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A B S T R A C T   

Magnetic and magneto-optical properties of cobalt nanoparticles (Co-NPs) dispersed in a transparent dielectric 
SiO2 and semiconductor ZnO matrices have been investigated. Field and temperature dependences of the samples 
magnetization showed the typical behavior of an ensemble of superparamagnetic particles with a blocking 
temperature near and below room temperature. The spectroscopy of magnetic circular dichroism (MCD) in the 
visible and near-infrared light ranges has revealed a significant difference between the behavior of the Co-NPs 
and a solid Co film. It has been found that the MCD spectrum shape for the Co-NPs does not depend on the 
matrix type. The room temperature magneto-optical activity of the Co-NPs in the different matrices has been 
estimated as an indicator for practical applications.   

1. Introduction 

The study of ensembles of transition metal nanoparticles in dielectric 
or semiconductor matrices is a promising task for the development of 
high-speed optical and magnetic recording devices [1–3]. Therefore, the 
magneto-optical (MO) properties of such materials are of particular in
terest in this direction, despite the fact that little attention has been paid 
to them so far. It is known that the physical properties of magnetic 
nanoparticles differ from both bulk and thin-film structures. The size 
effect can sometimes lead to unexpected results. The structural, mag
netic and electron transport properties of cobalt nanoparticles (Co-NPs) 
have been widely studied [1,4-7]. The materials under study have 
exhibited promising physical properties for a wide range of applications. 
The MO effects such as Kerr and Faraday rotation for the Co-NPs in 
different dielectric matrices have been investigated previously [8–10]. A 
significant difference was found in the spectral dependencies of these 
effects compared to a solid Co film and is associated with the behavior of 
conduction electrons inside the particles. Besides, it was revealed that 
the MO spectra depend on the size and concentration of the Co-NPs. 
Thus, MO properties can be controlled by changing these parameters. 

The present work is devoted to the study of the Co-NPs using mag
netic circular dichroism (MCD) spectroscopy in the visible and near- 
infrared light ranges. MCD is the MO effect that observed in trans
mitted light and is characterizes the medium absorption [11]. This effect 
is more informative than the effects Kerr and Faraday, since it directly 
reflects the behavior of the off-diagonal component of the permittivity 
tensor. Besides, the MCD linearly depends on the sample magnetization 
and eliminates the contribution of a non-magnetic component (sub
strate/matrix). Two types of matrix were considered as a medium for the 
nanoparticles, namely dielectric (SiO2) and semiconductor (ZnO). This 
choice is justified by the fact that systems of Co–ZnO and Co-NPs in SiO2 
have been extensively studied for the past two decades [4-7,12-15]. 

High-hydrogenated Co-doped ZnO films have been investigated 
previously [16]. The study showed that due to the chemical reaction of 
H2 with ZnO, metallic cobalt is formed in the samples as a secondary 
phase. Based on the above, the high-hydrogenated Co-doped ZnO films 
were selected as one of the main research samples. A comparative 
analysis of the MCD data for the selected samples led to weighty 
conclusions. 
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2. Materials and methods 

Co-NPs in an amorphous SiO2 matrix were synthesized by Co+ ions 
implantation with energy of 40 keV. The current density in the ion beam 
was 1 μA/cm2. The ion dose was Q*1017 ions/cm2, where Q = 0.5, 1 and 
1.25. Implantation was carried out at room temperature in a vacuum 
with a residual pressure of 10− 5 Torr on an ion beam accelerator ILU-3 
[17]. The Co-NPs in SiO2 (CSO) with Q = 0.5, 1 and 1.25 will be further 
designated as CSO1-CSO3, respectively. 

The Co-doped ZnO (CZO) films were grown on glass substrate by the 
radio frequency (RF) magnetron sputtering system [16]. The films 
deposition was carried out at a total pressure of 30 mTorr and a forward 
RF power of 80 W in the atmosphere of Ar + 20% H2 and Ar + 30% H2 
mixed gas. The substrate temperature was 450 ◦C. Deposition time was 
20 min. The crystal structure and chemical composition of the films have 
been studied in detail [16]. The element-selective XANES spectroscopy 
at the Co K-edge (Fig. 1) revealed the presence of metallic cobalt in the 
samples [16]. In combination with data of X-ray fluorescent analysis 
(XRFA), the relative content of metallic cobalt in the films was calcu
lated (Table 1). It should be noted that the X-ray diffraction patterns for 
the obtained films exhibited diffraction peaks corresponding only to the 
ZnO lattice and did not show the presence of a secondary phase. 

Morphology of the CSO samples was studied using a high resolution 
transmission electron microscope (HRTEM) JEOL JEM-2100 (therm
ionic LaB6 cathode) with an accelerating voltage of 200 kV. Selected- 
area electron diffraction (SAED) was used to determine the crystal 
structure of the samples. Magnetic measurements were performed using 
a Quantum Design MPMS-XL7 EC SQUID magnetometer in the tem
perature range 5–320 K and magnetic field (H) up to 12 kOe applied 
parallel to the film plane. The total optical density (D) spectra of the 
samples were measured at room temperature with the SHIMADZU-3600 
instrument. The MCD spectra were measured in the normal geometry: 
the magnetic vector and the light beam were directed normal to the 
sample plane. The modulation of the polarization state of the light wave 
from the right-hand (D+) to the left-hand (D-) circular polarization 
relatively to the magnetic field direction was used. The MCD signal (ΔD) 
was measured as the difference between the optical densities of the right 
and left polarized waves in the transmitted light. The spectral range was 
1.1–4.5 eV. Magnetic field reached 12 kOe. The measurement accuracy 
was about 10− 4, and the spectral resolution was 20–50 cm− 1 depending 
on the wavelength. 

3. Results and discussion 

An example of the cross-section TEM image for the CSO2 samples is 
shown in Fig. 2 left. The isolated Co-NPs having a predominantly 
spherical shape with a diameter of 5–10 nm are observed well in the thin 
near-surface layer. The total film thickness was 55 nm while the cobalt 
nanoparticles were concentrated in the central region of the about 30 
nm. The particles density in the implanted layer increases with an in
crease in the implantation dose. The set of the diffraction reflections 
observed at the selected area electron diffraction pattern (SAED) (Fig. 2 
right) corresponds to the Co hexagonal close-packed (hcp) crystal 
structure (space group: P63/mmc; lattice constants: a = 2.507 Å, c =
4.0686 Å, PDF 4+ card #04-001-3273). The hcp phase for Co-NPs in 
SiO2 was characteristic for the as-implanted samples with energy of 35 
keV [18]. Analysis of the HRTEM images obtained from the CSO samples 
(see Fig. 2 left) shows that some of Co-NPs have a less dense core. This 
structure type is due to the Kirkendall effect. A similar morphology was 
observed on the Ni-NPs synthesized in SiO2 matrix by implantation of 
Ni+ ions [19]. 

According to the data on the particle size distribution (Fig. 3 for 
example), the average size of Co-NPs, 〈D〉, in the CSO1-CSO3 samples is 
4.4, 6.8, and 8.5 nm, respectively. The HRTEM data concerning the 
shape and sizes of the particles is consistent with that of other authors 
[4,6]. For comparison, we also shown the size distribution of Co-NPs in 
SiO2 synthesized by a similar technique at the current densities j = 8 
μA/cm2 and studied earlier [9]. The data presented in Fig. 3 for the 
samples synthesized at current densities j = 1 μA/cm2 and j = 8 μA/cm2 

with the same ion dose indicate that the current decrease causes an in
crease in 〈D〉 and broadening of the distribution curve. 

A less unambiguous situation occurs in the case of the CZO samples. 
A typical example of a cross-section HRTEM image of the CZO2 sample is 

Fig. 1. Experimental Co K-edge XANES spectra for the Co-doped ZnO films at H2 = 20% (a) and H2 = 30% (b) together with the XANES transform data fitted to the 
partial content of metallic Co in the samples. The reference XANES spectrum of metallic Co is also shown for comparison. 

Table 1 
The films thickness and Zn/Co ratio according to XRFA. These data are consis
tent with the results of other research methods [16]. The specified content of 
metallic cobalt in the films was calculated using a combination of XRFA and 
XANES data.  

Sample Gas 
mixture 

Film thickness, 
nm 

Zn/ 
Co 

Co/ 
(Co+Zn),% 
(Δ = ±

0.05) 

Metallic Co 
(x),% 

CZO1 
CZO2 

Ar + 20% 
H2 

Ar + 30% 
H2 

71.7 
53.5 

4.3 
3.6 

18.9 
21.7 

7.6 ± 0.9 
13±1.1  

Y. Samoshkina et al.                                                                                                                                                                                                                           



Materialia 28 (2023) 101759

3

shown in Fig. 4 left. Analysis of the SAED pattern (Fig. 4 right) revealed 
the presence of the predominantly polycrystalline ZnO phase (space 
group: P63mc; lattice constants: a = 3.25 Å, c = 5.207 Å, PDF 4+ card 
#04-003-2106). Low intensity reflections corresponding to hcp-Co are 
also present in the SAED pattern. However, analysis of the HRTEM im
ages (Fig. 4 on the left) do not allow identification of individual Co-NPs. 
The main problem is that the Co nanoparticles are located in the ZnO 
matrix having the polycrystalline nature. Analysis of the HRTEM data 
using the fast Fourier transform (FFT) also did not provide reliable in
formation about the Co-NPs in ZnO. 

Temperature dependences of the magnetization for the studied 
samples were measured in two cooling modes (ZFC - zero field cooled 
and FC - field cooled) and are shown in Fig. 5. The ZFC curves for the 
CSO and CZO samples are typical of an ensemble of superparamagnetic 
nanoparticles with a blocking temperature (Tb) that varies from sample 
to sample in wide range. The average particle size in the presented 
matrixes was estimated by the Bean-Livingston formula Tb = Keff (4πr3/ 
3)/25kB [20], where Keff is the energy of the effective 
magneto-crystalline anisotropy, kB is Boltzmann’s constant, and r is the 
NPs radius. According to the SAED data, Co-NPs in SiO2 samples have 
hcp crystal structure. Thus, the anisotropy constant of the hcp-Co equal 
to 4.3 × 105 J/m3 [21] was chosen for the estimation. The 〈D〉 value in 
the CSO1-CSO3 samples is ~ 5 nm (Tb = 81 K), 7.6 nm (Tb = 281 K), and 
7.7 nm (Tb = 300 K), respectively. These values agree well with the 
electron microscopy data. The average size of the Co-NPs for the CZO1 

Fig. 2. Cross-section bright-field HRTEM image (left) and SAED pattern (right) for the Co-NPs in SiO2 at the ion implantation dose of 1 × 1017 ions/cm2.  

Fig. 3. The histograms of nanoparticles size distribution in the systems of Co- 
NPs in SiO2 synthesized at different current density in the ion beam with an ion 
dose of 1 × 1017 ions/cm2. Histograms adjusted by log-normal curves. 

Fig. 4. Cross-section bright-field HRTEM image (left) and SAED pattern (right) for the Co-doped ZnO film at H2 = 30% (CZO2).  

Y. Samoshkina et al.                                                                                                                                                                                                                           



Materialia 28 (2023) 101759

4

sample is ~ 3.9 nm at Tb = 40 K and for the CZO2 sample ~ 5.3 nm at Tb 
= 99 K. 

Field dependences of the magnetization for the studied samples are 
presented in Fig. 6. It should be noted that magnetization data for the 
CSO samples is difficult to calculate due to the large contribution of the 
non-magnetic matrix. Therefore, Fig. 6a shows the field dependences of 
the MCD effect for the CSO samples. As mentioned above, this effect is a 
linear response of the magnetization and immediately excludes the 
contribution of a non-magnetic component. Symmetric hysteresis loops 
are observed with a coercive field (HC) from 260 to 900 Oe in the case of 
the CSO samples. The HC value increases with an increase in the im
plantation dose. The increase in HC, as well as the samples magnetiza
tion, is associated with an increase in the number particles in the 
implanted layer. For the CZO samples, the field dependences of the 
magnetization at room temperature are presented in Fig. 6b. The CZO 
samples demonstrate hysteresis-free behavior of the magnetization at 
room temperature. This behavior is typical for both superparamagnetic 
particles and magnetic dilute semiconductors [9,22]. The magnetic 
hysteresis of the CZO samples is observed at temperatures below Tb (for 
example, see insert in Fig. 6b). The coercive field at T = 20 K is 130 and 
245 Oe for the CZO1 and CZO2 samples, respectively. 

It can be assumed that the total magnetization of the CZO samples 
can include magnetization from ZnO. The inclusion of a few percent of 

the Co2+ ions in the ZnO lattice can transform the paramagnetic material 
into a high-temperature ferromagnetic [12,13,16]. However, a ratio of 
the saturation magnetization at room temperature (~ 62 and ~ 104 
emu/cm3) is in good agreement with the ratio of the relative content of 
metallic Co in the samples (7.6% and 13%, respectively). Thus, it should 
be concluded that the magnetism of the samples is mainly due to Co-NPs. 

The obtained magnetic data of the CSO and CZO samples indicate the 
absence of the oxide shell (CoO) of the included Co-NPs and/or its 
insignificant contribution. A thin antiferromagnetic CoO layer sur
rounding Co-NPs leads to the appearance of exchange anisotropy in a 
material [23]. This type of anisotropy causes the hysteresis loop to shift 
along the magnetic field axis. For the studied samples, such behavior is 
not observed. 

The field dependences of MCD signal for the CZO samples was pre
sented in our previous work (Fig. 8b in [16]) and are similar to the field 
dependence of the magnetization shown in Fig. 6b. The signal does not 
reach saturation up to 12 kOe that indicates a superparamagnetic na
ture. This behavior is justified at a blocking temperature of 40 and 99 K. 

The MCD spectra for the CSO samples as well as for a 30 nm thick Co 
film synthesized with chemical technique are shown in Fig. 7a. It can be 
seen that the spectrum for the film is strikingly different from that for the 
nanoparticles. The MCD spectrum of the continuous Co film is charac
terized by a broad asymmetric positive maximum in the region of 

Fig. 5. FC-ZFC temperature dependences of magnetization: a – Co-NPs in SiO2 at the ion dose of Q*1017 ions/cm2, H = 200 Oe; b – Co-doped ZnO films with a 
relative content of metallic cobalt of x, H = 100 Oe. 

Fig. 6. a - Room temperature MCD dependences on an external magnetic field for the Co-NPs in SiO2 at the ion dose of Q*1017 ions/cm2, E = 1.55 eV; b – Field 
dependences of the magnetization at room temperature for the Co-doped ZnO films with a relative content of metallic cobalt of x. For the Co-doped ZnO films, the 
contribution from the substrate was deducted. Insert: enlarged low-field parts of the field dependence of the magnetization at T = 20 K for the Co-doped ZnO films. 
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1.1–3.5 eV with a spectral gravity center of 1.8 eV (Fig. 7a). The MCD 
spectra for the Co-NPs are characterized also by a broad asymmetric 
negative maximum in the region of 1.3–3.5 eV. A spectral center of 
gravity for the CSO1 sample is 2.9 eV. The red-shift of the spectral center 
of gravity increases with an increase in the implantation dose. Besides, 
the MCD signal of the CSO3 sample changes sign at an energy of about 
3.8 eV. A similar spectral shape has been observed for the real part of the 
off-diagonal component of the permittivity tensor of Co-NPs in ZrO2 and 
Al2O3 dielectric matrices [24]. 

The sharp difference between the MCD spectral dependences for Co- 
NPs and a continuous Co film is probably due to the excitation and 
scattering of conduction electrons in a limited volume of cobalt nano
particles. The Kerr effect in such materials has been studied and 
described in the effective medium approximation [24,25]. It was shown 
that the optical and magneto-optical properties of Co-NPs differ from 
those of the bulk Co material and depend on the nanoparticles size [24]. 
Despite the fact that for the sample with the highest dose, the field 
dependence of the magnetization is described by a curve characteristic 
of a thin ferromagnetic layer, the MCD spectrum of this sample is not 
analogous to a continuous film (Figs. 5a and 6a). Probably, the quanti
tative content of the particles in this sample is close to the percolation 
threshold. In this case, the magnetic properties of the sample are similar 
to a continuous ferromagnetic layer, and the MCD spectrum is deter
mined by electronic processes in the closed volume of each particle. As a 
continuous medium is formed, the MCD spectrum will shift toward 
positive values, which corresponds to the MCD spectrum of a thin Co 
film (Fig. 7a). 

It should be noted that the MCD spectra for the CZO samples (Fig. 7b) 
exhibit a shape similar to that for CSO samples. Two maxima of opposite 
signs are observed: a broad negative maximum in the region of 1.3–3.3 
eV and a positive maximum at ~ 3.8 eV (Fig. 7b). The MCD spectra 
shape for these samples is in agreement with that for the CZO samples 
containing secondary metallic Co phase and showing clear ferromag
netic behavior at room temperature [26]. Besides, this shape is similar to 
the shape of the MCD spectrum measured for [Co(0.6 nm)/ZnO(3 nm)]60 
films, which include metallic Co-NPs [25]. 

For clarity, we presented the normalized MCD spectra for the CZO 
and CSO samples and compared them with each other in Fig. 8. Obvi
ously, the spectra are in good agreement among themselves throughout 
the studied spectral interval. Thus, the MCD signal observed below zero 
for the studied CZO1 and CZO2 samples should be attributed to the Co- 
NPs contribution. The high-energy maximum at 3.8 eV observed in the 
case of CZO samples is apparently a superposition of two contributions: 
the Co-doped ZnO semiconductor matrix and the Co-NPs [12,13,26]. In 
addition, two contributions to the asymmetric negative maximum are 
clearly traced for all samples. The gravity center of these contributions is 
located at 1.5 and 2.7 eV. It is noteworthy that a redistribution of the 
intensity of these contributions is observed with an increase in the 
average particle size and the quantitative content of Co-NPs in the 
samples. This behavior is explained by the particle agglomeration. 

The MCD spectra shape of the studied samples was also compared 
with that for paramagnetic [12,24] and ferromagnetic [13–15] CZO 
samples containing only Co2+ ions in the ZnO lattice. The MCD spectrum 
for the paramagnetic CZO sample is characterized by an s-shape feature 

Fig. 7. Room temperature spectral dependencies of MCD (a, b) and optical density (c, d): (a, c) - Co film and the Co-NPs in SiO2 at the ion dose of Q*1017 ions/cm2; 
(b, d) – the Co-doped ZnO films with a relative content of metallic cobalt of x. MCD effect is shown at H = 12 kOe. The MCD signal value for the Co film was 
multiplied by a factor of 0.025. 
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near 2 eV and broad positive maximum centered at 3.4 eV [16,12,26]. At 
the same time, the only positive MCD signal is observed for the ferro
magnetic CZO samples in the region of 1.5–3.3 eV [13–15]. The overall 
picture shows that the MCD spectrum shape depends on the state in 
which cobalt is located. Thus, the MCD spectroscopy can determine the 
presence of cobalt nanoparticles in various samples, in particular in 
Co–ZnO systems. 

Finally, a large MO response from the Co-NPs in SiO2 and ZnO 
matrices was traced (Fig. 7a and 7b). The MCD signal as well as total 
optical density of the samples were analyzed in relation to the thickness 
of the active layer. In the case of the CSO samples, this layer has the 
implanted layer thickness of 30 nm. For the CZO samples, the thickness 
of the active layer was equal to the films thickness (Table 1). In general, 
the MCD signal increases with an increase in the quantitative content of 
Co-NPs in the samples. The MCD value reaches ~ 77 kdeg/cm at 1.55 eV 
for the CSO3 sample (Fig. 4a). The MCD value at 1.55 eV for the Co-NPs 
in ZnO (CZO1 and CZO2 samples) is ~ 16 and ~37 kdeg/cm, respec
tively (Fig. 4b). An intense negative MCD signal was observed earlier for 
the CZO films containing metallic Co as a secondary phase [26]. 

A qualitative indicator is the MO activity of the material, defined as 
the ratio of the MCD value (ΔD) to the total optical density (D). The MO 
activity of the samples in the visible and near-infrared light ranges was 
estimated and presented in Table 2. It can be seen that some samples 
have a high ΔD/D value (values above 0.05 deg/kOe are in bold) at 
different points of the spectrum. For the Co-NPs in ZnO [26], the ΔD/D 
value reaches at 1.55 eV almost the limit value (ΔD/D = 0.1) in a 
magnetic field of 10 kOe. The data obtained indicate the possibility of 
using the Co-NPs for the development and improvement of MO devices. 

Special attention should be paid to the high-energy peak MCD 
observed for the CSO3 sample (Fig. 7a) as well as for all studied CZO 

samples (Fig. 7b). We believe that it is associated with a certain content 
of metallic cobalt in the samples, at which spin injection is possible. For 
the CZO samples, some transfer of polarized carriers from the metallic 
Co particles to the conducting ZnO oxide is assumed [27,28]. However, 
this topic is beyond the scope of this study. 

4. Conclusions 

The cobalt nanoparticles dispersed in a transparent dielectric SiO2 
and semiconductor ZnO matrices have been investigated. It was found 
that the matrix type does not affect the MCD spectrum shape of cobalt 
nanoparticles 4–8.5 nm in size. The MCD spectra are characterized by a 
broad negative maximum in the region of 1.3–3.5 eV. Two main con
tributions with the gravity centers at 1.5 and 2.7 eV determine the 
appearance of this maximum. It was revealed that the intensity of these 
contributions is redistributed with an increase in the average particles 
size and their filling density. This behavior is explained by the particles 
agglomeration. It was also found that the particles exhibit high (above 
0.05 deg/kOe) MO activity at room temperature in the visible and near- 
infrared light ranges. The sharp difference between the MCD spectral 
dependences for the Co nanoparticles and for a continuous Co film is 
explained by the excitation and scattering of conduction electrons in a 
limited volume of cobalt nanoparticles. 

In general, the obtained data, together with the literature data, made 
it possible to establish that the MCD spectrum shape depends on the 
state in which cobalt is located. This conclusion is valuable, in partic
ular, for Co-doped ZnO films. The determination of the magnetism na
ture in these oxides is one of the topical problems. However, the 
ambiguity of opinions about the nature of this phenomenon is generated 
by the difficulty of determining the presence of a secondary phase in the 
material (X-ray diffraction, as a rule, does not reveal such phases). It is 
now possible to determine the presence of Co nanoparticles in Co-doped 
ZnO films using the MCD method. 

Thus, the MCD spectroscopy in the visible and near IR ranges has 
proven to be a high-quality tool for detecting Co nanoparticles in ma
terials. Moreover, Co nanoparticles dispersed in transparent matrices 
have shown their attractiveness as an MO controlled medium. 
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Fig. 8. Room temperature MCD spectra at H = 12 kOe for the Co-NPs in SiO2 at the ion dose of Q*1017 and the Co-doped ZnO films with a relative content of metallic 
cobalt of x. 

Table 2 
Magneto-optical activity at room temperature (ΔD/D, deg/kOe) of the Co-NPs 
localized in matrices of various types.  

Photon 
energy 
(E), eV 

Co-NPs in SiO2 Co-NPs in ZnO Co-NPs in ZnO  
[26] 

Q =
0.5 

Q = 1 Q =
1.25 

7.6 ±
0.9% 
Co 

13 
±1.1% 
Co 

1.8% 
Co 

4.6% 
Co 

1.55 0.027 0.082 0.091 0.040 0.060 0.090 0.093 
2 0.027 0.063 0.053 0.029 0.041 0.013 0.040 
2.5 0.026 0.043 0.029 0.027 0.026 0.035 0.050  
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