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Magdalena KULIG1 

HIGH-ENERGY TRANSFORMER’S SAFETY 

Based on many advantages of fiber optic sensor technology, the article presents the 
possibility of measuring temperature in difficult environmental conditions, for ex-
ample in a high electromagnetic field. Fabry-Perot interferometers with a short res-
onant cavity of low resolution are used in these fiber-optic sensors. The advantages 
of such a solution include simple and compact construction, low price, low temper-
ature effect and no interference loss due to polarization.  
Due to the potential of transformer loads, electrical power plants and operating com-
panies test power transformers to assess their condition, set a schedule for mainte-
nance work and plan replacement. Oil temperature measurement is most commonly 
used using typical sensors. However, this measurement does not reflect the temper-
ature of the winding during the sudden increase in the transformer load. 
The proposed method of verifying the parameter, which is the winding temperature, 
can be very attractive for electricity distributors.  

Keywords: power transformer, winding failure, blackout 

INTRODUCTION 

High energy transformers are among the most valuable equipment of electri-
cal power plants. The production of new transformers and their delivery to the 
place of operation generates significant costs, however, damage caused by the 
transformer failure and consequent loss of electricity production may in conse-
quence be much more serious. Therefore, the plants try to maintain the efficiency 
of the transformers as long as possible. The life of the transformers depends 
largely on the winding's operating temperature, so it is important to monitor it. 

The unique properties of fiber optics, such as the very large information ca-
pacity, the ability to transmit signals over long distances, high information rates, 
insensitivity to electromagnetic interference and reliability make them widely 
used in telecommunications, signal processing and measuring technology. Fiber 
optic temperature sensors are measuring transducers that receive information 
about the measurement size which is the temperature and process it at the trans-
ducer output causing an optical signal. 

The work presents a method of temperature monitoring in the presence of 
high electromagnetic radiation using optical fiber sensors. The special technology 
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of semiconductor crystals plays an important role in metrology. A method of 
measuring a sensor based on the use of the Fabry-Pérot interferometer has been 
proposed.  

1. PHYSICAL DESCRIPTION OF THE OPERATION  
OF A FIBER OPTIC SENSOR 

The main component of the measurement system is a fiber optic sensor made 
in gallium arsenide technology. A great advantage of using gallium arsenide in 
the device is that it generates less noise than most other types of semiconductors. 
The gallium arsenide is also completely resistant to electromagnetic induction. 

The operating principle of the fiber optic temperature sensor used in the tests 
is based on the Fabry-Pérot interferometer technology. It is based on the interfer-
ence of light waves carrying information about temperature. This phenomenon is 
shown in Figure 1. 

 

Figure 1. Schematic of the sensor operation based on gallium arsenide technology [1] 

A multimode optical fiber uses a continuous broadband light source to illu-
minate a semiconductor crystal [2-5]. The electrons of the valence band can col-
lide elastically with photons with sufficient energy, which allows to jump to the 
conduction band. Both bands are separated by an energy gap (Eg expressed in eV). 
Eg depends not only on the semiconductor structure, but also the hydrostatic pres-
sure and temperature as presented in equation (1) and (2) respectively: 

 ����� = ���0� + 	 ∙ � − � ∙ �  (1) 

where P is the pressure expressed in GPa and for gallium arsenide at 300K:  
− ���0� = 1,43 ± 0,01	��,  
− 	 = �10,8 ± 0,3�	��/���,  
− � = �14 ± 2� ∙ 10��	��/���. 
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 ����� = ���0� −
�� 

!"�
  (2) 

where T is the temperature expressed in K (0# < � < 10�#) and for GaAs at 
normal pressure: 

− ���0� = 1,519	��,  
− ' = 0,541 ∙ 10��	��/#,  
− ( = 204	#. 

 
Photons, deriving from a continuous broadband light source, illuminating  

a semiconductor, can interact with valence electrons depending on their energy: 

 �)�*� =
+∙,

-∙.
≈

0�1,23

.
  (3)	

where:  
− �) is the energy of the photon expressed in eV,  
− * is the wavelength of the photon expressed in nm,  
− h is the Planck constant,  
− c is the speed of light in a vacuum,  
− e is the absolute value of the elementary charge of the electron. 
 

Photons with longer wavelength has lower energy. These photons passed 
through the semiconductor, return to the optical sensor after reflection from the 
mirror limiting the system. Only photons with higher energy (�) > ��� are  
absorbed. A resultant form of the high pass filter in the wavelengths shown in 
Figure 2.  

 

Figure 2. The GaAs sensor spectrum measured by an optical spectrum analyzer  
at temperatures from -20 to +140 with a difference of 20 [3] 
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The measurement by means of a fiber optic sensor is based on the use of the 
Fabry-Pérot interferometer (IFP). Interference image is obtained due to the reso-
nance cavity. In a flat IFP, a parallel beam of light can bounce repeatedly from 
flat mirrors arranged in parallel or not bounced at all. All rays (reflecting and not 
reflecting) interfere with each other giving a contribution to the resultant intensity 
of light passing through IFP. The light intensity at the exit is determined by the 
formula: 

 5 =
67

0"89:; <
  (4) 

where Φ is the phase delay produced by the beam passing through the resonance 
cavity once, while the 

 = =
3>

�0�>� 
  (5) 

is called the slenderness coefficient of interference fringes, R denotes the intensity 
of reflection coefficient of mirrors [6]. 
 

The unique design of the sensor is based on the measurement of the cut-off 
of the wavelengths of light. Temperature variations create differences in the wave-
lengths cut off in the Fabry-Pérot cavity and the signal conditioner can continu-
ously measure the wavelength with high accuracy despite any unfavorable envi-
ronmental conditions (electromagnetic interference, humidity and vibration). 
Through the use of cross-correlation of white light, signal meters have a surprising 
speed, providing very accurate and reliable measurements. The principle of IFP's 
operation is shown in Figure 3.  

 

Figure 3. Schematic description of the F-P absolute measurement signal based on white light  
interference (left) and the structure of the F-P measurement interferometer showing the course  

of rays obtained by the propagation of the light beam in the optical fiber core (right) [3] 
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The TPT-62 probe is a robust, fiber-optic temperature probe for use in oil-
filled power transformers. It is specially designed to withstand transformer oper-
ation conditions, including desorption of kerosene and heat and vibration release 
during the entire life of the transformer. The geometrical parameters of the sensor 
are shown in Figure 4: 

 

Figure 4. The construction of the TPT-62 measuring probe [1] 

The temperature range of the TPT-62 sensor ranges from –40°C to 225°C, 
0.1°C resolution, and temperature accuracy of ± 1°C. 

Fiber optic sensor is made of insulating materials and is insensitive to elec-
tromagnetic interference. 

2. HIGH-ENERGY TRANSFORMER TESTING 

Power transformers transform electrical energy from one voltage level to  
another - they increase the transmission voltage to limit losses or power interrup-
tions in the distribution network. The lifetime of the transformers depends largely 
on the winding operating temperature (Figure 5). 
 

Figure 5. Influence of transformer winding temperature on its lifetime 
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Internal losses, caused mainly by the load current, have to be discharged. 
High temperature causes deterioration of transformer insulation materials. Trans-
former damage caused by these interactions can cause explosion, fire and costly 
consequences, such as prolonged downtime due to the need to clean and repair the 
site, as well as the need to wait for new transformers to be delivered. 

Figure 6 shows the image of a damaged transformer. 
 

Figure 6. A damaged high-energy transformer 

3. THE EXPERIMENTAL METHOD 

Testing high power transformers in laboratory conditions is difficult due to 
the costs. In order to familiarize with the phenomenon from the experimental side, 
a low power transformer (50W) was tested, immersed in silicone oil [7]. The dia-
gram of the measurement station is shown in Figure 7. One of the sensors 
measures the temperature directly on the winding, the other measures the oil tem-
perature. The measuring system works via the Nortech Sentinel II interface with 
a computer program that has the ability to record temperature changes over time. 
The dynamics of oil temperature changes and the winding of the transformer im-
mersed in it at an exemplary overload 250W is shown in Figure 8. 

As can be seen, there are significant differences in the temperature of the 
winding compared to the oil temperature at a rapid increase in the load. It follows 
from this conclusion that the oil temperature measurement alone does not show 
the actual operating condition of the transformer and the temperature measure-
ment should be used directly on the winding. In addition, measuring the tempera-
ture in several places of the winding allows to detect the initial phase of damage, 
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for example compact coils and gives the possibility of switching off the trans-
former before its complete destruction. 

 

Figure 7. The scheme of measurement 

 

Figure 8. Dynamics of oil and winding of the transformer immersed in oil temperature changes; 
sensor 1 - winding temperature measurement, sensor 2 - oil temperature measurement 
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4. CONCLUSIONS 

The paper proposes an experiment that allows for temperature measurement 
in unfavorable environmental conditions. The sensor proved itself and correct 
measurements were taken in real time. 

In the experiment carried out to measure the temperature of the transformer 
winding and electro-insulating liquid, which was silicone oil as an insulator and 
coolant of the power transformer. The measurements showed ineffectiveness of 
the traditional temperature measurement of the oil itself. Spontaneous convection 
of fluid was noticed, which could additionally confuse potential users and mask 
the actual temperature of the winding. The presented method of transformer mon-
itoring is extremely useful for electric energy distributors. 
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MONITOROWANIE TEMPERATURY TRANSFORMATORA  
WYSOKOENERGETYCZNEGO Z WYKORZYSTANIEM  

CZUJNIKA ŚWIATŁOWODOWEGO 

Bazując na wielu zaletach technologii czujników światłowodowych, artykuł przedstawia możliwość 
pomiaru temperatury w trudnych warunkach środowiskowych, na przykład w wysokim polu elektro-
magnetycznym. W omawianych czujnikach światłowodowych stosuje się interferometry Fabry- 
-Perota, z krótką wnęką rezonansową o małej rozdzielczości. Walorami takiego rozwiązania są m.in. 
prosta i zwarta budowa, niska cena, mały wpływ temperatury oraz brak zaniku obrazu interferen-
cyjnego wywołanego polaryzacją. 
W związku z możliwością obciążeń transformatorów, zakłady elektroenergetyczne oraz firmy prow-
adzące eksploatację testują transformatory mocy w celu oceny ich stanu, ustalenia harmonogramu 
prac konserwacyjnych i zaplanowania wymiany. Najczęściej stosowany jest pomiar temperatury  
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oleju stosując typowe czujniki. Jednak taki pomiar nie odzwierciedla temperatury uzwojenia pod-
czas nagłego zwiększenia obciążenia transformatora. 
Zaproponowany sposób weryfikowania parametru jakim jest temperatura uzwojenia może być bar-
dzo atrakcyjny dla dystrybutorów energii elektrycznej. 

Keywords: transformator mocy, uszkodzenie uzwojenia, blackout 
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A. KUŁAK 1 
K. SUPRYNOWICZ2 

J. PISAREK3 

LUMINESCENT POWDER TECHNIQUE  
IN ELECTRONIC SPECKLE PATTERN  

PHOTOGRAPHY 

For the generation of speckle images, a luminescent powder applied in a small amo-
unt to the sample surface and stimulated by UV radiation was used. We obtained 
fine-grained speckle patterns with very high contrast and small size of spots, The 
shape of the single speckle, unlike laser method, is circular, which is important for 
the effectiveness of the used digital image analysis methods. The measurements of 
displacements and deformations were made by use of digital image registration and 
its analysis using correlation procedures. The results are presented in the form of 
bitmaps, tables and graphs. The developed method was tested on flat wood speci-
mens subjected to three-point bending. 

Keywords: speckle metrology, elektronic speckle, ESPI, white light speckle pho-
tography, experimental strain analysis, analize of speckle pattern, speckle pattern, 
luminescent powder 

INTRODUCTION 

The laser speckle analysis of deformations of structural elements is known 
from the 80s of the last century [2-6, 10, 11] and it is always connected with  
a measurement error resulting from the rotation or deformation of the analysed 
surface. The speckle pattern recorded in laser light is spatial and during loading 
of the object it performs two movements simultaneously: 

• translatory motion related to the linear displacement of the analysed part 
of the object’s surface, 

• rotary motion associated with the rigid rotation of the body and the local 
deformation of its surface. 

                                                      
1  Jan Długosz University in Częstochowa, Institute of Technology and Safety Systems, Al. Armii  
 Krajowej 13/15 42-200 Częstochowa – student 
2  Warsaw University of Technology, Institute of Aeronautics and Applied Mechanics, Nowo- 
 wiejska 24, 00-665 Warsaw, Poland, E-mail: ksuprynowicz@meil.pw.edu.pl 
3  Private laboratory of experimental mechanics, ul. Kiedrzyńska 95 m 20, 42-200 Częstochowa,  
 e-mail jerzy.pisarek@gmail.com , tel.+48 601842074 
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The linear displacement of the speckle registered by the camera is a superpo-
sition of displacements resulting from both movements. The difference between 
the real vector displacement of the selected point and its image recorded by the 
camera is proportional to the vector product ∆s = δ×d of the local rotation angle δ 
and the local defocusing vector d. This is illustrated in Fig. 1. 

The displacement's vector “s” recorded by the CCD camera is a view on the 
object plane as the sum of vectors s and ∆s. Regardless of the errors discussed 
above the spatial character of speckle structures generated in laser light leads to 
blurring of recorded images and lowering their contrast, which may result in  
a high level of random errors associated with the numerical processing of speckle 
images. 

 

A’

Object surface
after loading

π Object surface
befor loading

δ

π’

A1

d

s”

CCD
camera

∆s

s

A s’

E
R

R
O

R

 

A - Point in analysed 
area befor loading 

A1 - Point in analysed 
area after loading 

A’  - Image of point A in 
object plane 

A1’ -  Image of point A1 in 
object plane 

s - Real displacement of 
point A 

s’ - Image of displace-
ment of point A 

d - Local defocusing 
vector 

δ - Local deflection vec-
tor 

π - Object plane of cam-
era objective 

π’ - Image plane con-
nected with CCD 
matrix 

Fig. 1. Error recorded by the camera of the mapping of the actual displacement of the selected  
point A. It was caused by the camera's focusing and the rotation of the coherent speckle  

structure by the angle δ. 

Numerical analysis of speckle positions in coherent method is also hampered 
by irregular shapes of speckles. This is visible in Figure 2. 

The uniqueness and complexity of the speckle shapes materially impedes 
both initial and final selection of features used for tracking position of selected 
area of film frame or bitmap. 

Problems related to the separation of linear deformations or strain and pro-
blems related to the industrial application of laser metrology have resulted in the 
development of methods of speckle metrology in white light [12-14, 20, 24]. One 
of the variants of this group of measurement methods is the technique of reflective 
powders developed by J. Pisarek [7, 8], based on spraying of reflective powder 
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(most preferably dactyloscopy powder) on the surface of tested object. The disad-
vantages of this technique are: 

• necessity of blackening the surface of the object before applying dust  
to it, 

• relatively low durability of the dust layer, 
• necessity of using strong light sources with a fairly high spatial coherence. 

 

 

 

Fig. 2. Speckle pattern generated by the wood surface in the light of the GaAS laser 

In order to obtain a high contrast of speckle structures and to eliminate 
uneven illumination of recorded images, it is necessary to work in the dark, which 
may be troublesome in industrial or range environments. An alternative to powder 
technology [7, 8] is the use of special reflective paints containing salt crystals 
(C.Forno [12]) or glass microspheres. The preparation and proper use of these 
paints is quite cumbersome and requires practical experience. The luminescent 
powder technology proposed in this article is much easier to use in practice. The 
analysis of speckle pattern (and specklegrams) can be making using analogue met-
hods, like optical Fourier processors [3, 6-8, 14, 20, 24] or digitally with the use 
of different techniques of the image analysis. In the literature one can find a great 
deal of examples of uses of the digital analysis application e.g. works [9, 18, 19, 
22, 23, 30-37]. The number of original works concerning of the methodology of 
research [25-29, 38] is evidently smaller. Measuring techniques presented in this 
article were checked experimentally within the framework of the work [1] reali-
sed in the Institute of Techniques and Systems of Safety in the Laboratory of 
Speckle Metrology, Holography and the Optical Information Processing and  
partially in the private laboratory of the experimental mechanics founded by  
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J. Pisarek. Calculations were performer by use of the author's programming [15, 
17] developed by K. Suprynowicz. 

1. PRINCIPLES OF EXPERIMENTAL TECHNIQUE 

The essence of the proposed techniques is the sprinkling of luminescent or 
phosphorescent powders into object's surfaces. Authors propose the following 
dust application techniques: 

• powder spraying and gravitational descending on a dry surface of the 
element, 

• powder spraying and gravitational descending on the surface of the 
element covered with wet paint, oil or other sticky substance, 

• spraying the surface with a clear varnish containing a luminescent active 
pigment. 

Depending on the type of luminescent or fluorescent powder used, the surface 
of the element is irradiated with UV light or visible light with a wavelength shorter 
than the light emitted by the dust. In the case of fluorescent powders the image 
exposure was done immediately after lighting. In second case with using of lumi-
nescent powders - exposure was done in during of a photoexcitation so an addition 
of UV filter to the camera's optical pathway was necessary. 

1.1. Preparation of specimens surfaces 

The tests were carried out on flat wooden specimens. Obviously, the same 
methodology can be used for any structural material and elements of any shape. 
A hair sprayer was used to spray the powder. Construction of a simple sedimen-
tation chamber was required to obtain an even distribution of marker particulate. 
The device is shown in Fig. 3. The chamber should have dimensions much larger 
than the size of the sputtered element. Authors used cardboard boxes to create  
a simple and effective chamber. 
 

Band-box Specimen Vertical separator Sprayer

DUST

 

Fig. 3. Sprayer used to cover a wooden specimen 
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In use of non-transparent coating technology, black acrylic spray varnishes 
were applied following the manufacturer's instructions. The CAPON clear lacquer 
(nitro-cellulose lacquer) was applied simply with a brush. 

The preparation of the luminescent varnish required the following sequence 
of operations 

1. Pigment distribution in a large amount of solvent (about 0.5 g / l) 
2. Dilution of the CAPON varnish in the ratio 4: 1 
3. Introduction of varnish to the sprayer or atomiser 
4. Spray painting 
For the preparation of luminescent varnishes, transparent resins for UV and 

solvent suitable for their dilution should be used. The best results are obtained by 
using a methyl methacrylate (plexi) diluted with chloroform with the addition of 
a small amount of plasticizer (N-N butylphthale) as a resin. 

A typical speckle pattern obtained by spraying luminescent powder on wet 
lacquer layers is shown in Figure 4. Regular shapes of spots deserve the attention, 
because they enable the application of such tools of the image analysis which in 
case of laser speckle pattern would be very troublesome. 

 

 

Fig. 4. Structure obtained by spraying by luminescent powder (source [1]) 

The homogeneity of the background is a second advantage of speckle pattern 
obtained by luminescent or phosphorescence techniques. 

1.2. Registration of the image 

The scheme of speckle image capture system is shown in figure 5. 
The specimen was illuminated at an angle of about 300 with a UV reflector. 

The camera and the loading system were placed on long strip footing. The diagram 
of the loading system is shown in figure 6. 
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Camera
CCD

Long strip
 footing UV  lamp

Tested
specimen

Loading
system

P

 

Fig. 5. Scheme of registration system 

 

 

  

1 – Ribbed bed plate 

2 – Bearing frame 

3 – Lever with ratio 1:5 

4 – Lifting sling 

5 – Loading screw 

6 – Gravitational surcharge 

7 – Tested specimen 

Fig. 6. Configuration of loading system (source [1]) 

1.3. Loading system 

In the experiment the loading system from elastooptic polariscope was used. 
He enabled the realisation facultative flat states of the strain. The load was realised 
in a kinematics manner by means of the screw (5). The value of displacement of 
selected point of the lever (3) was measured with the accuracy about 0.01 mm by 
means of the dial gauge (7). This made possible to determine the value of displa-
cement of the force application point on accuracy of 0.002 mm. Unfortunately, 
the low stiffness of the lifting sling and the low stiffness of the benches on which 
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the entire loading system has been mounted cause additional and uncontrolled 
movements of the sample relative to the reference system connected with the ca-
mera. Compensation of this effect (possible on the way of numerical processing 
of registered bitmaps) is effective for determination of strain only. Unfortunately, 
the compensation of systematic errors appearing in measurement of movements 
is here not possible.  

For achievement of this purpose the measurement of movements of apparent 
elements of the lifting sling would be necessary. Unfortunately authors of this 
work did not perform this additive measuring. 

1.4. Image analysis 

Displacement and strain distributions were calculated using two-dimensional 
Digital Image Correlation software. Software utilises a two-step approach, with 
first step using rectangular image subset, that is tracked on concurrent images with 
subpixel precision using bicubic interpolation. Tracking is conducted by a brute 
force search algorithm maximising Pearson correlation coefficient between two 
images. Speckles are used as subset centres. First step results in approximate di-
splacement map. Second step of the algorithm begins with creation of triangle 
mesh with vertices placed on individual speckles. Pearson correlation coefficient 
is again maximised, this time using algorithm similar to simulated annealing. 
Strain distribution is derived from the resulting displacement map by calculating 
finite differences. Strain distribution is then filtered by Gaussian kernel filter. 

Regular shapes of speckles obtained with the use of luminescent powders 
give the possibility of image processing also using the algorithms based on the 
click theory and the theory of Markov random fields [16]. These methods allow  
a very significant reduction of accidental error and improve the measurement ac-
curacy by at least an order of magnitude. Unfortunately, they are sensitive to the 
occurrence of the common errors. Therefore, they should be used in conjunction 
with correlation methods. 

2. APPLICATION IN THE TEST OF COMPOSITE SPECIMENS 

The test method were carried out on wooden specimens with the dimensions 
250x50x18 mm under three point loading according to the scheme shown in  
Fig. 7. 

Fixed points should exhibit not the true displacements of selected specimen 
area but present an additional rigid displacements of the recorded image, relative 
to the camera coordinate system. These movements are a sum of movements re-
lated to the deformation of the sample and movements connected with of her rigid 
turn, resulting from the foldability of the loading arrangement. The second from 
mentioned components of displacement can be compensated by software in the 
data analysis process. An additional source of discrepancies in the experimental 
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results in relation to the theoretical expectations was the non-linearity of the ela-
stic characteristics of wood, and in the case of large loads also its plastic deforma-
tions. 

 

P

B B

A A

C

C

D

D

2 mm

2 mm

E

E
Area of registered image

 

Fig. 7. Diagram of sample loading and position of cross sections for which the deformation  
distribution are presented in the following part of the article (Figures 11 and 12) 

2.1. Whole field results of displacement measuring 

The results of the displacements and strains analysis can be presented in 
whole field in the form of contour diagrams or bitmaps, on which a given value 
of displacement or strain corresponds to a particular colour of the image. This 
article adopts a scale in which the smallest value corresponds to the blue colour 
(the shortest wavelength of light) and the highest value is the red colour (the lon-
gest wavelength). Figures 8-10 show a linear mapping of the measured value of 
the wavelength assigned to a given measuring point. Obviously, due to the requi-
rements of the printing process particular colours are simulated using the super-
position of the so called primary colours. 

Figure 8 shows colour maps of horizontal and vertical linear displacement, 
which was measured in a direction perpendicular to the direction of observation. 

They conform to the load by the central force P which causes the vertical 
displacement to be set at the point of its application and accord to the movement 
of the point of force application equal approx. 4 mm. The dark area near the point 
of application of force is the shadow of the roller, through which the force is ap-
plied to the sample. It is visible due to the angular lighting (below at an angle of 
about 300). 
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Fig. 8. Experimentally obtained colour maps representing distribution of displa-cements  
of the wood specimen surface during three-point bending 

The following diagrams show the strain distributions εx (Fig. 9) and εy (Fig. 
10) corresponding to the same load. All plots were prepared based on the analysis 
of the same pair of speckle images, i.e. the image recorded before and after loading 
the specimen. Fig. 9 shows the characteristic shape of the deformed zone, called 
"dog bone" in the jargon of people dealing with the strength of materials and with 
the fracture mechanics. It is characteristic for areas that are plastically deformed. 
The figure also shows some irregularities in the strain distribution that may be 
related to the structure of the material being tested These effects will be more 
clearly visible in point-by-point analysis, the result of which in selected sections 
is shown later in the work (Figs 11-12). 
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Fig. 9. Bitmap representing distribution of strain εx in whole field displacements (source [1]) 

The distribution of deformations εy visible around the point of application of 
force (Fig. 10) resembles the distribution of equivalent stresses known from the 
classic elastic theory, calculated according to the Mohr hypothesis. 
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Fig. 10. Bitmap representing distribution of strain εy in whole field (source [1]) 

2.2. Strain distribution in selected cross-sections 

On figure 11 the deformation distributions corresponding to different values 
of the shift of point of force application, and resultative different loads were com-
pared. It quite unexpectedly turned out that the deformations measured locally are 
not proportional to the load and change irregularly along the cross-section. This 
is undoubtedly due to the nature of the material used for the tests, which is not 
linear-elastic, and, moreover, has a significant dispersion of local properties. So 
what is the sense to performing the engineering calculations with FEM, where the 
so-called simplifying assumptions are evidently leading to false results? 
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Fig. 11. Distribution of linear strains εx along the A-A section from fig. 7 (date from [1]) 
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Fig. 12. Distribution of linear strains εx along the B-B section from fig. 7 (date from [1]) 

The graph shown in Fig. 12 shows only a few percent fluctuations of locally 
measured values (presented by a blue-green curve) around average values (red 
curve). Drastic differences in the course of diagrams of strains measured relative 
to perpendicular axes suggest a clear effect of the positioning of the composite 
fibres on the measurement result. Thanks to the measurement technique described 
in the article, it is possible to experimentally verify the actual impact of numerical 
errors (especially FEM calculations) on computational errors and validation of the 
software used. 

CONCLUSIONS 

The technique of speckle photography based on the use of luminescent pow-
ders is insensitive to angular displacements and angular micro-deformations of the 
tested object. It can be used on any elements without the need to blacken them. 
The phosphor may be applied by sputtering or introduced into the outer layer of 
the varnish coat. The second of presented techniques makes the method proof to 
atmospheric factors and its effective also in open area or range conditions. Due to 
the separation of pigment grains and their small size the luminescence technique 
combined with numerical image processing based on correlation techniques al-
lows to achieve a resolution of several dozen µm are used. At the same time, the 
regular circular shape of the speckles creates favorable conditions for the use of 
image analysis techniques based on the theory of Markov random fields and clique 
theory, which should increase the measurement accuracy by an order of magni-
tude. 

The simplicity of technology, a very wide measuring range and the ability to 
analyze deformations at very small measuring bases predestine the technique de-
scribed for use as a basic experimental way of validating numerical engineering 
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programs, including FEM programs. In the case of using varnish coatings, an ad-
ditional argument in favor of the use of the measurement technique described in 
the article for validation and technical inspection is random and practically unique 
spatial distribution of spots recorded on a bitmap, which makes it practically im-
possible to make undetectable falsifications. An additional argument for the wide-
spread use of the described technique supplemented with a possibly more exten-
sive data analysis system is availability and a very low cost of measuring equip-
ment and consumables. 
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APPLICATION OF THE HYBRID BALANCED 

RATIOMETRIC MEASUREMENT METHOD  

IN THE HIGH-PRECISION AC THERMOMETRY 

BRIDGES 

The paper article describes the circuit of an automatic AC bridge for high precision 
temperature measurements using a standard platinum SPRT sensor. An original 
method for measuring the impedance parameters of SPRT sensor which allows to 
carry out the measurement process without loss of accuracy, is described in detail. 
This measurement method is proposed to name as hybrid method. It is a combination 
of a balanced method for rough compensation of the circuit and a ratiometric method 
which accurately measures the ratio of two values of the imbalance signal, before 
and after its known change. With this method, the measuring circuit also does not 
require a circuit to compensate for the reactive component of the SPRT sensor im-
pedance. The inductive voltage divider with lower number of digits is needed only 
for the coarse compensation. This circuit is simpler and at lower cost of the hardware 
resources allows to achieve the same accuracy as the most accurate thermometric 
bridges with fully balanced circuits  

Keywords: high precision temperature measurement, AC bridge, balanced-rati-
ometric measurement method, hybrid method 

INTRODUCTION 

Modern trends in improving the metrological support for temperature meas-
urements are associated with a new definition of the unit of measure of the Kelvin 
degree. The advantage of redefining this unit will be the advancement of the tech-
nique of direct measurements of the thermodynamic temperature in parallel with 
the methods described in the IST. However, it takes some time to introduce  
modern trends into practice. Therefore, the following conclusions are made in the 
CCC document: "Report to the CIPM on the importance of changing the definition 
of the base unit kelvin" [1]. «IST-90 in the foreseeable future will be used as the 
most accurate and reliable approximation of the thermodynamic scale ... In the 
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foreseeable future, the key range of the scale -200 ... + 960°C will continue to be 
carried out with the help of platinum resistance thermometers.» 

At present, according to IST-90, temperatures in the range between the triple 
point of equilibrium hydrogen (13.8033 K) and the solidification point of silver 
(961.78°C) are carried out using standard platinum thermal resistance transducers 
(SPRT). Measurement of the value of the informative parameter (active resistance 
SPRT) is performed on a constant or alternating current. In most cases, the SPRT 
is connected as one of arms of an AC bridge. Since the error of interpolation of 
IST-90 is 0.00013 K, the thermometric bridges should have an error, brought  
to the end of the range, not worse than (1-3) 10-7. Such a measurement error is 
realized using AC bridges with voltage (or current) dividers with close inductive 
coupling (IVD) as scaling converters. 

Practical application of specialized thermometric circuits with inductive di-
viders begins with AC axes of Hill, Gibbings, Furd [2-4]. The main requirements 
for them were: high accuracy of the arm ratios and an effective four-clamp con-
nection of the standard measure and the thermometer. Further progress in increas-
ing the accuracy of measurements was the use of two-stage [5, 6] and multistage 
transformers. The best automatic thermometric AC bridges of ASL company 
(models F18, F900) or Tinsley (model 5840C) are built using such schemes. Ob-
viously, IVD is the main part of these devices and determines the complexity and 
cost of the bridge and other instruments needed  in the lab stand. 

This article describes the semi balanced method of measuring only the re-
sistance component of the impedance of SPRT sensor. This method allows to sim-
plify the structure of the inductive voltage divider in precision AC thermometric 
bridges. 

Functional diagram of the thermometric AC bridge 

The functional diagram of high precision bridges as for example type F18 or 
F900 ASL [12] is presented in Fig. 1. To obtain the sensitivity needed in high 
precision temperature measurements, the inductive divider (winding m1) must 
contain 7-8 decades. Note that, on an alternating current, the impedance (Zx ≡ ZT) 
of SPRT sensor has a two-element serial inductive equivalent circuit 

 ( )TTTTTTT φjtgRjQRjωωRZ +=+=+= 1   (1) 

where: Tφtg  is the tangent of the phase angle, i.e. the ratio of the reactive compo-
nent Im (ZT) to active component Re(ZT), ωT is the frequency of the bridge circuit 
andQT is the reactance. 

 

To eliminate the influence of the reactive component on the sensitivity of the 
instrument, additional compensation circuits are necessary. In models F18 and 
F900, this problem is solved by connecting an additional current source IVar.Q to 
point A - Quadrature Servo Range. Its phase must differ from the phase of gene- 
rator G strictly by 90°. The error must not exceed the LSB (least significant bit) 
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of the inductive divider. Therefore, the current source IVar, Q is a complex module. 
For a further description of the method, another circuit for compensating the quad-
rature impedance parameter of SPRT sensor it is convenient to use. It is usually 
applied in universal RLC bridges. The circuit contains a multi-decade voltage di-
vider with an adjustable number of turns m2 and a quadrature phase shifter (QS), 
which provides a phase shift of the winding voltage m2 by an angle of π/2 (con-
version factor - j). The compensation circuit is connected between points B and C 
- in series to the voltage comparison circuit. Instead of an equilibrium detector,  
a vector voltmeter VV is used. Thus, the detector of the balance in precision ther-
mometric bridges is a vector device. This device makes the thermometric bridge 
more complex and expensive. The AC-bridge complexity depends on two com-
ponents. Firstly, it is the main inductive divider with secondary winding m1 of  
6-8 decimal decades. Secondly, it is an additional divider (winding m2) and a pre-
cision phase shifter (QS). 
 

 

Fig. 1. Functional diagram of the measuring circuit of AC bridge (R0 is the standard resistor)  

Hybrid measuring method 

The combined balanced-ratiometric method, called below shortly as hybrid 
method, eliminates the additional divider (winding m2) and substantially simpli-
fies the main divider (winding m1). To achieve such results, a priori information 
on the phase characteristics of the SPRT is an important condition, i.e. the value 
of the tgφT parameter at the maximum operating frequency of different SPRT 
types. Frequency characteristics of SPRT, which are often used in Ukraine, will 
be presented below. 

The hybrid method is based on two other well known methods. This is the 
method of balancing and the method of ratiometric transformation of two signals 
before and after their variation. Therefore, the hybrid method contains two stages. 
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Firstly, the bridge is balanced by an inductive divider m1 with a limited resolution. 
Evaluation of the unbalance signal at this stage determines simultaneously the 
control codes of the converter and the values of the highest digits of the measure-
ment result. On the second stage the measurement result is refined. Evaluation of 
the unbalance signal at this stage only determines the values of the least significant 
bits of the measurement result. At both stages, the unbalance signal is estimated 
by means of a ratiometric transformation. Its essence consists in the formation of 
a variation test impact with the help of IVD and calculation of the bridge disequi-
librium from the ratio of the unbalance signals before and after the variation. The 
use of the signal ratio makes it possible to exclude several errors introduced by 
the elements of the measuring device. This method is called "variational" by its 
authors [7]-[9]. It was first used to correct the error of transformer bridges in meas-
urements of high-resistance capacitive objects with a parallel substitution circuit 
[8]. As an extrapolation method of balancing thermometric bridges, it is presented 
in [9]. 

Variational method of balancing the AC bridge 

A vector voltmeter VV is used to measure imbalance output voltage UD of 
the AC bridge and gives results of measuring two orthogonal components of it. If 
phases of the supply generator signal and VV voltmeter coincide, then these com-
ponents are named: in-phase component US (sin) and quadrature component UQ 
(cos). 

 







+=+=
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SQSD R

Z
-jqpRIj UUU   (2) 

where: p = m1/m0 and q = m2/m0 - initial adjustable parameters of the common-
mode and the quadrature-mode signal component  respectively; I ≡ IH- operating 
current. 
 

The transmission coefficient QS at a fixed frequency, for simplicity, is equal 
to unity, i.e. ωτ = 1 (τ is the time constant of Zx). 

In the initial (unbalanced) stage of the circuit, each adjustable parameter is 
the sum of two parts: with indexes: B corresponding to the balanced state and E 
for the unbalance state, i.e.: 

 p = pB + pE,        q = qB + qE (3) 

When the circuit is in balance, UD = 0. From (1) and (2) follows the balance 
condition  

 STSTBB /RjQ/RRjqp +=+   (4) 
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The circuit imbalance is determined by the error of balance E, which is  
a vector quantity Then: 

 EE qp jE −= ,  
S

T
E R

R
 pp −= ,   

S

T
E R

Q
 qq −=       (5a,b,c) 

The balance parts (pB, qB) of the controlled parameters determine the compo-
nents of the impedance of the measured object ZT: 

 ( ) SBSET RpRpp R =−= ,      ( ) SBSET RqRqq Q =−=  (6a,b) 

In the first cycle the AC bridge circuit is balanced by the variational method, 
but not completely and the components of the balance error E1 are determined. 

1. The non-balance components (in-phase US1 and quadrature UQ1) of the in-
itial signal UD1 are measured  

 1111 ERIjUUU SQSD =+=  (7) 

2. The variation of the adjustable parameter p is performed by changing  
the number of turns of winding m1. The value of the variation is equal to  
pV1 = mMSB/m0. As a rule, this value is equal to the unit of discreteness of the older 
decade. 

3. The components (in-phase US2 and quadrature UQ2) of the received UD2 
imbalance signal are measured: 

 ( )11222 VSQSD pEIRjUUU +=+=  (8) 

From the joint solution of (6a,b) and (7) the expression of error E1 is obtained. 
As a vector quantity, this error contains the real A1 and the imaginary part B1. 

 ( )111
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pE V
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−
=  (9) 

After substitution of the equation (2) to (9) with the allowance of indices, 
expressions for the coefficients A1 and B1 can be received, i.e.: 
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4. From (5) and (9), the components of errors of regulated parameters are 

calculated as 

 111 VE pAp = ,    111 VE pBq =  (11a,b) 
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Equations (11a,b) make it possible to obtain a coefficient that determines the 
degree of the non-balance stage expressed in terms of the variation activity. It is 
important to note that variation in the form of a change of the number of turns of 
the inductive divider has a potential high accuracy, which can exceed 0.1 ppm. 
The accuracy of (11a,b) calculations depends also on the LSB of the vector volt-
meter. It is possible that this voltmeter LSB will be smaller than the LSB of in-
ductive divider. Then the process of determining the components of the imbalance 
state can be iterative. 

5. The values of controlled parameters of the measuring circuit determined 
on the first stage of balancing process are: 

 E1B p-pp = ,      E1B q-qq =  (12a,b) 

The advantage of this method (equations 2-12) is due to a priori information 
about the impedance of the SPRT sensor. It is known that the reactive component 
QT of the impedance ZT (1) is several orders of magnitude smaller than the active 
component RT. Then the format of the number qB, will be represented with zeros 
in the upper digits. For example, qB = 0.000358. Zero values do not make any 
sense to write to the divider registers m2 (Fig. 1). To comply with this requirement, 
we restricted the minimum discretization of the divider by the natural number 
NIVD. The conditions are as follows: 

 ϕtgIVDN <−10  - for the divider with decade structure,    (13a) 

 ϕtgIVDN <−2  - for the divider with the binary structure.   (13b) 

With an error of LSB of the inductive divider, we have the following rela-
tions: B1≈0 and qB1≈0. Under conditions (13a,b), the quadrature divider m2 and the 
phase shifter QS in the circuit of Fig. 1 can be eliminated. The results of calcula-
tions of the basic parameter pB1 are recorded in the registers of the inductive di-
vider and in registers of the upper bits of the computing device. As a result of the 
first stage, the bridge will be balanced to within 0.5 LSB of the inductive divider. 

6. At the second cycle of the measurement process, the signal of the bridge 

imbalance IVDN−⋅105,0  is amplified. The variation is accomplished by changing 
the number of turns of the minor decade pV2 = mLSB/m0 and operations 1-5 are 
repeated. 

7. The value of the error E2 and the balanced values of the adjusted parameters 
pB2 and qB2 of equations (12a,b) are determined, similarly as pB1 and qB1 of E1: 
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The accuracy of calculation of the error components and balance values ad-
justed in the second stage (by analogy with the first stage) depends on the variation 
and the digit capacity of the vector voltmeter. By analogy with the first stage, this 
accuracy is also high. Then it is possible not to balance the measuring circuit for 
the least significant bits of the divider m1. This accordingly simplifies the con-
struction of the inductive divider and the circuit. In this case, the calculated bal-
anced values of the parameters pB2 and qB2 are recorded only in the low-order reg-
isters of the computing device. Therefore, the number of digits in the calculator is 
summed. 

8. In general, the measurement result of the informative parameter can be 
represented in the form: 

 )()( 221121 VVSEEST pApApRpppRR −−⋅=−−⋅=  (15a) 

 ( ) ( )22 V2SEST pBqRqq RQ −⋅=−⋅=  (15b) 

The reactive component QT of a SPRT sensor is not a informative parameter. 
But the QT /RT ratio can be used to control if the quadrature parameter of the SPRT 
impedance is not in the limited range. Thus, when a combined hybrid measure-
ment method is used, the resolution of the voltage divider may not be as high as 
needed for the measurement result. It is enough when voltage divider determines 
only numbers of the highest digits of the measurement result. They are added to 
the lower orders, which are determined in the second cycle. This will simplify the 
design, reduce the dimensions, weight and also the cost of the device. 

The high accuracy and linearity of this method is due to several factors. 
a) The presence of the high accuracy normalized levels of dividing by IVD 

and the ratiometric processing of imbalance signals before and after the variation. 
This ensures the invariance to the working current and phase changes in the filters 
of the generator, amplifier and other modules. 

b) The variation of the signal is formed by changing the number of turns of  
a particular decade, which provides a connection with the LSB of inductive di-
vider. The accuracy of the ratio of the non-balance level and variation is deter-
mined by the accuracy of the ratio of numbers of turns. It can be less than 0.1ppm. 

c) A transformer voltage divider with a close inductive coupling has poten-
tially higher linearity in comparison with the discreteness. For example, the line-
arity of 4-decade division may be better than 0.1 ppm (7 decades). This method 
have been experimentally tested and has two weaknesses also. 

Firstly, the variational method of balancing requires two measurements: be-
fore and after the signal variation. As the result of this method the RMS of the 
Gaussian noise in the signal will increase by √2 times. This can be compensated 
by expanding the sample for averaging. 

Secondly, with the incomplete balancing, the influence of the resistance of 
the connecting wires will not be completely eliminated. 
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To create cryogenic bridges for operation at very low cryogenic tempera-
tures, this method still requires further development. 

Implementation of the hybrid method in AC bridge 

The e hybrid method was used in the precision thermometric AC bridge CA 
300 (Fig. 2) [8-11].  

 

 

Fig. 2. Automatic bridge AC  type CA 300 

Some features of the construction of chains of equipotential protection and 
metrological support of this bridge are considered in [10, 11]. From experimental 
studies, it is known that the SPRT sensors with a nominal resistance of 0.6 to 25 
Ω (types of VTS, PTS-10, ТСПН-4В ТСПН-4В) at a frequency of 100 Hz have 
a phase angle tangent of not more than 0.0003. The optimal situation occurs when 
the inductive divisor is binary. It is easy to show from (13b) that the minimum 
number of digits (for a given maximum value of tgφ) should be N =12. To test the 
method, in the CA300 bridge a 12-bit inductive voltage divider and a vector volt-
meter with a 12-bit ADC have been used. Its scheme is shown in Fig. 3 (In Fig. 3 
the temperature sensor is marked by symbol “Rt”).  

In the first cycle, the imbalance voltage (as a 12-bit equilibrium code) is writ-
ten to the inductive divider registers and in the high order digits of the calculator. 
In the second cycle, the imbalance voltage is written only in the registers of the 
calculator as low-order bits. The microcontroller combines the data of the registers 
into a 24-bit format, carries out the necessary calculations for the system calibra-
tion and put the result on the display. A balanced AC bridges with an inductive 
divider of seven decades corresponds to this hybrid circuit. 
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Fig. 3. A scheme working with combined - hybrid measurement method that provides a 24-bit  
effective number of binary digits: G - AC sinusoidal generator, TIC - matching transformer,  
A - amplifier, SD - two-channel (Re\Im) synchronous detector, Int - two-channel (Re\Im)  

integrator, ADC - analogue to digital converter, SW - switch, T - timing system. 

An inductive voltage divider with a resolution of 12 bits (transformer m1) for 
balancing the bridge is shown in Fig. 4. 

 

 

Fig. 4. Binary 12-bit inductive voltage divider IVD 

The circuit contains two two-stage transformers T1 and T2. The weight  
coefficients of the windings w1 and w2 have a ratio of 1/8. Each of the windings 
m11 - m14 is switched by a system of electronic keys and realizes a voltage divider 
with a 3-bit capacity. Transformer T2 has a transformation ratio of 1/64. Therefore, 
the summary voltage with a discreteness of 12 bits will be generated at the output 
of winding m14. Transformers T1 and T2 are made on toroidal cores in the size  
40 x 25 x 11 mm. The core material is amorphous cobalt (Co) iron with an initial 
magnetic permeability of µ=(1-2) 105. The divider has linearity no worse than  
0.2 ppm at a working frequency of 125 Hz. 
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This new method based on the 12-bit ADC made it possible to realize the 
following main technical data of the bridge: LSD related to the full range - 0.06 
ppm, linearity - 0.2 ppm, RMS at 0.05 Hz - 0.08 ppm. Such characteristics are 
comparable to those of the F18 ASL model [12]. Note that the bridge CA300 has 
dimensions of no more than 290 x 120 x 320 mm and a weight of not more than  
6 kg. The level of the RMS indicates a certain reserve in the signal/interference 
ratio and is the possibility to add another decade. If a 16-bit ADC will be used, 
then with the same weight and dimensions is possible to get the parameters of an 
8-decade bridge, for example equal to CTR9000 WIKA [12]. 

CONCLUSIONS 

The tangent of the phase angle of standard platinum temperature sensors 
(SPRT) is very small [11,12]. Then the balancing process of measuring circuit of 
thermometric bridges it is possible to limit only for the active component of the 
SPRT impedance as the informative parameter about temperature. The circuit of 
AC bridge is simplified because it is transformed from a vector converter to  
a scalar converter.  

The combined balanced-ratiometric method of the impedance measurement, 
named the hybrid method is proposed. This method is based on a variational 
method for estimating the bridge imbalance state, which allows you to signifi-
cantly simplify the procedure of the AC bridge balancing.  

The hybrid method allows also to use in AC measurement bridges a ratio 
transformer or an inductive divider IVD with a bit capacity smaller than is needed 
for the measurement result. The high resolution of the measurements will be re-
tained by estimating the residual bridge imbalance. The high accuracy of meas-
urements (LSD related to the full range - 0.06 ppm, linearity - 0.2 ppm, RMS at 
0.05 Hz - 0.08 ppm.) by this method is provided by using the variational method 
of bridge balancing. It is based on the ratiometric transformation of signals before 
and after the variation and ensures invariance to phase changes of signals in the 
generator, amplifier and other bridge modules. 

The use of a hybrid impedance measurement method significantly reduces 
hardware costs of the precision thermometric AC bridges manufacturing. At the 
same time, linearity and sensitivity remain the same as for fully balanced bridges 
with 7 to 8 decades of IVD. 
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ZASTOSOWANIE HYBRYDOWEJ KOMPENSACYJNO-ILORAZOWEJ  
METODY POMIARU W WYSOKO PRECYZYJNYCH  

TEMPERATUROWYCH MOSTKACH AC  

W artykule opisano oryginalną zasadę budowy układu pomiarowego automatycznego mostka AC 
(prądu przemiennego) do bardzo dokładnych pomiarów temperatury za pomocą wzorcowego 
platynowego czujnika SPRT. Wykorzystuje się oryginalną kombinowaną, tj. kompensacyjno-ilora-
zową metodę pomiaru, którą nazwano tu krócej:  metodą hybrydową. Obejmuje ona połączenie 
metody kompensacyjnej do zgrubnego zrównoważenia układu i metody ilorazowej (ratiometric), 
którą wyznacza się stosunek dwu wartości sygnału nierównowagi, przed i po znanej jego zmianie. 
Układ pomiarowy nie wymaga stosowania obwodu do kompensacji wpływu reaktancji czujnika 
SPRT. Zmniejsza się też niezbędna liczba dekad dzielnika indukcyjnego kompensującego zgrubnie 
sygnał składowej rezystancyjnej czujnika. Układ taki pozwala w prostszy sposób i przy niższych 
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kosztach wykonania uzyskać tę samą dokładność co najdokładniejsze termometryczne mostki AC 
o układach całkowicie zrównoważonych. 

Słowa kluczowe: dokładny pomiar temperatury, mostek AC, metoda hybrydowa, metoda kompen-
sacyjno-ilorazowa  

DOI: 10.7862/rf.2019.pfe.3 
 
Received:17.04.2019 
Accepted:05.07.2019 

 
 
 
 
 
 
 
 
 

 



PHYSICS FOR ECONOMY  vol. 1/2019, pp. 41-51 

Tomasz SZCZEPAŃSKI1 
Sylwia KUDŁA2 

RESONANT TUNNELLING DIODE WITH  

MAGNETISED ELECTRODES 

We analyse some basic properties of charge and spin transport in a semiconductor 
structure with an insulating barrier. In this system two semiconducting layers are 
separated by the insulator,  creating a structure which is called a tunnel junction. The 
particles may pass through this junction according to the quantum tunnelling effect. 
By using two tunnel junctions with energy barriers made of insulating material, one 
can construct a quantum potential well . Inside the well the energy levels are quan-
tised, which means that only discrete or quasi-discrete values of energy are allowed. 
Moreover, the probability of charge tunnelling through the system, which contains 
the potential well, depends on whether the energy of the incoming particles is in 
coincidence with the so-called resonant energy level. Such systems form the base of 
structures called resonant tunnelling diodes. 

Keywords: resonant tunnelling diode, magnetic tunnelling diode, spintronics 

1. INTRODUCTION: BASIC PROPERTIES OF A RESONANT  
TUNNELLING DIODE 

Resonant tunnelling diodes (RTD) are one of the basic components of 
spintronics devices. They use the electrical and spin properties of electrons and 
they are important for current theoretical and experimental research. The funda-
mental phenomenon in a RTD is the tunnelling of particles which is a purely quan-
tum effect. The particles can penetrate through the potential barriers by using their 
wave properties, allowed by the uncertainty principle. Therefore they can propa-
gate through the classically forbidden region in which the energy of the electron 
is lower than the potential energy of the barrier. The solutions to Schrödinger’s 
equation indicate that under the influence of an external magnetic field and volt-
age bias the intensities of tunnelling and contact currents depend on the resonance 
level energy and the geometrical characteristics of the structure [1]. 

The distinctive property of a RTD is that they are very sensitive to a small 
variation in the external bias voltage applied to the system. The structure consists 
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of several layers of materials. In the RTD system, the potential barriers could be 
thin layers of an insulator or semiconductor. 

Usually one considers double potential barriers with one layer between the 
barriers, which is then the central part of the structure. This potential well is the 
region where the energy of the particles can have only discreet or quasi-discreet 
values. This means that the energy spectrum inside the well is quantised, this is 
the quantum well (QW). If the energy of an incoming electron is in coincidence 
with the energy of the quantum states inside the well, then the probability of the 
electron for tunnelling through the QW grows enormously. 

This effect implies that the tunnelling properties of the structure depend on 
the energy values of the (resonant) levels inside the QW. The energies will also 
depend on any external magnetic field which could be applied to the system  
[2-4]. To do so, one can use a ferromagnetic material as an external layer outside 
one of the two barriers of potential. This material is usually a diluted magnetic 
semiconductor (DMS). The magnetic field acts on the spins of the electrons and 
makes the current that flows through the structure spin polarised. The magnetic 
field causes the splitting of the energy level into two spin channels, each of which 
is associated with one of two possible orientation of spin. This is because the  
eigenstates of the electrons have two possible spin orientations in the presence of 
the magnetic field. The spin splitting of the electron energy makes a difference to 
the tunnelling probability because only one of the two split levels can be in coin-
cidence with the resonant level. This means that the RTD can be spin selecting 
materials for the transmitted electrons. Hence we can make the statement that 
RTD diodes are useful structures as spin filters. 

One of the fundamental properties that are studied in magnetic junctions is 
the electric and spin current behaviour as a function of different parameters, for 
example the energy of the resonant level, the geometry of the structure, the influ-
ence of different materials (semiconductors, metals, superconductors), the mag-
netic moments of the system, the symmetry of the structure, and the spin polari-
sation of the current. One of the important phenomena that comes due to the spin 
current tunnelling is the induced magnetisation of the QW. Spin splitting of the 
resonant level causes nonzero magnetic moments in the QW level along with the 
spin accumulation properties of the RTD. This means the material can be magnet-
ised due to the tunnelling of particles with spin from an external magnetised re-
gion. The dependence between magnetic field ratio and the scale of the spin split-
ting of the levels inside the QW are intensively studied properties of multilayered 
quantum systems. Experimentally, in all described cases, the conductance of the 
structure has strong resonance peaks as a function of the voltage, and the peaks 
can be controlled by external parameters like, for example, the magnetic field.  

In a recent paper [5] the authors have shown that spin-selection in RTD can 
be controlled by changing the voltage. The study of a structure based on 
(Zn,Mn,Be)Se, with the DMS inside the well, showed that if one subjects the di-
ode to an external magnetic field, the resulting spin splitting of the levels leads to 
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the splitting of the transmission resonance into two separate peaks. This could be 
used to design a voltage-controlled spin filter. 

2. MANIPULATION OF THE MAGNETIC MOMENT  
IN A SINGLE TUNNEL JUNCTION 

In the case of a single tunnel junction, there is an arrangement, in which two 
layers of a material (either semiconductor or metal) are separated by a thin layer 
of insulator [8,9]. At the interface of two layers we have a jump in the potential 
resulting from a difference in the band structures of the two materials. Often in 
electronic systems, we have to deal with two semiconductor interconnects (e.g.  
a semiconductor diode) or metal-semiconductor connectors (a so-called Schottky 
diode) in which two layers come in contact along a common plane and the energy 
barrier is formed by electric polarisation [10,11]. In our case, the electron transport 
through the coupling takes into account the effect of the magnetising of the struc-
ture and the resulting Zeeman splitting, and in particular the influence of the ex-
ternal magnetic field on the energy levels of the materials. An important role is 
played by the influence of the magnetic field on the tunnelling effect of the cou-
pler. One must take into account the spin polarisation effect of the charge carriers 
and thus the influence of the magnetic field on the tunnelling [12]. In particular, 
attention is paid to the presence of the resonant energy levels, which significantly 
affect the probability of tunnelling charges. 

If we take into account the spin polarisation of the resonant levels, we can 
consider the dependence of the efficiency of the spin transport on the intensity of 
the magnetic field covering the structure [13,6,7]. These tests are the basic element 
of accounts for two or more magnetic tunnelling systems. Thus, we have the abil-
ity to determine the characteristics of tunnel diodes, which are based on the flow 
of electric and spin currents through the tunnel barrier [14].  

3. THE RESONANT TUNNELLING CONNECTOR 

RTDs are the subject of intense study due to their specific characteristics and 
properties [14-16]. These devices have a high operating speed in excess of 2 THz 
(while in conventional CMOS systems speed is 215 GHz). The rapid development 
of RTD allows for a number of applications in high-resolution communications 
and high-resolution radar systems [17]. RTD, similarly to conventional diodes, 
have selective paths for the direction of charge transport. In the case of traditional 
complementary metal–oxide–semiconductor (CMOS) systems, the electrons flow 
through a special conducting channel in the system, however in the case of RTD 
the main effect, which makes transport of charge and spin possible, is tunnelling 
[18,19]. This transport is additionally strongly enhanced and depends on the quan-
tised resonance energy level inside the cavity or well [1,7,20]. 
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The tunnel diode includes a p-n junction, where both p and n regions are in  
a degenerate state [7]. There is a significant concentration of electrons in the con-
duction band of the n-type material with empty states in the valence band of the 
p-type material [10]. As a result, the Fermi level remains constant as long as the 
diode is in thermodynamic equilibrium without an external voltage applied. If the 
voltage is increased, the Fermi energy decreases in the p-type material and in-
creases in the n-type. If the saturation area is very thin (< 10nm), then the electrons 
can easily flow through the barrier [21]. Depending on how many electrons are 
energetically compensated by the empty valence states of the p region, this current 
will either increase or decrease. As the potential difference increases, the current 
induced by the diffusion of charge carriers will increase the current flowing 
through the diode [22-24]. 

If a reverse external voltage is applied to the diode, the electrons in the p 
region are energetically compensated with the empty states in the n region, leading 
to a significant tunnel current in the direction of the applied voltage [21]. Current-
voltage (or I-V) characteristics show negative differential resistance in the RTD. 
This means that in the range of voltages with these characteristics, an increase in 
the potential difference corresponds to a reduction in the current flowing through 
the diode. As a result, the current turns out to be a decreasing function of voltage. 
This property is particularly important in the context of applications because it 
allows one to correlate voltage-controlled logic states with the local maxima and 
minima of the current flow. In the case of a RTD, we have a QW with equal ho-
mogeneous contacts which can achieve a similar I-V characteristic. The diode con-
sists of two highly-dispersive materials with a small energy barrier[8,9]. The 
structure of the diode reproduces a system composed of an emitter, a QW between 
two barriers, an energy gap and a collector area. Often, the materials used for this 
type of system consist of gallium arsenide compounds. The typical barrier width 
is about 5 nm and the barrier width ranges from 1.5 to 5 nm. 

In the absence of an external voltage, most electrons and holes are deposited 
in the emitter and collector layers in a stationary manner. When an external volt-
age is applied to the system, an electric field is generated, which forces the elec-
trons to move from the emitter to the collector through the dispersive states located 
in the potential well [2]. These energy states, through which electrons can tunnel, 
can mediate the conductivity. As more electrons in the emitter area have the same 
energy as quasi-bound states, more of them can overlap through the cavity, lead-
ing to an increase of current as a higher voltage is applied to the diodeo. As soon 
as the electric field reaches the intensity at which the energy level of the emitter 
electrons is in coincidence with the energy level of the resonant state, the current 
reaches its maximum value. The resonance tunnelling occurs within the range of 
specific resonant energy levels associated with the dopant energy levels and the 
quantum cavity width [21]. As the external voltage applied to the diode rises, more 
and more electrons have too much energy to be able to tunnel through the resonant 
states, resulting in a falling current. As the bias increases, the current rises again 
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due to electron thermo-emitting. Incorporation of these two phenomena leads to 
the appearance of a valley on the I-V characteristics of the RTD [23,1]. RTDs have 
a significant advantage over conventional tunnel diodes. When a high reverse volt-
age is applied to the tunnel diode, a very high reverse current is generated [23]. 
Unlike conventional tunnel diodes, RTDs have the same type of doping and con-
centration of charge in the collector and in the emitter. This results in a symmet-
rical I-V curve when both the voltage and current are applied to the diode in the 
opposite direction. As a result, the very strong "leakage" current that appears in  
a normal tunnel diode is eliminated in the RTD. This makes resonant tunnel diodes 
promising structures as a correction elements [13]. This system is characterised 
by low resistance and short travel times.  

4. MODEL 

We consider a structure consisting of several layers of semiconductors, with 
a tunnel junction as shown in Fig. 1. The dashed line in the QW of ZnSe corre-
sponds to the energy level E0. The layer in the left side of the structure, x<0, is 
based on a DMS. 

 

 

Fig. 1. Model of the multilayer structure with two potential barriers, where Uu,d refers  
to electrons with spins up and down respectively, and U0 is the potential barrier. 

There is a spin splitting of the energy level in the layer due to a magnetic 
field. We can consider tunnelling of states into the rectangular QW restricted by 
two barriers both of the same potential height. First, we use Schrödinger's equation 
to get the wave function for the structure in the area d < x < d+a. Then we consider 
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the non-equilibrium problem, in which the plateaus of the top of the potential bar-
riers are becoming oblique. In this structure, the potential energy is a function of 
the coordinate x. This case is useful for finding the magnetization inside the QW 
when there is a current through the structure. We used numerical calculations to 
find the current inducted magnetization as a function of the bias. The results 
demonstrate a strong influence of the magnetic field in small extent of the bias. 
We use experimental data for a five-layers structure.  

We also used the results of numerical calculations to demonstrate the relation 
between the magnetic field and the energy level for four different values of the 
width d of the barrier. The width of the barriers was approximately d = 1.5×10-7 
cm, the distance between them, which scales the well about a = 2.5×10-7 cm. The 
height of the barriers was U0 = 0.126×10-12 J. The spin splitting inside the well is 
a consequence of the splitting in the DMS. We discuss the situation in which the 
energy level on the left side of the structure is lower than the height of the barrier 
at the interface at x=d+a, hence we are able to discuss it for realistic values of the 
parameters.  

5. MAGNETIZATION IN A MAGNETIC FIELD 

We assume that the diluted magnetic semiconductor (DMS) is located at  
x < 0. In the DMS, there are a large number of magnetic ions but the interaction 
between the magnetic moments of these ions is assumed to be very small, so that 
the moments are not ordered, and the average magnetization at H = 0 is zero. If 
the external field H acts on the DMS, it leads to the ordering of the moments, and 
the average magnetization M is nonzero. The relation between the magnetization 
M and magnetic field at finite temperature T is given by the equation [25] 
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where x = Ni/N0 is the relative density of magnetic ions (Ni is the concentration of 
magnetic ions and N0 the number of sites in the crystal lattice), g is the Landé 
factor, µB is the Bohr magneton, J is the magnetic moment of a magnetic impurity, 
and BJ(x) is the Brillouin function 
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The interaction between a free electron of spin 1/2 with the average magnet-

ization M leads to the Zeeman splitting of the conduction band, which can be pre-
sented as  
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where α is a constant and U(0) is the energy of the bottom of the conduction band 
at H=0. The value of N0α is the exchange constant of the conduction electrons and 
Uu,d refers to electrons with spin up and down,respectively. In this approach we 
neglect the interaction between magnetic ions. 
 

 

Fig. 2. Level positions as a function of magnetic field at T = 4.2K for different barrier widths d 

We also have to take into account the density of states. In the one-dimen-
sional case we can put the Fermi level in the place of energy E. At T = 0 the 
chemical potential is equal to the Fermi level, so if the energy E is lower than the 
Fermi level, the distribution function is equal one. In the three-dimensional case 
we calculate the magnetization and current integrals with respect to the wave  
vector k. 

On the left side of the structure (Fig. 1) we choose the Fermi level to be higher 
than the value E of the energy for spin down oriented electrons. For that reason 
we consider tunnelling through both of the barriers. We solved numerically the 
dependence of magnetization M on energy for different values of temperature. The 
dependence of the energy levels on magnetic field H is presented in Fig. 2. 

6. MAGNETIC SPLITTING OF THE QUANTUM LEVEL  
IN EQUILIBRIUM 

We consider two different cases. If U > E0, the penetration of the wave func-
tion of the states localised in the QW exponentially decays in the ZnBeMnSe 
layer. As a result, there is a quantisation level in the QW. Its energy can be calcu-
lated as a function of U (Fig. 3), where U is the conduction band edge in 
ZnBeMnSe. The variation of U is related to the magnetization in the DMS. 

 



48 T. Szczepański, S. Kudła 

 

Fig. 3. The dependence of level position E0 on U for different values of the barrier width d.  
The calculation is valid only for E0 < U 

 

Fig. 4. The probability |ψ|2(E) for different U in the case of U < E0 

In the case of U < E0 there is a tunnelling from the level into the conduction 
band of ZnBeMnSe. The level is quasi-discrete since there are states with all en-
ergies E > U. We calculated the distribution |ψ|2(E) where ψ is the wave function 
inside the QW (at x = 0) (Fig. 4). The peak of the dependence on energy corre-
sponds to the position of the quasi-discrete levels in the QW. The maximum of 
each curve goes to a higher E as U goes down. However, the luminescence can 
start from the lowest possible energy, i.e., from the energy U even though the 
density of states in the QW for E = U is rather low. 
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7. CONCLUSIONS 

The effect which makes RTD materials especially important for spintronics 
is the possibility to select currents associated with two spin orientations, namely 
the spin currents. The difference in probabilities for two spin channels leads to  
a spin splitting of the quantum well energy levels and causes the induced magnet-
ization inside the RTD. The spin splitting of the resonant level gets larger as the 
magnetic field on the outside region of the barrier is getting stronger. The spin 
filtering properties of RTDs make them important elements or the manipulation 
of spin currents. By changing the configuration of magnetic moments, one can 
affect the spin transport properties, especially the spin polarisation of the current. 
We can also predict and study the value of magnetization induced inside the quan-
tum well by the spin splitting of the resonant level. That means that RTD spin 
currents can be controlled and manipulated by a magnetic field acting on the DMS 
material. This makes such elements very important for spintronic devices.  
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REZONANSOWA DIODA TUNELOWA Z ELEKTRODAMI  
MAGNETYCZNYMI 

Przedstawiono podstawowe własności transportu ładunku i spinu poprzez wielowarstwowe 
struktury półprzewodnikowe, zawierające warstwy izolatorów. Układ półprzewodników przedziel-
onych warstwą izolatora stanowi rodzaj złącza tunelowego, poprzez które cząstki przedostają się 
wykorzystując zjawisko tunelowania kwantowego. Za pomocą dwóch złącz tunelowych zawiera-
jących bariery energetyczne w postaci materiału izolatora, konstruujemy kwantową studnię po-
tencjału. W jej obszarze poziomy energetyczne ulegają skwantowaniu, przyjmując wyłącznie 
wartości dyskretne lub quasi-dyskretne. Ponadto prawdopodobieństwo tunelowania ładunków przez 
układ zawierający studnię potencjału zależy od tego czy energia padających cząstek znajduje się  
w koincydencji z dozwolonym w jamie tzw. rezonansowym poziomem energetycznym. Tego typu 
systemy stanowią podstawę funkcjonowania tzw. rezonansowych diod tunelowych. Przeana-
lizowano zależności od różnych parametrów układu, takich jak energia poziomu rezonansowego, 
szerokość barier potencjału, oraz wpływ pola magnetycznego na elektryczne oraz spinowe włas-
ności transportowanych cząstek. Badania te mają kluczowe znaczenie w projektowaniu urządzeń na 
potrzeby spintroniki. Wykorzystują one polaryzację spinową prądu, akumulację spinu w studniach 
potencjału, manipulowanie spinem w układach elektronicznych przy wykorzystaniu pola mag-
netycznego oraz indukowanie magnetyzacji w obszarze studni kwantowej zawierającej rozszcze-
pione spinowo poziomy rezonansowe. 

Słowa kluczowe: rezonansowa dioda tunelowa, magnetyczna dioda tunelowa, spintronika. 
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ON THE NEW TYPES OF COMPOSITE  

METAMATERIALS 

This paper is the review of our study published in J Appl Phys 115, 233509 (2014) 
and J Mater Sci 53, 2034 (2018). In it, we examined the possibility of fabricating the 
metamaterial, which is both gyrotropic and of the simultaneously negative permit-
tivity and permeability. Our idea was to use the three-component mixture of ingre-
dients, where one of them is responsible for the negative effective permeability µeff 
of hypothetical metamaterial, while all three are responsible for the negative value 
of effective permittivity εeff. At first we considered the following composite: the first 
component was the “swarm” of single-domain ferromagnetic nanoparticles, immer-
sed in a mixture of other two, silver and mercury cadmium telluride. Then, as fabri-
cation of the Hg1-x Cdx Te is related to using mercury which is very poisoning, we 
tried to exclude this material substituting it by Pb1-x Snx Te. Additionally, taking into 
account that silver is relatively expensive material, we have also used Cu and Al 
particles as the cheaper substitute of it. We have shown by computer simulations 
that by the proper fitting of the parameters, e.g., the radius of nanoparticles, their 
magnetic moments, the relative concentration of ingredients, etc., it is possible to 
obtain the double-negative metamaterial, that is with negative refraction index in  
a relatively broad range of temperatures and magnetic fields. The last seems to be 
very promising in terms of practical applications of metamaterials. 

Keywords: negative refraction index, three-component gyromagnetic metamate- 
rials, single-domain ferro-magnetic nanoparticles, superparamagntism, Bruggeman 
approximation 

1. INTRODUCTION 

In recent years, we have been witnessed of the explosion of interest in a field 
of research, which is termed as metamaterials. This area of research is character-
ized by an exponential growth of a number of publications and it is a hopeless task 
to refer to even the most important of them in a short Introduction. However, to 
mention just a few, there are two monographs [1, 2] and the references therein. 
According to Ref. [1], the term “metamaterials” can be used in a more general, as 
well as in a more specific sense. In the more general sense, these are materials 
possessing “properties unlike any naturally occurring substance” or simply “not 
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observed in nature.” More specifically, these are the materials with a negative re-
fractive index, whose existence and properties were discussed for the first time by 
Veselago [3]. Many of the researchers apply the term ‘‘metamaterials’’ to compo-
sites which contain inclusions of certain resonance properties and characteristic 
sizes of less than the wavelength, such as highly conducting needles, split rings, 
spirals. In 1967 V. Veselago [3] considered theoretically the medium, which has 
simultaneously negative real parts of permittivity and permeability, Re [ε] and Re 
[µ], respectively. Veselago himself called these materials ‘left-handed’; left-hand-
edness here refers to the fact that, when the refractive index is negative, the electric 
field vector E, the magnetic field vector H, and the wave-vector k of a plane wave 
make a left-handed triad. Since the term left-handedness sometimes is confused 
with chirality, it is not universally accepted among the researches. In the nice pa-
per [4] Agranovich briefly discussed how people came to the understanding of the 
phenomenon and clearly pointed out that negative refraction occurs at the inter-
faces as a natural consequence of the negative group velocity of waves propagat-
ing in one of the media. It is worth mentioning that there is no unanimity as for 
the term negative group velocity materials also. Some authors prefer the term neg-
ative phase velocity materials. This is because in case of such materials the phase 
velocity and group velocity are directed against each other and which direction is 
positive and which is negative is the matter of convention. The results of Veselago 
on the other hand, confirmed that this type of medium has to have the negative 
refractive index, and thereby could exhibit a lot of extraordinary optical proper-
ties. The necessary requirement for the material to become negative refractive in-
dex material, as it was shown by Veselago and others is the negativity of both the 
real part of permittivity and real part of permeability, that is why we decided to 
use in this paper the term double-negative metamaterial (DNMM). Despite the 
theoretically envisaged possibility for this type of materials to exist, there was no 
experimental evidence of metamaterials occurring in nature. In the end of 1990s, 
Smith et al. [5] and Pendry with co-workers [6] published the seminal papers, in 
which they have shown that these types of materials can be produced in totally 
artificial way in laboratory.  

It is interesting to note that already in his very first publication, Veselago 
anticipated that negative refraction index materials (or negative phase-velocity 
(NPV) materials) could be searched among gyrotropic materials. Optical activity, 
which is the ability of the medium to rotate the polarization plane of electromag-
netic waves, has always been a phenomenon of great importance to many areas of 
research. Mackay and Lakhtakia, [7] Pendry [8], and Tretyakov [9] predicted that 
a strong optical activity may result in the negative refraction. Consequently, arti-
ficial gyrotropic media have started to attract a lot of attention as potential candi-
dates for achieving negative refraction [10–12].  

It is worth mentioning that most of the proposed ever since designs of met-
amaterials were characterized by ever increasing sophistication of fabrication 
methods. Contrary to these, in our previous work [13], we proposed a relatively 
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simple way to produce metamaterial using the mixture of three ingredients, where 
the one was responsible for the negativity of Re [µ(ω)] and the other two for the 
negativity of Re [ε(ω)]. 

This paper comprises an excerpts of our papers published previously [13, 14], 
in which we addressed the issue of the possibility to fabricate three-component 
artificial composite gyrotropic metamaterial and demonstrate by numerical simu-
lations, what are the domains (relative to the concentrations of individual compo-
nents as well as to other important parameters) of its existence.  

2. THE MODEL 

Let us assume that we have a mixture of three materials, each having granular 
or powder form, such that the grain sizes are much smaller than the electromag-
netic wavelength propagating in the medium. We are trying to match the proper-
ties of ingredients in such a way that ε, the dielectric permittivity of the composite 
would be determined by the three components, while µ, magnetic permeability 
mainly by one of them responsible for the magnetic properties of the mixture. Let 
us start from the third ingredient mentioned above, which by the assumption 
should determine the effective permeability of the hypothetical material and sup-
pose it to be metal magnetic nano-particles (or grains; we shall use these two words 
interchangeably). We treat these metallic grains as immersed or dispersed in  
a weakly conducting matrix. If the metallic particles are supposed to be single-
domain, then we can take into account only the orientational alignment of their 
intrinsic magnetic moments and do not need to take into account their induced 
magnetic moments, as it can be easily proved (see Ref. [15], Chap. 82). 

The size of the single-domain particle depends on the material and contribu-
tions from different anisotropy energy terms. If we assume nano-particle shape to 
be spherical, then typical values for the critical radius a are about 15 nm for Fe 
and 35 nm for Co, for g – Fe2O3 it is about 30 nm, while for SmCo5, it is as large 
as 750 nm [16]. Now we can treat the suspension of metallic grains as a kind of 
“frozen paramagnetic macromolecules,” where the metallic nano-particles play 
the role of “macromolecules.” The magnetic moments of these single-domain 
nano-particles at room temperature are distributed at random and we can describe 
their behavior in the framework of Langevin theory of paramagnetism. Note that 
the “swarm” of magnetic nanoparticles immersed into another medium was al-
ready considered in scientific literature and even the term for describing this situ-
ation was already coined, namely, superparamagnetism [17]. The point is that such 
system behaves like a paramagnet, with one notable exception that the indepen- 
dent moments are not that of a single atom, but rather of a single-domain ferro-
magnetic particle, which may contain more than 105 atoms. 

Thus, in the external magnetic field 0H
�

, an averaged magnetic moment of 

the unit volume of such medium is equal 
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χ=  (1) 

where χ0 = (Nµ2
0)/3kBT; N, kB are the concentration of magnetic nano-particles 

and Boltzmann constant, respectively, and T is a temperature. Suppose now that 

we put this hypothetical material in an external magnetic field )(0 thHH
���

+= , 

where the second term is the time dependent magnetic field of the electromagnetic 
wave, propagating in the medium. 
 

Then, the magnetization of the medium can be represented as 

)(0 tmMM
�
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+= , where the second term arises due to time dependent compo-

nent of the magnetic field and the equation 
of motion is of the form 

 HM
dt

Md ��

�

×= γ  (2) 

where γ is the gyromagnetic ratio. Supposing h(t) << H0 and m(t) << M0 one can 
make the linearization of Eq. (2) and after some algebra (see for details [1]) one 
arrives at  

 tt hGhm
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Introducing the tensor  
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one can rewrite the above expression (3) as 
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dium is gyrotropic [15]. Following the line of reasoning of Ref. [13], since our 
material is gyrotropic one, we can write down the formulae for the magnetic sus-
ceptibilities as follows: 
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These two susceptibilities correspond to two possible circular polarizations 
of electromagnetic waves which are the eigenmodes of the gyrotropic medium.  

In general, the propagation of light in gyrotropic medium is rather compli-
cated and for the medium characterized by the magnetic susceptibility tensor men-
tioned above it will be considered elsewhere. But the situation becomes more lucid 
and simple when the wave vector of light is aligned along external magnetic field. 
Then it turns out, that in such medium two circularly polarized waves with 

0|| Hk
��

 propagate which are characterized by two refraction indices. Thus, for 

this alignment we can consider the medium as isotropic except the two waves 
propagate in it. 
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Then, the expressions for real and imaginary parts of these magnetic suscep-
tibilities, (χ+ and χ-) are of the form: 
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The idea of the subsequent calculations (see for details Ref. [13, 14 ]) is the 
following. First, the ‘swarm’ of magnetic nanoparticles can be treated as paramag-
netic in the frame of Langevin theory of paramagnetism, because in the absence 
of an external magnetic field their magnetic moments are distributed at random. 
Being placed in magnetic field, magnetic moments of individual grains, treated in 
terms of classical physics start to precess, that is why the frequency domain where 
Re [µ(ω)] < 0 appears in the vicinity of resonance (ω0 ≈ ω). Second, being in 
external magnetic field the whole ensemble behaves as gyrotropic material. Third, 
the magnetic moments of single-domain ferromagnetic nanoparticles are huge in 
comparison with atomic magnetic moments, that is why the ‘swarm’ of ferromag-
netic nanoparticles forms ‘super-paramagnetic’. As a result, the frequency ω0 can 
be made greater in order to look for such frequency domains, where the dielectric 
permittivity and magnetic permeability are simultaneously negative.  

As it was mentioned in the Introduction, in Ref. [13] for one of the mixture 
components was chosen Hg1-x CdxTe semiconductor compound. The reasoning 
behind this choice was the following. The electrical properties of this material are 
crucially dependent on cadmium concentration x. If x = 0, that is in case of HgTe, 
the material is semimetal with energy gap Eg < 0, while in case of x = 1 (CdTe) 
material becomes semiconductor with wide energy gap of about 1.5 eV at 300 K. 
Thus, changing the concentration of cadmium, one can change the energy gap, 
and hence the concentration of electrons. In terms of our model, it means that one 
can pass smoothly and continuously from Lorentz model for dielectric permittiv-
ity, where the electrons are almost tightly bounded to Drude model, where they 
are almost free to move. As a result, cadmium concentration becomes an important 
parameter of the model; by means of it–among others–one can control the fre-
quency range where the real part of dielectric permittivity can be made negative 
and forced it to be overlapped with the frequency domain, where magnetic per-
meability is negative. 
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3. CALCULATION OF EFFECTIVE PERMITTIVITY  
AND PERMEABILITY 

In our calculations of the effective permittivity and subsequent computer sim-
ulation of the hypothetical metamaterial, we consider a mixture consisting of three 
components: silver, mercury cadmium telluride Hg1-xCdxTe (here, x denotes a cad-
mium fraction), and the third one, which is the aforementioned “swarm” of mag-
netic nano-particles. We denote the permittivity of each component as ε1(ω), ε2(ω) 
and ε3(ω), respectively, which depends on the angular frequency ω. It is known 
that there are several alternative approaches to the description of effective macro-
scopic characteristics such as the conductivity, permittivity, etc., of the composite 
media. Among them are Maxwell-Garnett theory also known as Clausius-Mosotti 
approximation [18-20] and the Bruggeman approximation often called as the ef-
fective medium theory [21] (see also Ref. [1]). We choose for our purposes the 
last one, because the Bruggeman theory is most widely known and used to calcu-
late an effective permittivity of a composite medium. Its main asset is that all in-
gredients of a mixture by assumption are treated on the same footing in a symmet-
ric way and none of them plays a privileged role. In this approximation, the effec-
tive permittivity can be calculated as the root of the following third-order algebraic 
equation (see Ref. [1] for details): 
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As we consider a dissipative medium, we always choose the root of Eq. (13), 
which has a positive imaginary part. Using the permittivity values of particular 
ingredients (see [13] ), we were able to calculate the effective permittivity of the 
mixture as well as its dependence on the frequency. As for the calculation of the 
permeability of mixture, we use the following formula: 

 
)1)(1()1( 121232211 +−+≈+++= χχµµµ fffffeff , 

 
where f12 = f1 + f2. It can be easily shown that if the permeabilities µ1, µ2 of two 
other non-magnetic components are ≈ 1, which is the case, then this formula fol-
lows directly from the formulae obtained in the framework of the Bruggeman  
theory [22]. 

4. RESULTS OF COMPUTER SIMULATIONS 

Our task now is to find the set of parameters: T – the temperature, B
�

 – ex-
ternal magnetic field, r – he radius of nano-particles, m – absolute value of the 
magnetic moment of nano-particles, x – the fraction of Cd in Hg 1-xCdxTe-com- 
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pound semiconductor, f1, f2, and f3 fractions of the compounds in the mixture, and 
a range of frequencies for which the following inequalities are simultaneously ful-
filled: 

 
.0)]([Im,0)]([Im,0)]([Re,0)]([Re >><< ωεωµωεωµ effeffeffeff  

 
As one can see, we have seven independent parameters to be controlled at the 

simulations and hence, a vast enough searching space, regardless the fact that all 
of them are bounded from above as well as from below. Our strategy can be briefly 
outlined as follows: first, we search for the range of frequencies where Re [µ(ω)] 
is negative and then we check if for the same frequency interval Re[ε(ω)] is neg-
ative The process of selecting the values of the model parameters are carried out 
in several sequential steps (for details, see [13]). 
 

 

Fig. 1. The regions colored in different shade of green in T–x plane and for the different values  
of model parameters. B, r, and m (see in the main text) correspond to the domains in which at least 
one set of the filling factors f1, f2, and f3 exists, such that the resulting mixture possesses Re [n] < 0 
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Figures 1–5 illustrate the results of our simulation. Figure 1 presents in T–x 
plane, for different parameter values of B, r, and m, the domains where at least 
one set of the filling factors f1, f2, and f3 exists, such that the resulting mixture  
has the real part of the refractive index less than zero. The different colors have 
the following meaning: denote by D1 the region colored in dark green, the do- 
main colored in the intermediate shade of green as D2, and the region colored in 
light green as D3. Then, D1 corresponds to m = 102 µB, 21 DD ∪ corresponds to  

m = 103 µB and 321 DDD ∪∪  corresponds to m = 104 µB, where µB – Bohr mag-

neton. We observe that for the greater values of nano-particle magnetic moment, 
the existence domain of metamaterial becomes larger. 

The similar results are presented in Fig. 2 and Fig. 3, where different param-
eter values of B, r, and m, correspond to the domains where at least one set of the 
filling factors f1, f2, and f3 exists, such that the resulting mixture has the real part 
of the refractive index less than zero. Now however, Hg1-x CdxTe is substituted in 
a mixture by Pb1-x Sn xTe and silver is substituted by Al. The different colors have 
the following meaning: denote by D1 the region colored in yellow, the domain 
colored in orange as D2, and the region colored in red as D3. Then, D1 corresponds 
to m = 102 µB, 21 DD ∪ corresponds to m = 103 µB and 321 DDD ∪∪ corresponds 

to m = 104 µB. 
 

 

 

Fig. 2. The regions colored in red, orange and yellow (see text) in T - x plane and for the different 
values of model parameters for the mixture of Pb1- x SnxTe, ferromagnetic nanoparticles and Al 
particles. B, r and m correspond to the domains in which at least one set of the filling factors  

f1; f2; f3 exists, such that the resulting mixture possesses Re [n] < 0 
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Fig. 3. The same as in Fig. 2, but for different values of B 

 

 

Fig. 4. Real and imaginary parts of the refractive index of the composite for selected cases pre-
sented on the ternary diagram. On each axis of the triangle, the relative contribution of individual 
components of the composite are indicated, which are expressed as the values of the filling factors 

f1; f2; f3. The model parameters are : B = 0.2 T, r = 8 nm, m = 104 µB, T = 300 K, x = 0.08 
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Fig. 5. The same as in Fig. 4, but for the model parameters B = 0.4 T, r = 8 nm, m = 104 µB,  
T = 300 K, x = 0.08 

5. CONCLUSIONS 

Up to now many metamaterial designs leading to a negative refraction index 
were proposed by the researchers. In 2000, it was shown experimentally that  
a metamaterial composed of periodically positioned scattering elements, all con-
ductors, could be interpreted as showing simultaneously negative ε and µ in some 
frequency domain. An experimental observation of the negative refraction was 
reported for a metamaterial composed of wires and split-ring resonators deposited 
lithographically on the circuit board material [23]. All of the proposed ever since 
designs have their advantages as well as disadvantages, but it would be perhaps 
not an overstatement to say, that they are characterized by ever-increasing sophis-
tication of fabrication methods. On the contrary, in our work [13], we proposed  
a comparatively simple way to produce a material which is at once gyrotropic and 
of negative-phase velocity. The idea is to make a mixture of three ingredients, 
where one of them would be responsible for the negativity of µ, while all three 
would be responsible for the negativity of ε. The first component of the mixture 
is the “swarm” of single-domain ferromagnetic nano-particles, immersed in a mix-
ture of other two, silver and mercury cadmium telluride. The choice of silver is 
determined by the fact, that as it was shown, the permittivity of a mixture of silver 
and a dielectric material can be negative in some frequency domain. The other 
argument in favor of using silver is that it is a diamagnetic material. It means that 
considering the “swarm” of single domain ferromagnetic nano-particles sus-
pended in a mixture containing silver, we can neglect the interaction between their 
magnetic moments and treat the whole mixture as superparamagnetic. The choice 
of mercury cadmium telluride is determined by the remarkable dependence of its 
energy gap on the fraction of cadmium in the compound. In its turn, it leads to the 
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strong dependence of the electron concentration on this fraction as well as on  
the temperature. It enables to adjust to each other two frequency domains where  
ε < 0 and µ < 0 and make them simultaneously negative. In [13] , we carried out 
computer simulations in the frame of the proposed model in order to establish the 
domains of existence of such material, searching through a vast parameter space. 
We have seven parameters to be controlled in course of simulations, these are the 
temperature, external magnetic field, radius of nano-particles, their magnetic mo-
ments, fraction of cadmium in Hg1-x CdxTe-compound, and the relative concentra-
tions f1, f2, and f3 of the components in a mixture. In total, there are eight parame-
ters, but due to the relation f1 + f2 + f3 =1, only seven of them are independent. 
Despite as it seems, a relative simplicity of fabrication, if produced, such a met-
amaterial will show its disadvantages or limitations in use, too. First of all, a neg-
ative refraction can be achieved only if the material is in an external, although 
moderate magnetic field. In our calculations, B was restricted to ~ 0.8 T. On the 
other hand, in some circumstances it could be an advantage, since switching mag-
netic field on and off, one can trigger NPV-state on/off.  

Another disadvantage is the use of Hg1-x CdxTe , since its fabrication is related 
to using mercury, which is very poisoning. So, in the work [14] we substituted 
Hg1-x CdxTe by Pb1-x Sn xTe and silver by Al and Cu, since they are also diamag-
netic. On the other hand, silver is relatively expensive, while aluminum and cop-
per are cheaper and have very similar conducting properties as silver. By computer 
simulations, we establish the domains where the material becomes negative re-
fraction index material relatively to all parameters characterizing the mixture. 
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NOWY TYP KOMPOZYTOWYCH METAMATERIAŁÓW 

Praca stanowi przegląd prac autorów, opublikowanych wcześniej (J Appl Phys 115, 233509 (2014) 
oraz J Mater Sci 53, 2034 (2018)). W w/w pracach autorzy zbadali możliwość utworzenia metamate-
riału, który byłby jednocześnie giroskopowy oraz posiadał ujemne części rzeczywiste przeni- 
kalności magnetycznej i dielektrycznej. Ideą jest wykorzystanie w tym celu mieszanki trzech 
składników, z których pierwszy - to "rój" ferromagnetycznych nano- cząstek  

Słowa kluczowe: ujemny współczynnik załamania, trójskładnikowy metamateriał giromagne-
tyczny, jednodomenowe ferromagnetyczne nano- cząstki, superparamagnetyzm, przybliżenie  
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