the transparent
substrate does not contribute to this effect.

III. SAMPLES MORPHOLOGY

Transmission electron microscopy was performed on the
ion-implanted samples. The cross-section bright-field TEM
images of the samples D2 and D3 (Fig. 1) show isolated
nickel nanoparticles with diameters from 2 to 16 nm. The
image magnification allows seeing distinctly the core-shell
morphology of the nanoparticles [Fig. 1(b)]. The dark-field
TEM image [Fig. 2(b)] evidences that all crystalline Ni
amounts are concentrated in the shell area of the nanoparticles.
Hence, in this case, one can determine them as the “hollow”
Ni nanoparticles, keeping in mind nanovoids consisting of the
matrix material (SiO2) and containing no crystalline Ni. The
shape of the particles (both shells and voids) is seen to be close
to a spherical one, which is confirmed by the preservation of
the particles’ sphericity when the samples are tilted at different
angles (up to ±30◦) relative to the electron beam propagation
direction.

The elemental composition determined by energy disper-
sive x-ray spectroscopy supports the presence of nickel in
the irradiated layer and its absence outside the implantation
modified region. The total thickness of the modified region in
SiO2 is about 65 ± 5 nm. The set of diffraction reflections
in the selected-area electron diffraction pattern [Fig. 2(a)]
obtained from the area containing nanoparticles corresponds to
the face-centered-cubic (fcc) structure (space group Fm-3m)
with a lattice constant: a = 3.52 ± 0.01 Å, which is char-
acteristic of the equilibrium phase of bulk Ni [PDF 4 + ,
card #00-004-0850]. The nickel nanoparticles are located at
a depth of 10–15 nm under the sample surface in a thin layer
of 30–35 nm thick in sample D2, and at a depth of 5–10 nm

FIG. 1. (Color online) Bright-field TEM images of the cross
sections of the samples: D2 (a) and D3 (b).
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FIG. 2. SAED pattern (a) and dark-field TEM image (b) of the
sample D3.

under the sample surface in a thin layer of 35–40 nm thick in
sample D3 (Fig. 1).

The core-shell morphology of metal nanoparticles fabri-
cated with the ion implantation technique was observed by sev-
eral authors.22–25 In particular, core-shell nanoparticles were
demonstrated in Ref. 22 when studying Fe-Al/SiO2 granular
solids: the same doses of Fe and Al ions (1.5 × 1017/cm2)
were sequentially implanted at room temperature into fused
silica, at energies of 110 keV for Fe and 50 keV for Al. By
implanting first the Al ions and later Fe ions, 5–40 nm core-
shell crystalline nanoparticles were formed with the lattice
parameter corresponding to that of the α-Fe. By changing the
implantation order, 10–15 nm core-shell nanoparticles of a
body-centered-cubic (bcc) Fe-based phase with a lattice 2.5%
smaller than that of α-Fe were formed. More than that, in
the Al-Fe samples, the core-shell nanoparticles had several
cores, while in the Fe-Al one there were single-core clusters.
It is worth noting that usually such particle morphology is
associated with the sequential implantation of two different
metals: Fe and Al as in Ref. 22, Ag and Cd as in Ref. 23,
Pd and Cu, Pd and Ag, Pd and Fe as in Ref. 24, or Cu
and Ag as in Ref. 25. Some authors compared nanoparticle
morphology for one-step and two-step implantation processes
and noted that in the case of the single-element implantation,
the spherical homogeneous nanoparticles were formed in the
silica-implanted area.20 On the other hand, particles containing
nanovoids were observed in the silica samples implanted
with large doses of the high-energy (200 keV) Ag+ ions.26

Moreover, high-energy ions were used also by most of

the authors when samples with two different metals were
implanted.

The origin of core-shell or hollow nanoparticle formation
is questionable now. The mechanism is considered more
frequently25,26 and is associated with the high-density vacan-
cies’ formation when the initially formed nanoparticles were
irradiated by subsequently implanted ions, knocking out atoms
from the particles. The vacancies can aggregate into nanovoids
driven by the heat produced by the collision cascades. A study
is in progress to investigate the mechanisms of the core-shell
nanoparticles’ formation in silicon substrate implanted with
low-energy and low-dose Ni+ ions.

The particles’ diameter distribution histograms are shown in
Fig. 3 for samples D2 and D3. The histograms were determined
from several bright-field TEM images over a total number of
137 and 251 particles for samples D2 and D3, correspondingly.
The histograms were fitted using a log-normal distribution of
the particle diameter:

f (D) = (2πσ 2)−
1
2

1

D
exp

(
−

ln2
(

D
〈D〉

)
2σ 2

)
. (1)

From (1), we obtained the median particle diameter 〈D〉 to
be equal to 6.7 and 7.8 nm (6.7 × 10−7 and 7.8 × 10−7 cm) for
the samples D2 and D3, correspondingly. The corresponding
particle median volumes 〈V 〉 = π

6 〈D〉3e9σ 2
are 5.6 × 10−19

and 9.5 × 10−19 cm3 for these two samples, respectively.
The nanoparticles’ core- and outer-shell diameter distributions
are also shown together with the log-normal outer-shell
diameter distribution. Note that the larger particles only
contain “hollows” while the smaller particles are solid. The
count of the solid particles exceeds the count of the core-shell
particles; the mean size of the core-shell particles exceeds
the mean size of the solid particles. For this reason, the size
distribution curves are different for the whole set of particles
[green (light gray) solid lines in Fig. 3] and the core-shell
particles [red (gray) solid lines in Fig. 3]. For both samples D2
and D3, the maximal number of the core-shell particles has
the same core diameter 3 nm. It is possible that it is due to the
implantation energy.

FIG. 3. (Color online) Histograms of diameter distribution: of all nanoparticles, both solid and core shell (black bars); cores [orange (gray)
bars] and core-shell nanoparticles [yellow (light gray) bars] for the samples D2 (a) and D3 (b) obtained from the TEM images and adjusted by
log-normal curves for the nanoparticles [green (light gray) solid lines] and outer-shell surfaces [red (gray) solid lines].
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IV. MAGNETIZATION FIELD AND
TEMPERATURE DEPENDENCIES

Previously, using ferromagnetic resonance (FMR), we have
shown that the samples implanted with nickel have easy-plane
anisotropy,27 which is typical for many planar ensembles
of magnetic nanoparticles that are observed experimentally
with different techniques and considered theoretically (e.g.,
Refs. 27–34). The easy-plane magnetization curves are close
in shape to the Langevin curve describing magnetization of an
ensemble of superparamagnetic particles:35

M = NμV L, (2)

where

L = coth
μV H

kBT
− kBT

μV H
, (3)

N is the number of particle, μ and V are the particle
spontaneous magnetization and the mean volume, accordingly,
kB is the Boltzmann constant, T is temperature, and H is the
external magnetic field. A similar picture is observed for other
samples.

The best fits of Eqs. (2) and (3) to the experimental
dependencies M(H ) shown in Fig. 4 give the μV values
presented in Table I. Only for sample D1 synthesized with
lower implantation dose, the M(H ) dependence is absolutely
typical for superparamagnetic case (curve 1 in Fig. 4). For two
other samples, the experimental curves (2 and 3 in Fig. 4)
deviate from the classic Langevin curve. Such deviations
were observed several times by other authors for different
nanoparticle systems (see, e.g., Refs. 22,36, and 37). For
instance, the magnetite fine particles behavior was analyzed in
Ref. 37 using static magnetic measurements of particles both
in the form of powder and dispersed in liquid and solid media.
The magnetization curve deviations from the pure Langevin
type were estimated with the help of the field dependence of
the magnetic susceptibility χ (H ) obtained from M(H ) curves

R = 1 −
∫ Hmax

0 χexpt(H )dH∫ Hmax

0 χLangevin(H )dH
, (4)

FIG. 4. (Color online) Room-temperature magnetization curves
of samples D1–D3, curves 1–3, correspondingly. Solid lines are
Eqs. (2) and (3), the best fits to the experimental curves.

where χexpt(H ) and χLangevin(H ) are the experimental depen-
dence and theoretical curve obtained by fitting the exper-
imental points in the magnetic field values exceeding the
field value corresponding to the susceptibility maximum.
Following Ref. 37, we have evaluated the deviations in
magnetic properties of the samples investigated from the pure
Langevin type as R = 0.0009, 0.0099, and 0.0178 for samples
D1–D3, correspondingly.

The magnetization temperature dependencies M(T )
recorded in a relatively low magnetic field for field-cooled
(FC) and zero-field-cooled (ZFC) regimes of the sample cool-
ing demonstrate the difference typical of superparamagnetic
substances (Fig. 5). In ZFC curves, the peaks characteristic
of superparamagnetic systems are observed at temperatures of
25, 40, and 70 K for samples D1, D2, and D3, respectively.
The center of gravity of these peaks corresponds to the mean
blocking temperatures Tb,mean of each sample. The width of the
peak reflects the distribution of blocking temperatures of each
sample due to the distribution of particle size (see Fig. 3). For
the simplest case of uniaxial single-domain nanoparticles,35

Tb = KeffV

25kB

, (5)

where Keff is the effective anisotropy constant. The Keff values
estimated according to Eq. (5), with Tb determined as the
temperature of the ZFC curves’ maximum position (Fig. 5),
are presented in Table I. These values exceed approximately
by two orders of magnitude the bulk Ni anisotropy second
constant.24 The effective anisotropy is especially high for
sample D1 with the smallest nanoparticles. The observations
correlate with data of several authors who showed that
magnetic anisotropy of small particles was larger than that of
the bulk samples because of the symmetry loss at the particle
surface (e.g., Refs. 38 and 39). Note that the shape of the
M(T ) curve at temperatures exceeding Tb corresponds to the
pure superparamagnetic case for sample D1 only. For samples
D2 and D3, this shape deviates from the superparamagnetic
type just like the M(H ) curves (Fig. 4, curves 2 and 3).

At temperatures lower than Tb, hysteresis loops occur
(Fig. 6) with the coercive field (Hc) increasing gradually when
the temperature decreases. At T = 5 K, Hc is about 0.025 T
and the remanent magnetization Mr equaled approximately
0.5 of the saturation magnetization value Ms (Fig. 5). So,
at low temperatures, nanoparticles in each sample are in the
frozen state, and the Hc and Mr values are determined by
the distribution of their in-plane anisotropy easy axes. The

TABLE I. Characteristics of Ni nanoparticles’ ensembles.

D1 D2 D3

Particles mean diameter (10−7 cm) ∼3 6.7 7.8
Particles mean volume (10−19 cm3) 5.61 9.47
Maximal core diameter (10−7 cm) 4 6
Core-shell particles mean diameter 8.2 9.8
(10−7 cm)
μ〈V 〉 (10−17 G cm3) 0.59 2.85 7.77
TB (K) 25 40 70
Keff (105 erg/cm3) 2.46 2.55
R (deviation from Langevin behavior) 0.0009 0.0099 0.0178
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FIG. 5. (Color online) Experimental FC and ZFC magnetization
temperature dependencies for samples D1–D3, curves 1–3, respec-
tively, recorded in the magnetic field 0.02 T in the course of sample
heating.

deviation of the experimental M(H ) and M(T ) curves from
the classic superparamagnetic behavior becomes more evident
with the implantation dose increase (Figs. 4 and 5).

Deviations of the fine-particle system magnetization
behavior from the Langevin-type dependence were observed
by many authors, and the interparticle interactions were
considered more often to be responsible for such a deviation
(e.g., Refs. 37,40–44, and references herein). Estimating
qualitatively the influence of interparticle dipole-dipole
interactions on the particle ensemble magnetic behavior, the
authors of Ref. 37 proceeded from the energy E of a particle
within the system:

E = KeffV

2
+ μ0

2π

m2

d3
+ μ0mH, (6)

where the first term is the magnetic crystalline anisotropy
energy (EK ) of a particle material, the second term is the
dipole-dipole interaction energy (Ed-d ) between the particles,
and the third term is the energy of interaction between the mag-
netic dipole and the external magnetic field (EH ), d is the mean
distance between the magnetic moments corresponding to each
particle, μ0 is the absolute permeability of vacuum, and m =
μV . To rotate the magnetic moment of a particle to the external

FIG. 6. (Color online) Hysteresis loops 1–3 for samples D1–D3,
correspondingly, measured at T = 5 K in the plane geometry.

magnetic field direction, the mean magnetic energy should be
larger (or, at least equal) compared to the sum of EK and Ed-d :

EH � EK + Ed-d . (7)

Under this condition, the nanoparticle behavior in the
magnetic field will follow the Langevin law.

As to our samples, we shall estimate the role of dipole-
dipole interaction using calculated Keff and μ = 58.57 ±
0.03 emu/g (Ref. 45) for Ni and taking nanoparticle character-
istics V and d from the electron microscopy images. A simple
calculation according to Eq. (5) gives EK = 6.9 × 10−14 erg
and Ed-d = 1 × 10−15 erg for the sample D2 and EK =
1.2 × 10−13 erg and Ed-d = 3 × 10−15 erg for the sample
D3, that is, the interparticle interaction energy is essentially
lower comparing to the crystalline anisotropy energy. So, the
interparticle interaction can hardly be considered as the main
mechanism affecting in the deviation of the magnetization
temperature dependence from the Langevin behavior.

It is generally accepted that, at the surface of the particles,
the broken translation symmetry and the lower coordination of
magnetic atoms strongly affect the particle magnetic behavior
(e.g., Ref. 46). In particular, anisotropy energy per atom at
the surface can be two or three orders of magnitude larger
than that in a bulk crystal, causing an anisotropy enhancement
in the whole nanoparticle.38,39,47,48 The role of surface should
increase for the core-shell nanoparticles because of the larger
proportion of the lower coordinated spins located at the inner
and the outside surfaces of the shell. Studying the core-shell
maghemite nanoparticles, the authors of Ref. 49 made an
estimation of the anisotropy energy per unit volume which
appeared to be one order of magnitude larger than that of
solid nanoparticles, and two orders of magnitude larger than
that of the bulk maghemite. As it was shown above, the Ni
nanoparticles’ anisotropy determined with the help of the
ZFC magnetization temperature dependence (Fig. 5) and the
average particles’ volume (Table I) exceeded approximately by
two orders of magnitude the bulk Ni single-crystal anisotropy.
The finding correlates well with the results of Ref. 49. Note
that the core-shell nanoparticles in our samples coexist with
the solid nanoparticles. It will lead to the dispersion of
the particle anisotropy values affecting the magnetization
temperature dependence deviation from that for the pure
superparamagnetic case.

V. MAGNETO-OPTICS

FR spectra of the samples investigated (Fig. 7) demonstrate
strong, broad maximum centered near 3 eV and shifting
slightly to lower energies with the implantation dose increase.
In the spectral interval 1.7–2.0 eV, FR changes sign. The point
where FR passes through zero also shifts to lower energies with
the implantation dose increase. MCD spectral dependencies
for the D1–D3 samples are presented in Fig. 8. Two distinct
extremes are seen in the MCD spectra: one negative centered
near 2.0 eV and the second positive centered in the vicinity of
3.5 eV. MCD changes sign in three energy intervals: near
1.25, at ∼3.1–3.4, and near 4.0 eV. At that, the middle
zero-crossing point (∼3.1–3.4 nm) as well the negative and
positive MCD maximum positions shift to lower energies with
the implantation dose increase similar to the characteristic

115435-5



I. S. EDELMAN et al. PHYSICAL REVIEW B 87, 115435 (2013)

FIG. 7. (Color online) Room-temperature FR spectral dependen-
cies of samples D1–D3, curves 1–3, respectively, in the magnetic
field 0.3 T.

points in the FR spectra. The middle MCD zero-crossing point
(∼3.1–3.4 nm) corresponds to the maximum position in the
FR spectra in accordance with Kramers-Kronig relations (e.g.,
Ref. 50, “section 7.10”).

The implanted samples FR spectra differ essentially from
that of the continuous Ni film, presented in the classic work
(Ref. 51): FR of Ni films measured in the magnetic field
directed normally to the film plane was characterized by
maximum near 1.2 eV followed by the gradual reduction at
the light wavelength decrease. We failed in searching MCD
data for the Ni films in literature and made measurements in
specially prepared Ni film of 20 nm in thickness. The MCD
spectrum obtained for this film (Fig. 9) seems to consist of
two broad overlapping bands centered at approximately 1.7
and 3.2 eV. Near energy 1.3 eV, MCD changes sign. The Ni
film MCD spectrum resembles in shape the polar Kerr effect
(PKE) spectrum of the polished bulk Ni samples52–54 and thin
Ni films presented in Refs. 18,51,55–59 with two maxima (of
negative sign) at approximately 1.5 and 3.2 eV and the sign
changes near 1 and 4 eV. Note that the PKE spectra obtained
by different authors both for the bulk Ni and thin Ni films,
including our film, correlate with each other very well.

The coincidence of the Ni film MCD spectrum (Fig. 8) and
the PKE spectra presented in the above-mentioned references

FIG. 8. (Color online) MCD spectra for samples D1–D3 at
T = 300 K, and for D2 at T = 95 K. H = 0.3 T.

FIG. 9. Room-temperature MCD spectrum of the continuous Ni
film of 20 nm thick, H = 0.3 T.

is not surprising: both effects are mainly due to the imaginary
part of the nondiagonal component ε′′

xy of the dielectric tensor
ε̂ that can be written for the case of a sample with spherical or
cubic symmetry and magnetic field directed along the z axis
as

ε̂ =

⎡
⎢⎣

εxx iεxy 0

−iεyx εyy 0

0 0 εzz

⎤
⎥⎦ . (8)

At that, the components εxx = εyy ; εzz can differ from
two first-diagonal components when the substance possesses
magnetic linear birefringence and dichroism. The real (ε′

xx)
and imaginary (ε′′

xx) parts of the diagonal components are
associated with the complex refractive index η = n − ik by
the expressions ε′

xx = n2 − k2, ε′′
xx = 2nk. The imaginary

part of the nondiagonal component ε′′
xy is responsible for

the difference in the absorption of right- and left-circularly
polarized light.

The origin of the features in the PKE spectra of the con-
tinuous Ni films and polished bulk samples are questionable
up to now. The shape of the PKE and ε′′

xy spectra calculated
by different authors (see Refs. 60 and 61 and references
within) correlates fairly well with the experimental ones in
the interval ∼0.5–3.5 eV. But, the maxima in the calculated
spectra have larger amplitudes than the experimental ones,
and the peak positions are shifted toward higher energies. At
higher energies, the disagreement between the calculated and
experimental PKE spectra becomes more pronounced (Fig. 5
in Ref. 61). As far as the origin of the maxima is concerned,
they were attributed, in general, to interband and intraband
electron transitions. For instance, in Ref. 51, they were
attributed to the electron transitions between the minority-
and majority-spin bands at different symmetry points: the
minority-spin transitions were supposed to produce the first
negative (0.5 eV) and the second (3.2 eV) positive peaks in
the PKE spectrum, and the majority-spin transitions the first
positive (1.5 eV) and the second negative (4.5 eV) peaks.

When changing the course of the discussion from the bulk
metal to this metal nanometric particle, one will think on the
possibility of the surface plasmon resonance (SPR) excitation.
SPR excitation, first put forward by Mie,62 is one of the
mechanisms considered by many authors to be responsible
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for the peculiarities in the optical spectra of small metal,
mainly noble, particles (e.g., Refs. 63 and 64). Several authors
observed peculiarities being due to SPR excitation in the
optical absorption spectra of the Ni nanoparticle ensembles in
different matrices. The absorption spectra of Ni nanoparticles
synthesized in the SiO2 matrix under the conditions most
similar to our case were presented in Refs. 65 and 66. Two
prominent maxima were observed in the spectrum at the light
wave energies of 3.6 and 5.8 eV in Ref. 65. In Ref. 66, a
shoulder at ∼3 eV and peak at ∼6 eV were observed. The
lower-energy peak (3.6 or 3.3. eV) was attributed to the
SPR absorption in both papers, while the second one was
explained as having originated from the interband transition
L′

2 → L1 in Ref. 65 and as being of the unknown nature
in Ref. 66. Similar peculiarities in the absorption spectra of
Ni nanoparticles grown in silica glass by annealing sol-gel
prepared silicate matrices doped with nickel nitrate were
obtained in Ref. 67: at energy 3.47 eV, which was associated
with SPR excitation, and at 6 eV, which was considered as
light absorption by NiO clusters dispersed in the silica matrix
in accordance with the results of Refs. 68–70. Besides, two
more features were seen in the absorption spectra at 1.97
and 2.35 eV. They were attributed to the light absorption by
Ni2+ ions in tetrahedral coordination according to Refs. 68
and 71. In Ref. 67, it was also shown that the width of the
SPR absorption band decreases with the temperature decrease
and with the particle-size increase. Note that the nanoparticle
ensembles prepared by the sol-gel technique are characterized
by significantly narrower particle-size distribution compared
to that in the ensembles fabricated with the ion implantation.
This circumstance can explain why some of the absorption
peaks are not observed in the ion-implanted samples65,66 and
others are broader compared to the samples prepared by the
sol-gel method.

Since the magneto-optical technique is more sensitive
compared to optical absorption, one can expect that MCD
and PKE maxima can be distinctly observed in the spectral
regions where the absorption peaks are smoothed because of
their overlapping. At least two papers are available in literature
dealing with magneto-optical spectra of Ni nanoparticles
embedded in dielectric matrix.18,72 The PKE spectrum of
nickel nanoparticles (2.9 nm of mean diameter) in silica
glasses (SiO2) fabricated by the implantation of Ni negative
ions of 60 keV is presented in Ref. 18 and MCD spectra
of colloidal liquid dispersions of Ni nanoparticles with the
size equal or below 15 nm synthesized by a ligand stabilized
solution-phase synthesis are considered in Ref. 72. Due to the
high opaqueness of the samples in the higher-energy interval
of the spectrum, MCD was recorded72 in a narrower spectral
interval (∼1.5–3.2 eV) compared to the PKE spectrum.18 In
this interval, MCD and PKE spectra coincide totally with
each other like the continuous Ni films considered above and
differ essentially from the spectra of a continuous Ni film
(compare Figs. 3 and 4 in Ref. 18). The spectra presented
in this interval by a broad nonsymmetrical maximum cover
the whole interval. The maximum position, 3.2 eV, is very
close to the SPR peak position observed for Ni nanoparticles
by several authors (e.g., Refs. 65,66,73, and 74). Additional
peaks are seen in the Ni nanoparticles’ PKE spectrum at
∼4 eV (negative) and 5.4 eV (positive).18 The nature of

the MCD maximum at 3.2 eV is not discussed in Ref. 72.
The PKE spectrum is considered in Ref. 18 as a sum of
size-sensitive free-electron contribution and size-insensitive
bound-electron contribution. The authors of Ref. 18 calculated
PKE spectra of Ni nanoparticles depending on the particle
dimension using the Lissberger and Saunders approach75

for the free-electron contribution with the inclusion of the
bound-electron contribution. They obtained, in particular, the
moderate red-shift of the spectrum with the particle-size
decrease (Fig. 5 in Ref. 18).

Discussing MCD spectra of the Ni-implanted samples
investigated, one can note their difference from both MCD
and PKE spectra of the continuous Ni films and the solid
Ni nanoparticles. It seems to be reasonable to attribute the
difference to the core-shell nanoparticles’ morphology.

Generally, MCD spectral dependence of the electron tran-
sition from a to j state (further, we shall omit indices a → j at
the corresponding values such as ωa→j , and so on) is described
by the expression76

θ = −4π

h̄c
N

[
A

4ω0ω
3
(
ω2

0 − ω2
)
γ

h̄
[(

ω2
0 − ω2

)2 + ω2γ 2
]2

+
(

B + C

kT

)
ω3γ(

ω2
0 − ω2

)2 + ω2γ 2

]
Mz(H ), (9)

where h̄ is the Planck’s constant, c is the light speed, N is a
number of the active centers, A, B, C are the parameters de-
termined by the electron transition matrix elements, Mz is the
magnetization component (depending on the magnetic field H )
along the direction of the light wave propagation, k is
Boltzmann constant, T is temperature, ω0 is the frequency
of the transition from the ground to the excited state, ω is the
current frequency, and γ is the linewidth of the transition.
The term A arises from transitions involving degenerate
excited states, its shape corresponds to a first derivative of
an absorption line, i.e., MCD equals zero at the energy of the
absorption maximum. The term B arises from magnetically
induced mixing of no degenerate states, and the shape is similar
to that of the absorption band. Both A and B terms do not
depend on temperature. The term C arises from transitions
involving degenerate ground states; this term depends on
temperature and is determined by the difference of the
population of the ground-state splitting components. A, B,
and C are called diamagnetic, mixing, and paramagnetic terms,
correspondingly.

Comparing temperature dependencies of different terms
in (9) with the intensities of the MCD maxima observed in
the samples investigated (Fig. 8), we can consider MCD to be
of the paramagnetic character. The shape of the paramagnetic
MCD spectrum depends on the ratio between the optical
absorption band width (γ ) and its splitting (ω0+ − ω0−) under
the action of a magnetic field or spontaneous magnetization.
In the case (ω0+ − ω0−) � γ , the bell-shaped MCD maxima
should be observed at wavelength energies very close to the
absorption maxima energies. One of the possible scenarios
explaining the observed MCD spectra is based on the associa-
tion of positive and negative MCD maxima with the different
absorption bands. To realize it, we made the deconvolution of
experimental MCD spectra to separate Gaussian components.
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TABLE II. Parameters of Gaussians best fitted to the experimental curves.

G1 G2 G3 G4

Sample E (eV) I × 10−4 � (eV) E (eV) I × 10−4 � (eV) E (eV) I × 10−4 � (eV) E (eV) I × 10−3 � (eV)

D1 (T = 300 K) 1.1 1 0.48 2.73 −18 1.72 3.48 10 1.24 6 −10 1.66
D2 (T = 300 K) 1.06 6 0.51 2.45 −45 2.02 3.34 23 1.18 6 −15 1.64
D2 (T = 90 K) 1.1 7 0.49 2.5 −63 2.28 3.61 44 1.23 6 −20 2.41
D3 (T = 300) K 1.09 7 0.45 2.19 −54 2.21 3.34 24 1.15 6 −20 1.57

The best fit of the experimental curves to the calculated
sums of four Gaussians (G1–G4) was obtained with the
Gaussian parameters collected in Table II. Peaks G1 and G4 are
situated beyond the spectral interval of investigation, but their
insertion was necessary to describe the experimental spectrum
adequately. An example of the fitting is shown in Fig. 10 for
sample D2. To fit MCD curves, the energy of peak G4 was
fixed as 6.0 eV according to Refs. 65–67 and its intensity was
limited by the value exceeding that of the G2 peak intensity not
more than three to five times. All parameters of peaks G1−G3
and the width of peak G4 were varied. Note that the sum of the
G2 and G3 peak modules will be centered near the energy 3 eV.
This energy value is close to the peculiarity energy observed
in the absorption spectra in Refs. 65–67, which was ascribed
to SPR excitation.

The analyses of the G2–G3 peak parameters obtained
show the increase of intensity with the dose increase and
with the temperature decrease. The last circumstance approves
the paramagnetic character of these peaks. The peak width
increases for G2 and decreases for G3 with the implantation
dose increase. Peak G2 shifts significantly to the lower
energies with the implantation dose increase (2.73, 2.45,
2.19, correspondingly). Peak G3 shifts only slightly when
coming from the D1 to D2 sample, and does not change
at the further dose increase; its position coincides with
the SPR position presented in Ref. 67. Thus, this peak
originated, more probably, from the SPR excitation in solid
nanoparticles. Not only its position but also its narrowing with
the temperature decrease favors such a relation. The fact that
MCD changes sign at ∼4 eV evidences the existence of the
MCD negative maximum (and, consequently, the absorption

FIG. 10. (Color online) The deconvolution components G1–G4,
summation curve (dashed line), and the experimental curve (black
bold line) for sample D2 at T = 300 K.

maximum) at higher energies. Indeed, the narrow negative
peak was observed in the PKE spectrum of Ni implanted
in SiO2 nanoparticles.18 Note this peak position to be very
close to an analogous peak position in thin Ni film18 and bulk
crystals.50,52 It can be associated with a strong absorption band
near 6 eV observed in Refs. 65 and 66 and attributed there to
the bound electron absorption. Finally, the broader negative
maximum at ∼2.5 eV can reasonably be attributed to SPR in
the core-shell Ni nanoparticles. The surface-mediated surface-
plasmon resonance conditions were presented in Ref. 77
for composites of nanospheres which consisted of a core
and shell, in particular, a metallic shell and dielectric core
suspended in a dielectric medium. General expressions were
given in Ref. 78 for the local-field enhancement, absorption,
and nonlinear optical response in metal-coated nanoparticles
depending on the particle core-shell ratios. The absorption
spectra of nanoparticles consisting of metal shell and nonmetal
core were investigated experimentally and theoretically for
gold-coated nanoparticles.79 The authors observed two bands
in the absorption spectrum of the samples containing pure
gold nanoparticles and gold-coated Au2S nanoparticles. The
relatively narrow band at higher energy independent of the
particles’ size was associated with SPR in the pure gold
particles, while the lower-energy broader peak shifted along
the energy axis depending on the core-shell ratio was attributed
to SPR in the coated particles. MCD spectra in our samples
correspond qualitatively to the results of the cited papers: the
SPR bands associated with the metal-coated nanoparticles are
centered at lower energies comparing to the SPR band in the
solid (pure metal) nanoparticles; its energy position depends
on the core-shell radii ratio and shifts to higher energy as this
ratio decreases.

Using the approach of Ref. 77, we estimated the dispersion
of the electric-field magnitude associated with the core-shell
nanoparticles in our samples according to the formula

E1 = 9ε2ε3

ε2εa + ε3εb

E0(cos θ êr − sin θ ê0), (10)

where r1 and r2 are the spherical core and shell radii,
correspondingly, ε1, ε2, ε3 are dielectric permittivities of the
inner sphere, the shell, and the outer suspending medium,
θ is the angle between the generated field direction and the
incident-field polarization direction,

εa = ε1(3 − 2P ) + 2ε2P,

εb = ε1P + ε2(3 − P ), (11)

P = 1 − (r1/r2)3.

E0 is the field far from the particle.
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FIG. 11. (Color online) Magnitude of the electric-field ratio
E1/E0 in the core region depending on the light energy with the
r1/r2 ratio as a parameter. The curves for r1/r2 = 0.4 and r1/r2 close
to zero are marked out with bold.

The inner sphere was supposed to consist of SiO2 just as
the outer suspending medium with the dielectric permittivity
of 2.25, the Ni shell optical constants were taken from Ref. 80.
Values were taken from the TEM images’ analysis.

The obtained resonant behavior of the electric-field ratio
E1/E0 in the core region as a function of the electromagnetic
wave energy with the ratio r1/r2 as a parameter is shown in
Fig. 11. Note the value r1/r2 = 1 corresponds to the spherical
pure dielectric particle (without the metal shell), and the value
r1/r2 = 0 corresponds to the spherical metal particle (without
the dielectric core). It is seen that for the core-shell particles
with the r1/r2 ratio close to ∼0.4, characteristic for samples D2
and D3, the electric-field resonance is expected to take place at
about 2.5 eV. The narrower peak at about 3.5 eV corresponds
to r1/r2 close to zero, i.e., to the pure metal nanoparticles. Just
the same picture is observed in the experiment. So, the MCD
maxima can be associated with the SPR excitations in the pure
Ni and core-shell nanoparticles.

VI. CONCLUSION

In summary, we have presented morphology, magnetic,
and magneto-optical properties of the ensembles of Ni
nanoparticles fabricated with fast Ni+-ion implantation into
an amorphous fused silica (SiO2) substrate. The implantation
doses were 0.5 × 1017, 0.75 × 1017, and 1 × 1017 Ni+/cm2.
Using TEM of the cross section of a sample, we showed

that the implantation resulted in the formation of spherical
metallic nickel nanoparticles in the implanted surface layer.
The nanoparticles have the fcc structure with the lattice
parameters close to the bulk Ni, and their sizes vary from
2 to 16 nm depending on the implantation dose (amount of
introduced magnetic nickel). The larger particles were shown
to have core-shell morphology with the core containing no
Ni and consisting supposedly of SiO2, while Ni is gathered
in the shell. Generally speaking, the formation of core-
shell nanoparticles is not characteristic of the implantation
conditions used. The origin of such a phenomenon is discussed.
The core-shell nanoparticles essentially affect the magnetic
and magneto-optic properties of the composite samples. The
magnetic measurements showed that the nanoparticles are in
the superparamagnetic state at room temperature and passed
into “the frozen” state at different temperatures depending
on the implantation dose. But, the shape of the ZFC curve
coincides with that for pure superparamagnetic medium only
for the sample implanted with the lowest dose. To explain
the ZFC curve deviation from the classic superparamagnetic
type, we evaluated the possible contribution of the interparticle
interaction and showed this deviation to be due to the core-shell
particle structure rather than interparticle interaction.

In the spectral range 1.1–4.2 eV, we studied the effect
of the implantation dose on the MCD in a composite SiO2

layer containing implanted nickel nanoparticles. The shape
of the MCD spectra in the composite layer was found to
be strongly modified as compared to those of a specially
prepared continuous nickel film. MCD spectra of the implanted
samples consisting of two wide maxima of the opposite
sign were fitted by several Gaussians. The analysis of the
Gaussian parameters’ dependence on the implantation dose
and temperature allowed associating the lower-energy MCD
maximum with SPR excitation in the core-shell nanoparticles
and the higher-energy maximum with SPR excitation in the
pure Ni nanoparticles.
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