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We discuss and compare the results obtained from experimental measurements of a two-layer, Ni and TiO2 nanometric structure deposited
on siliceous glass. Utilizing previous theoretical models of multilayers or periodic systems and their verifications, the paper focuses on
measurement in the NIR, visible, UV, X-ray, and gamma bands of the electromagnetic spectrum; the wavelength of the incident
electromagnetic wave is respected. The proposed evaluation comprises a brief description of a Snell’s law-based semi-analytic model of
electromagnetic wave propagation through a layered material. We also demonstrate the expected anti-reflective and shielding effects in the
X-ray and gamma-ray bands, respectively.
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1. INTRODUCTION
With the advancement in nanotechnologies, sciences, and
engineering [1]-[5], a portion of researchers in theoretical
electrical engineering have centered on investigating thin
layers [1] and periodic systems [5]. In terms of
electromagnetic field characterization, such a focus reflects
the transition from macroscopic to microscopic models [13][16], respecting hypotheses on the composition of atomic and
subatomic matter [20]-[22]. The basis of this shift lies in the
current technological ability to design fundamental electric or
electronic components whose dimensions approach those of
both the wavelength of the transmitted electromagnetic wave
and the basic building blocks of matter, namely, molecules
and atoms [5], [7]-[9].
The basic phenomena of nanoelectronics and
nanoengineering include, among other effects, the
electromagnetic wave and its interaction with an elementary
electric charge, resonance in common frequency bands when
interacting with investigated objects, and incidence on a
layered periodic structure of matter. To date, the theoretical
and experimental research into carbon-based single-layer
periodic systems has yielded, for example, the relatively
recent definition and isolation of graphene, Fig.1. [8], [10],
[12]. The mechanical and electrical properties of single-atom
layered materials were nevertheless examined already in the
mid-20th century [32], utilizing macroscopic experiments and

theoretical assumptions that remained applicable for decades
[6], [9], [11], [33], [4]. Another embodiment of the discussed
systems, coupled to hydrogen or other atom nuclei, is
graphene, Fig.2. [8], [13]. The structures are interesting from
the perspective of the transmission of an electromagnetic
wave, which can be performed perpendicularly, obliquely, or
along the surface of the given structure or layered systems
and their combinations. Measurement techniques and
relevant evaluations [6], [16]-[17], [19], [26], [30], [31] are
presently available to verify the resulting properties of
designed nanomaterial architectures; however, the
methodical approaches towards measuring the basic
electromagnetic features of periodic systems, structures,
elements, and particles in the nano-domain have not been
appropriately developed to date.
A suitable tool for determining the basic electromagnetic
properties of nanostructures consists in low-level, nondestructive methods associated with comparative principles
[34]. In procedures where the values of quantities within the
continuous frequency spectrum range above units of nV or
nA, the sample being measured is influenced by the actual
experimental process, and the obtained data are thus subject
to misinterpretation. Such a scenario can be clearly identified
in liquid or gaseous (plasmatic) samples [35]-[36]. When
used to test solid systems (including, for instance, nanolayers,
nanomaterials, or nanoparticles on a solid substrate), the low-
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level approach in general or the related measurement may
appear inappropriate; simple experiments nevertheless allow
us to find that failing to observe the individual characteristic
limits as regards the maximum levels of sensed quantities
fundamentally affects the accuracy and credibility of the
interpretation of experimentally obtained results.
The article attempts to demonstrate two techniques for
examining thin layered materials and offers a perspective of
the acquisition of electromagnetic properties of
nanomaterials.

density, electric and magnetic field intensities, and flux
densities related to the harmonic behavior of a signal
transmitted or reflected on the structure. Then, for the
assumed analysis or measurement of an electromagnetic
field, we recognize the following subregions:
a) ft∈〈1.106; 500.109〉 [Hz], fa1≈2.1018 [Hz], where condition
(1) is satisfied, and
b) ft∈〈1.1012; 5.1019〉 [Hz], fa1≈2.1018 [Hz], where the
condition is not satisfied.
In the former domain, the experimentation or measurement
are suitably carried out using integration methods within the
continuous electromagnetic wave frequency spectrum; in the
latter subregion, hybrid or pulse techniques are more
appropriate [17], [34].
2. EXPERIMENTAL MEASUREMENT OF A NANOMETRIC
BILAYER

Fig.1. The arrangement of carbon periodic structures:
a graphene layer.

Fig.2. The arrangement of carbon periodic structures:
a graphite layer.

Importantly, the applied experiments or analyses have to be
built upon specific geometrical and numerical models. This
approach then should respect the character of the relevant
probabilistic mathematical simulation; the uncertainty of the
occurrence of an electric charge q; and the frequency of the
transmitted signal ft compared to the first harmonic frequency
fa1 [16]-[19], which is defined by the movement of elementary
charged parts of an atom with diameter da1. We have

ft <<

c ,
da1

(1)

where c is the speed of light in vacuum, and fa1=c/da1. In any
geometrical configuration of a periodic nanostructure, it is
suitable to analyze or measure the EMG field at the level of
structure elements with respect to the evaluation of known
macroscopic quantities, including the surface power flux

Fig.3. below displays the tested laboratory sample of two
nanolayers deposited on siliceous glass; the dimensions are
70 x 25 mm, with the thickness of 1 mm. The experiment
differs from that presented recently by Vazquez-Velazquez et
al. [37]. Each side of the sample is covered with one layer,
and the layers form thin materials mutually different from the
perspective of the electromagnetic field. The Ni nanolayer is
ferromagnetic and has the relative permittivity of µr> 5,000,
whereas the TiO2 layer is dielectric and exhibits the relative
permeability of εr>100; both of them embody clusters of
matter on a glass substrate, which are capable of changing the
directions of propagation of the electric and magnetic
components of an incident electromagnetic wave. The
resulting structure is expected to show a surface effect,
namely, the wave propagation directions from the Ni and
TiO2 sides will not be identical.
In the macroscopic interpretation of the electromagnetic
field, the layers (having a thickness of approximately 50 nm)
easily become saturated, and it is then suitable to employ lowlevel measurement for the actual experiment.
The nanolayers were examined in the ultraviolet (No. 1), Xray (No. 2), and gamma ray (No. 3) spectral regions, Fig.4.;
the corresponding wavelengths were λUV= 10-400 nm,
λX= 0.1-10 nm, and λga= 1 pm-0.1 nm, respectively. The
measurement devices included a Varian Cary 5E UV-VisNIR spectrophotometer to facilitate the procedures in region
No. 1; an EcoRay HF1040 portable X-ray generator (ensuring
the exposure voltage of 40-100 kV, the X-ray beam current
pulse regulation via current A-K dIXray= 0.32-50 mAs, and the
X-ray beam energy of 2-2,500 J, with the corresponding
wavelength of λEcR= 0.49-124 nm) to carry out the
measurement within region No. 2; and a 241Am weak
radiation source completed with a REP 921 Geiger counter
for region No. 3, the relevant wavelength being
λAM= 20.8 pm. The basic positioning of the devices for the
individual measuring cycles is represented in Fig.5.
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a)

Fig.5. The setup to enable testing within the ultraviolet,
a) X-ray, and b) gamma ray regions.

3. EVALUATION OF THE EXPERIMENT UV - X-RAY
The layers were measured at various laboratories,
prominently including those managed by the Brno-based
Institute of Scientific Instruments, where the ultraviolet
cycles were carried out. In these procedures, under UV
radiation in the wavelength range of λUV= 190 nm-1,100 nm,
the sample bilayer exhibited the attenuation values between
80 and 90 dB; the layers can therefore be characterized as
attenuating for the given wavelength range.
When performing the X-ray tests, using also Al, Pb, and Fe
tablets as reference samples whose behavior under exposure
to X-ray or gamma radiation is predictable, we progressively
set the parameters of the generator and arranged the samples
such that the Ni and TiO2 layers deposited on two separate
SiO2 glass substrates could face the incident electromagnetic
wave simultaneously (Fig.6.).

b)

TiO2, thk 50 nm

Glass substrate, thk
1mm

Ni, thk 48 nm

c)
Fig.3. The tested sample: a) the Ni and TiO2 nanolayers (48 nm and
50 nm in thickness, respectively) on siliceous glass (SiO2) having
the thickness of 1 mm; b) the surface on the Ni side; c) a schematic
drawing of the deposited layers.

Fig.6. The samples configured for the X-ray testing of the Ni
(48 nm) and TiO2 (50 nm) layers deposited on siliceous glass.

Fig.4. The regions of the electromagnetic spectrum utilized in
testing the Ni (48 nm) a TiO2 (50 nm) nanolayers deposited on
siliceous glass.

The anode-cathode voltage provided by the X-ray source
varied between 40 and 100 kV, and the current pulse length
was changed gradually; thus, the energy of the X-ray
radiation generating beam was altered parametrically, with
the assumed wavelength of λXray= 10 nm-0.1 nm. The results
of the experiment and the related evaluation are shown in
Table 1. and Fig.7., respectively.
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Table 1. The parametric setting of the X-ray generator and
evaluation of the absorptivity (red color) and reflectivity (black
color) of the Ni and TiO2 bilayer.
Num.
1
2
3
4
5
6
7
8
9
10
1
2
3
1
2
3
1
2
3

UA-K [kV]
40
40
40
40
40
40
40
40
40
40
50
50
50
60
60
60
70
70
70

Num.
1
2
3
4
5
1
2
3
4
5
1
2
3

UA-K [kV]
80
80
80
80
80
90
90
90
90
90
100
100
100

dI . t [As]
3.2.10-4
10.10-4
50.10-4
100.10-4
160.10-4
400.10-4
800.10-4
1000.10-4
500.10-4
630.10-4
100.10-4
160.10-4
120.10-4
10.10-4
50.10-4
100.10-4
10.10-4
50.10-4
63.10-4
dI . t [As]
10.10-4
50.10-4
40.10-4
32.10-4
25.10-4
10.10-4
40.10-4
32.10-4
25.10-4
20.10-4
10.10-4
13.10-4
20.10-4

W [J]
12.8
40
200
400
640
1600
3200
4000
2000
2520
500
800
620
60
300
600
70
350
441

(Fig.8.a)) and the configuration that yields the anti-reflective
effect (Fig.8.b)). As is obvious from Fig.8.b), the bilayer
samples on the glass substrates are transparent, while the
substrate alone displays wave attenuation with respect to its
environment.
4. EVALUATION OF THE EXPERIMENT GAMMA-RAY
Within the gamma-ray region, we carried out 39 repeated
measurement cycles using the Geiger counter (Fig.5.b)); the
electromagnetic radiation was produced by a 241Am source
having the wavelength of λAm= 20.8 pm.

W [J]
500
800
620
60
300
90
360
288
225
180
100
125
200

Fig.8. The attenuation of the samples in the X-ray nanolayer testing
procedure: a) all examined items; b) transparency properties and
conditions (the anti-reflective effect).

Fig.7. The monitored antireflective effect in the Ni and TiO2 layers
related to the preset voltages.

The experiment demonstrated that the bilayer exhibits antireflective properties at certain X-ray beam energy settings. In
this context, Fig.8. details the exposures for both the setting
at which the electromagnetic wave is damped by the samples

We evaluated the natural background and direct radiation,
focusing on the number of pulses without the samples, with
the substrate, and with the nanolayers positioned towards the
incident electromagnetic wave. The experimental results,
namely, data concerning the number of pulses per 100
seconds and the standard deviation, are summarized in
Table 2. and Fig.9.
The evaluated incidence of an electromagnetic wave
emitted by the 241Am source indicates that each of the layers
has its specific transparency properties.
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k u ni = k ′(u n ⋅ cos ϕ + t ⋅ sin ϕ ) + i k ′′( u n ⋅ cos υ + t ⋅ sin υ ) .

Table 2. The attenuation of the nanolayer samples achieved using
the 241Am source.
241
241
SOURCE
NONE
AM
AM
TYPE
OF Background No sample Substrate
MEASUREM no sample
ENT
AVERAGE
30.34
138.55
139.34
NUMBER OF
PULSES [-]
STANDARD
6.06
11.59
9.57
DEVIATION
[-]
CYCLES
39
39
39

241

241

Ni-TiO2

TiO2-Ni

111.63

145.18

12.03

14.89

39

39

AM

(4)

After modification [15]-[16], we obtain the formulas and
the itemized Snell’s law in real variables is expressed as

AM

k1′ sin ϕ1 = k 2′ sin ϕ 2 ,

(5)

k1′′sin υ1 = k 2′′ sin υ 2 ,

(6)

where k'2 is the real component, forming the angle ϕ2 with the
perpendicular line at the boundary, and k''2 is the imaginary
component, making the angle υ2 with the perpendicular line
at the boundary, the υ = 0 or υ = π, as is obvious from
Fig.11.b).
plane of incidence

boundary

Fig.9. The attenuation of the samples in the X-ray nanolayer testing
procedure: a) all examined items; b) transparency properties and
conditions (the anti-reflective effect).
Fig.10. The reflection and refraction of a planar electromagnetic
wave: a beam model.

5. NUMERICAL MODEL OF THE MULTILAYER SAMPLES
Applying Snell’s law [23], [29], we obtain the formula to
evaluate, from the macroscopic perspective, the wave
refraction angle on the discontinuous boundary of two
electromagnetically different media [25]. We then have

sin θ0 k 2
=
sin θ2 k1

(2)

where k denotes the wave number with electromagnetic
(EMG) wave propagation data, formulated as
k = − jωµ ⋅ (γ + jωε ) ,

a)

(3)

where ε is the permittivity, µ the permeability, and γ the
conductivity of the medium. The macroscopic characteristics
describing the electromagnetic properties of the materials
generally range within the complex domain and markedly
depend on the frequency of the incident electromagnetic
wave. For simplification, in frequency regions with f>1 THz
we often assume µr = 1.
Generalized Snell’s law (2) can be expressed in components
[15]-[16]. The real component of the wave number k ′u ′ni
forms the angle ϕ with the normal vector un, and the
imaginary component of the wave number k ′′u ′′ni makes the
angle ν with the same vector un. If the boundary conditions
and generalized Snell’s law (2) are valid, we also have

b)
Fig.11. a) The reflection and refraction of an EMG TE wave, [23];
b) the transmission of the constant phase and amplitude.
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An electromagnetic wave is understood as the electric E and
magnetic field H intensities. The electric E, D and magnetic
H, B components of the incident TE EMG wave according to
Fig.11.a) follow from the formula below, [15]-[16], [23],
[25]:

Ei = E0e− jk1un0⋅r , Η i = u n0 × Ei ,

The formulas of the magnetic component EMG wave are
written as
u × Et
u × Er ,
.
(12)
H r = n1
H t = n2
Z v1
Z v2

µ2
k cosθ 0 - k 22 -k12sin 2θ 0
E0 -jk1 u n1⋅r
µ1 1
H r =⋅e
,
µ1 2 2 2
k 2 -k1 sin θ 0 ω
µ 2 cosθ 0 +

(7)

Z v1

k1

where E0 is the amplitude of the electric field intensity on the
boundary line, r is the positional vector, and un0 denotes the
unit vector of the propagation direction, Zv1 is the wave
impedance. The model analyzes separately the E vector
parallel to the boundary (the TE EMG wave) as indicated in
Fig.11.a) and also the H magnetic field intensity vector
parallel to the interface (the TM EMG wave). For the TE
EMG wave, the electric field intensity Er of the reflection and
Et of the transmission beams is written as

E r = E1e − jk1 u n1×r , E t = E2 e − jk 2 u n2 ×r ,

Er =

Et =

µ 2k1 cos θ 0 − µ1 k 22 - k12 sin 2 θ 0
µ 2k1 cos θ 0 + µ1 k 22

- k12 sin 2 θ 0

2 µ2k1 cosθ 0

µ2k1 cosθ0 + µ1 k 22

- k12 sin 2 θ 0

µ2cosθ0 +

µ1
k1

E0

k 22 -k12sin 2θ0

ω

⋅ e-jk 2 un2 ⋅r .

E0 ⋅ e − jk1 u n1×r ,

E0 ⋅ e − jk 2 un2 ×r .

E1 = ρ Ε ⋅ E0 , E2 = τ Ε ⋅ E0 .

E0
, H1 = E1 , H 2 = E 2 .
Ζv1
Z v1
Z v2

Fig.12. The distribution of the electromagnetic wave components,
wave number, and components depending on the propagation
direction; the expression of the constant phase and amplitude.

(9)

The magnetic components H0, H1, H2 are acquired from
the components of the electrical intensities E0, E1, E2 and
wave impedances Zv1, Zv2:
(10)

The propagation of an electromagnetic wave on the two
layers (Fig.11.) then embodies an analogy of the process on
one layer, as outlined in the above formulas (8 - 12) to express
the incident, reflected, and permeating electric and magnetic
components of an electromagnetic wave.
For a multi-layered medium [15]-[16], was derived the
algorithm [29]. The reflection of the electric component Er0,
Et0 of the EMG field intensity on the first layer is described
as

The reflection coefficient ρE and the transmission factor τE
via utilizing the wave impedance Zv1, Zv2, are evaluated as
follows:

2Z v2 cos θ1
E2
=
.
E 0 Z v2 cos θ1 + Z v1 cos θ 2

Er0 = Ei0 ρΕ 0 ⋅ e− jk1 u nr0 ×r0 ,
Et0 = Ei0τ Ε 0 ⋅ e − jk 2 unt0 ×r0 .

Z cos θ1 − Z v1 cos θ 2
E
ρ Ε = 1 = v2
,
E 0 Z v2 cos θ1 + Z v1 cos θ 2

τΕ =

2k 2 cosθ0

(8)

where E1 is evaluated from the intensity on the boundary E0
and the reflection coefficient ρE, and E2 is obtained from the
intensity on the boundary E0 and the transmission factor τE:

Η0 =

H t =-

(11)

(13)

The reflection and refraction of the electric component Er,
Et of the intensity EMG wave on the following layer is
expressed as

E rl = Eil ρΕl ⋅ e
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E tl = Eilτ Εl ⋅ e

− jk ( l +1) u ntl ×rl

,

(14)
where Erl a Etl are the reflection and refraction electric
intensities of EMG waves on the boundary line l (l = 1, …,
max) according to Fig.12., Eil denotes the maximum value of
the electric field intensity on the boundary line l. The
magnetic components Hr0, Ht0 of the EMG field intensity for
the reflection on the first layer are

H r0 = − Hi0 ρH0 ⋅ e − jk1 u nr0 ×r0 ,
H t0 = −Hi0τ H0 ⋅ e − jk 2 u nt0 ×r0 ,

(15)

the reflection and transmission Hrl, Htl of the magnetic field
intensity on next layers is written as

H rl = − H il ρHl ⋅ e
H tl = − Hilτ Hl ⋅ e

− jk ( l +1) u nrl ×rl

− jk ( l + 2) u ntl ×rl

,
,

(16)

where Hrl and Htl are the reflection and transmission magnetic
components at the boundary l.
The above-presented numerical model (7-16) of the
reflection and refraction of EMG waves [26] is applicable in
an effective analysis utilizing the macroscopic interpretation
of the discussed problem. The model allows us to evaluate in
a transparent manner the behavior of the layers (which are
homogeneous at the macroscopic scale, (1), condition A)) and
to set up the experiment. A corresponding analysis according
to (1), B) can be suitably performed with models respecting
the macroscopic perspective, such as those that exploit the
FEM [27]-[28] or the nanoscopic approach [20]-[22]. In the
experiment, we assumed the model based on the macroscopic
view of electromagnetic wave reflection as defined by Snell’s
law (7-16).
6. RESULTS OF THE EXPERIMENTAL MEASUREMENT
In the designed test of the Ni and TiO2 bilayers deposited
on a siliceous glass substrate having the above-defined
thicknesses and exhibiting high relative permeability and
permittivity µr and εr, respectively, the obtained data can be
evaluated [23]-[24] based on the executed experiments for the
wavelengths λUV= 190 nm-1,100 nm, λX-ray= 10 nm-0.1 nm,
λAm= 20.8 pm.
At the λUV wavelengths in domain A, formula (1),
attenuation was observed when the wavelength λUV of the
electromagnetic radiation source had exceeded the
thicknesses, namely, ThNi = 48 nm and ThTiO2 = 50 nm;
structurally, the layers appear to be macroscopic, and
according to the formulas related to reflection and
transmission in multilayered materials (11) (13-16), the
reflection occurs due to macroscopic properties of the layers
(the Ni layer is ferromagnetic and the TiO2 one dielectric,

with the relative permittivities of µr> 5,000 and εr>100,
respectively).
At λX-ray, the wavelengths range between domains A and B,
(1). The relevant measurement showed that, under certain
conditions (the preset anode-cathode voltage or current
pulse), the perpendicular incidence of an electromagnetic
wave was accompanied by a state in which a deposited bilayer
appeared as anti-reflective for X-ray beams. Based on the
formulas defining the reflection and transmission of a wave
onto a multilayered material (7-16), the deposited layers
cannot be strictly considered macroscopic (continuous);
simultaneously, it is necessary to respect the length of the
incident electromagnetic wave, which determines the
applicable approach from within the macro-, micro-, or
nanoscopic set of options usually employed in periodic
structures, such as those examined herein [15]-[18].
Assuming suitable incidence of an electromagnetic wave, the
structures may provide conditions for improved
electromagnetic impedance matching and the resulting antireflective effect.
At λAm, the wavelength is within domain B, (1). The
dedicated measurement indicated that, in this band, there
already occur effects common for periodic structures [17][18], [27], in accordance with the adopted approach to
analyzing the examined problem.
7. CONCLUSIONS
Considering the wavelength of an electromagnetic wave
incident upon the Ni and TiO2 sample nanolayers deposited
on siliceous glass, we performed a series of tests in the NIR
band, the visible portion of the electromagnetic spectrum, and
the UV, X-ray, and gamma radiation regions. The simple
experiments pointed to interesting nanostructural properties
previously theoretically assumed or modeled [14]-[16].
During the X-ray exposure, the anti-reflective effect was
identified on the siliceous glass substrate, and we assume that
such an event can be observed also with other configurations
of the layers and substrate. In the gamma ray examination, the
electromagnetic wave attenuation differed between the
exposed sides, as predicted, and, additionally, we then
detected an effect related to the resonant frequency of the
nanomaterial structure.
The results are applicable in different sectors of the current
research into the propagation and modeling of specific
problems of the electromagnetic region.
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