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Аннотация. Изучены особенности процесса модификации диэлектрическтого откли-
ка нанокристаллических пленок диоксида ванадия при их легировании переходными 
металлами Ni и W. Интерпретация экспериментальных диэлектрических спектров прок-
ведена на основе теории релаксации Дебая и метода эквивалентных схем. Установ-
лено, что изменения в диэлектрических спектрах легированных пленок VO2 обуслов-
лены селективным воздействием допантов на различные морфологические структуры 
поверхности пленок. Показано, что диэлектрическая спектроскопия позволяет получать 
детальную информацию о параметрах релаксационного отклика разноразмерных мор-
фологических поверхностных структур, недоступную другим методам исследования.
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Introduction

Dielectric spectroscopy (DS), being a method of obtaining and analyzing the frequency response 
of a system to an external electric field, is a part of low and ultra-low frequency (10–3–106 Hz) 
impedance spectroscopy [1]. The most informative characteristic obtained by the DC method is 
the frequency dependence of the dissipation factor tgδ(f) = ε′′/ε′, which is the ratio of the com-
ponents of the complex permittivity ε* = ε′ + iε′′. 

When an external electric voltage is applied, the bias current flowing through the ideal dielec-
tric is ahead of the applied voltage in phase by an angle of ψ = π/2, and for a non-ideal dielectric 
ψ = π/(2 – d) (d characterizes the irreversible energy loss in the response process). The smaller the 
angle d (and tgδ), the higher the quality of the dielectric with respect to its use in applications.

Along with their applications, DC methods are also actively used to obtain scientific informa-
tion about the physical parameters of film materials, with the development of first-class dielectric 
spectrometers of record sensitivity. 

This determined the purpose of this paper, which was to investigate thin oxide films of a highly 
correlated metal such as vanadium. DS enables selective detection of physical parameters of the 
semiconductor-metal phase transition (PT) mechanism in sharply different in size aggregates of 
VO2 film nanocrystallites whose elements are randomly mixed on the substrate surface. No other 
method of study is capable of solving the problem of such selective sensing.

We remind that thermal PT in vanadium dioxide films occurs at T = 340 K, has a complex 
nature [2, 3] and allows efficient control of the transition characteristics by doping VO2 films with 
transition elements, in particular Cr, Fe, Ni, and W. The effectiveness of the control is due not 
only to the modification of the numerical values of the PT parameters during doping, but also to 
the possibility of controlling the very complex nature of its performance.

This paper presents the results of a study of VO2 films doped with both Ni and W.

1. Experimental methods

The samples studied were thin (100 nm) nanocrystalline films of vanadium dioxide synthesized 
by laser ablation technology on insulating substrates of varying thickness d. The specific feature of 
the method was a droplet mode of metal deposition on the substrate, in which two synchronous 
laser pulses excited metal particle torches, knocked out of two identical vanadium (V) targets, 
deposited a system of liquid metal droplets on the substrate heated to 500–700 оC.

 The droplet sizes were distributed according to Gaussian law, and their oxidation occurred in 
a low-pressure oxygen stream (4.10–2 mm Hg) purged along the substrate surface. The parameters 
of the Gaussian distributions (position of maxima, half-widths) were controllable and for both 
targets could coincide or not with each other, depending on the ratio of the parameters of the 
bombarding laser pulses. If it was necessary to introduce a dopant into VO2, we replaced one of 
the V targets by a transition metal (nickel or tungsten) target.

To control film morphology, we used an atomic force microscope (AFM-microscope) to 
obtain images of the film surface with a resolution of 10 nm and histograms of nanocrystallite 
size distribution.

The dielectric spectrometer measured the amplitude of voltage fluctuations on the reference 
resistor connected in series with the sample and the phase shift between the reference voltage 
and the voltage on the reference resistor. The converter transformed the parameters of measured 
voltages into the amplitude of alternating current flowing through the sample and into the value of 
phase shift between the applied voltage and the first harmonic of total current. The spectrometer 
computer generated dielectric spectra of the sample based on these data.

An empty measuring cell had an electrical capacity of С0 = ε0S/d, where S is the area of the 
electrodes. An alternating sinusoidal voltage was applied to the electrodes

U(t) = U0sin(wt) = Im [U* exp (iwt)],
where U0, w are voltage amplitude and frequency, respectively, t is time.

If there was a test sample in the cell, a current flowed through it

I (t) = I0 sin (wt + y) = Im [I* exp (iwt)] = Im [I0exp (iy) exp (iwt)],
where ψ is phase shift with respect to the phase of the applied voltage oscillations.

Here, U* = U0, I* = I0 exp(iy) = I0cosy + iI0 sin y = I′ + iI′′.
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Thus, in the DS method, U0 was measured and the functions I0(f) and ψ(f) were determined, on 
the basis of which the computer, according to the standard procedure, obtained dielectric spectra.

The dielectric spectra include: 

–ε′ (f) = I0[tgy(f)][1 + tg2y(f)]–1/2(wC0U0)
–1;

–ε′′(f) = I0[1 + tg2y(f)]–1/2(wC0U0)
–1;

–tg d(f) = ε′′/ε′;

– Z ′(f), Z ′′(f)

(Z* is the complex impedance of the sample, Z* = Z ′ + iZ′′).

2. Experimental results and their interpretation

Preliminary remarks. The substrate temperature in the synthesis of vanadium dioxide was 
maintained in the range of 500–700 °C, which provided a high rate of movement of vanadium 
ions and oxygen on the substrate surface and high oxidative capacity of the metal in the flow of 
oxygen blown along the surface of the substrate. Automatic compliance with the condition of 
minimum thermodynamic potential at high ion mobility ensured, first, the correct stoichiom-
etry within the volume of vanadium dioxide crystallites and, second, resulted in saturation of 
the nanocrystallite surface with metallic vanadium. The more effective the surface metallization 
was, the smaller was the radius of curvature of the nanocrystallite surface, since metallization 
led to a sharp decrease in the surface tension energy of the crystal. A common physical reason 
for minimizing surface energy during metallization is the fact that the surface tension energy 
density of a nanocrystallite is inversely proportional to the square of the radius of curvature of 
its surface. More specifically, metals have the property (unlike covalent and ionic compounds) 
that a relatively small number of their conduction electrons binds a much larger number of 
their ions into a single crystal lattice. Such a chemical bond with a deficit of electrons [4, 5] is 
characterized by an energy that is 5 to 10 times lower than the energy of a standard two-elec-
tron ionic or covalent bond. If we replace one of the vanadium targets with another transition 
metal target, such as nickel target (but not tungsten target), the surface energy reduction is 
even more effective, because in this case the dopant more actively saturates the surface of the 
nanocrystallite. This occurs according to the principle that in the near-surface layer of the crys-
tallite, the component of the solid solution that has two-electron bonds with the matrix (in the 
presence of high ion mobility) that more strongly lowers the surface tension of the crystallite 
prevails [6]. The fact is that, according to the Pauling mechanism [7], the chemical bonds of 
those impurities, whose orbitals are more strongly shielded by the inner electron shells, have 
a lower energy (excluding multi-electron metallic bonds, where the situation is the opposite). 
The periodic table of chemical elements indicates that the degree of shielding by the inner 
electron shells is greater the higher the order number of the element. For dopants introduced 
into vanadium dioxide, the ordinal numbers are arranged in the following increasing order (by 
degree of shielding): 

V, Cr, Fe, Ni, W.

The metallic bonding energy is also influenced (although slightly) by the coordination number 
of the metal ion. In our case, this influence should not be considered significant. 

The presented brief analysis shows that at the same concentration of the doping additives, 
those that more effectively minimize the surface tension energy will appear on the surface of 
smaller nanocrystallites with greater curvature. 

A comparison of the parameters relevant to our case is given in Table 1 (values for vanadium 
are in bold).
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The tungsten atom W, which stands alone as a donor in the VO2 crystal (Al is the acceptor), 
has a very high metallic bonding energy and, consequently, a high melting point, draws atten-
tion. Although doping with this element lowers the PT temperature (this will be shown below in 
Section 2.4), it does not lower the surface energy of the nanocrystal because tungsten does not 
reach the surface of the nanocrystal due to its higher metallic bonding energy than that of the 
vanadium atom. The point is that the stronger the metal bond, the greater the density of the free 
electron gas (conduction electrons) in which the ions of the metal’s crystal frame are immersed. 
The electrical conductivity of tungsten is several times higher than that of vanadium, which de-
termines the high strength of tungsten metal bonding.

It should be noted that the martensitic nature of the structural (Peierls’s) part of the com-
plex semiconductor-metal PT in vanadium dioxide film nanocrystallites additionally modifies 
those parameters of the thermal hysteresis loops of the frequency position of the DC peaks, 
which are caused by the presence of impurity. Different impurities differently lower the sur-
face tension energy of the film grains and thus differently metallize the surface of nanocrys-
tallites of different sizes, which is reflected in the values of the widths of the corresponding 
thermal hysteresis loops. This is because the width of the thermal hysteresis loop is inversely 
proportional to the square root of the grain cross section due to the martensitic nature of the 
transition [8]. 

Finally, let us point out that the DS method solves the problem of plotting the G(τ) distri-
bution of the relaxation response times of nanocrystallites over their values in ultrathin (50 nm) 
vanadium dioxide layers, even in the presence of an extremely wide range of relaxation times. 

The function G(τ) is a time-dependent differential distribution function of the “time” density 
of relaxators dN/dτ, i.e., the number of relaxators per unit time interval. The integral of such a 
function with an infinite upper limit is equal to the total number of relaxators. In our case of 
domination of processes of drift of conduction electrons at shielding of a field it appears that 
after application of an external electric field time of relaxation is time of formation of stationary 
concentration of free electrons in the area of a spatial charge.

This paper presents the experimental results obtained in the study of thin nanocrystalline films 
of strongly correlated vanadium dioxide by the DS method. Both specially undoped vanadium 
dioxide films and vanadium dioxide films doped with nickel and tungsten were the objects of 
the study.

2.1. Undoped VO2 film with unimodal  
nanocrystallite size distribution

The dielectric spectra of an undoped vanadium dioxide film are shown in Fig. 1, a, b as 
frequency dependences of the real (ε) and imaginary (ε) parts of the dielectric permittivity 
measured at room temperature T = 293 K. Comparison of the experimental and calculated data 
is presented. Frequency dependences of dielectric permittivity components were calculated by 
equation (1) (Fig. 1, a, b). They contain one step on the graph of the function ε′(f) and one 
maximum on the graph of the function ε′′(f). The step and maximum are located at a frequency 
of 0.1 MHz.

Tab l e  1
Physical and chemical parameter values of the metals concerned

Metal Melting temperature, °C Bond energy, kJ/mole Conductivity, MS/m
Al 660 120 37
Cr 1907 380 9
Fe 1538 430 10
Ni 1455 430 14
V 1910 520 15
W 3422 850 19
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These spectra are presented, in addition, as a frequency dependence of the dielectric loss 
tangent tgδ(f) and the Cole–Cole diagram (CC), i.e., ε′′(ε′) (Fig. 1, c, d). The calculation in 
this case is made by equations (3) and (4). Frequency dependence of tgδ(f) contains, as well 
as dependence ε′′(f), one maximum, and the diagram contains one semicircle. The following 
indicates the standard distribution of film nanocrystallites by their size, close to the Gaussian 
distribution in shape: the presence of one maximum in the functions ε′′(f) and tgδ(f), one 
semicircle of ‘correct’ form on the CC diagram, as well as one maximum on the curve of film 
grain size distribution, which was obtained in the analysis of the atomic force image of the 
film surface.

2.1.1. Analysis of experimental results
We analyzed the measurement results from the Debye theory and calculations of the parame-

ters of electrical equivalent circuits of aggregates of nanocrystalline grains of the studied samples. 
The physical meaning of the circuit elements is described later in this section.

Analysis in terms of Debye’s relaxation theory. This classical theory [9] suggests the presence 
of one type of relaxants with a single relaxation time τ in the material under study. The situ-
ation in this case has a mechanical analogue in the form of a weight on a spring with a single 
frequency of natural vibrations, placed in a liquid medium, which provides losses of mechanical 
energy due to friction. In both cases, the distribution of relaxation times is a delta function, 
whereas the parameters reflecting the frequency dependence of the system’s response to an 
external periodic influence (the amplitude of the weight oscillations, the imaginary part of the 
dielectric permittivity, and the tangent of the dielectric loss angle) have extended frequency 
peaks of nonzero half-width. 

Fig. 1. Experimental (dots) and calculated (lines) frequency 
dependences of the real (a) and imaginary (b) parts of the dielectric 

permittivity, the dissipation factor (c), and the Cole–Cole diagram (d) 
for a homogeneous undoped VO2 film at T = 293 K. 

The box to Fig. 1,c shows the temperature hysteresis loop of the frequency 
position of the maximum tgδ(f) and the associated film conductivity 1/RI. 
The inset to Fig. 1,d shows a single-circuit equivalent electrical scheme

a) b)

c) d)
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For a vanadium dioxide film, the complex permittivity, reflecting the response of a set of 
nanocrystallites to an external periodic electric field, is

ε*(ω) = ε′ + iε′′,

where

ε′(ω) = ε∞ + Δε/[1 + (ωτ)2], ε′′(ω) = Δε·ωτ/[1 + (ωτ)2].

If we write it down in a more compact form, we get the following equality:

( ) ( )
' ,

1 i∞

∆ε
ε w = ε +

− wt (1)

where ε∞ is high-frequency limit of the real part of the complex permittivity ε*, Δε is dielectric 
increment (the difference between the low-frequency and high-frequency limits of the actual parts 
of the dielectric permittivity), ω = 2πf is cyclic frequency.

According to expression (1), the real part ε′(f) has one step, dielectric loss function ε′′(f) and 
function tgδ(f) have one maximum at frequency f = 1/(2πt). CC diagram ε′′(ε′) in this case is a 
regular semicircle, the center of which is located on the abscissa axis. In our case, the results of 
calculation by formula (1) approximate well the experimental data (see Fig. 1, a, b) for the VO2 
film with a single maximum on the crystallite size distribution (with unimodal distribution).

However, in many cases a good agreement with the experiment cannot be achieved by the 
method described above, since one type of relaxers has a set of different, but close in value, 
relaxation times. The distribution of relaxation times according to their values appears in the ex-
perimental СC diagrams as a distortion of the half-circle shape and lowering of its center below 
the abscissa axis. The article [10] describes a special method for taking into account the differences 
between the experimentally measured dielectric spectra and the appearance of the corresponding 
spectra given by Debye’s relaxation theory. For this purpose, the function G(τ) of the relaxation 
time distribution density is introduced into consideration, according to the expression [11]:

0

( )*( ) ( ) .
1s
G d

i

∞

∞ ∞

t
ε w = ε + ε − ε t

+ wt∫ (2)

The Havriliak–Negami function [11], which contains three varying parameters: τHN, αHN, 
and βHN, can be used as such a ‘correction’ function. After a good agreement of the calcu-
lation results with the dielectric measurement data is achieved at fitting, one can judge the 
width, asymmetry, and position of the maximum of the G(τ) function by the values of these 
parameters. In the limiting case, when all relaxants of a given type have the same relaxation 
time τ, the function G(τ) turns into a δ-function. For the analyzed case of films with Gaussian 
grain size distribution, a variant of a narrow and symmetric function G(τ) is realized, as ev-
idenced by the correct shape of the circle of the CC diagram with the center located on the 
abscissa axis.

Analysis based on the method of equivalent circuits. In the case of the analysis of the results 
for the VO2 film with unimodal grain size distribution (see Fig. 1, c, d), the equivalent scheme of 
the sample is presented in the inset in Fig. 1, d. The physical meaning of the circuit elements is 
as follows: the capacitance CsI is the electrical capacitance of the insulating substrate, CI is the 
electrical capacitance of the VO2 film, and RI is the film ohmic resistance. Such one-loop circuit 
corresponds to one type of relaxers with a single relaxation time, i.e. it corresponds to Debye’s 
theory (see formula (1)). 

Calculation of the parameters of equivalent circuits is performed by the symbolic method. 
Calculation of the complex impedance Z* = Z′ + iZ′′ of the single-loop circuit gives expressions:
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After the corresponding transformations we have the expressions 

( )2 2

I Itg ,
1 I I I I

s

s
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+ w + (3)

( )
( ) ( ) ( )

2
2

2
0

I 2 I I I I .
I I I I I
s s s

s s

C C C C C
C C C C C C

′ε +
′′ ′ε = ε −

+ +
(4)

In expression (4), the parameter ω is excluded, and the function ε′′(ε′) itself describes a 
semicircle with two points of intersection of the abscissa axis (roots) and is a Cole–Cole 
diagram. The first (right) root ε′ = CsI/C0 corresponds to the limit at ω → 0 and represents 
the low-frequency root of the function ε′′(ε′) in the CC diagram (right root in Fig. 1,b). The 
second (left) root ε′ = CICsI/(CI + CsI)C0 corresponds to the limit at ω → ∞ and represents 
the high-frequency root of the function ε′′(ε′) in the CC diagram (left root in Fig. 1,d). The 
radius of the half-circle h is equal to the half-difference of the roots of the function ε′′(ε′), 
i.e., 

( )
2

0

I .
2 I I

s

s

Ch
C C C

=
+

The analytical expression of the function ε′′(ε′) shows that the CC-diagram parameters depend 
only on the electric capacities CsI and CI and do not depend on the value of electrical resistance 
RI. At the same time the function tgδ(f) has a maximum at the frequency determined by both CsI 
and CI and R values:

0
1 .

I2 I I 1
I
s

f
CR C
C

=
p +

(5)

The single loop equivalent circuit allows a good agreement of the calculation results with the 
experiment at the following circuit parameters:

R1 = 1.2 kOhm, Сs1 = 200 pF, С1 = 1400 pF.

It follows from expression (5) that the frequency at which the maximum of the tgδ(f) function 
is located is directly proportional to the film conductivity 1/RI, and the characteristic relaxation 
time depends only on the film parameters RI and CI:

τ = RI·CI·[(СsI/CI) + 1]1/2 ≈ RI·CI·(СsI/CI = εsIdI/εIdsI << 1).

The accepted approximation is quite valid because of the large difference between the thick-
nesses of the film and the substrate, which is at least four orders of magnitude.

As the experiment shows, the frequency f0, at which the maximum tgδ(f) is located, shifts 
towards high frequencies when the temperature increases, and when the temperature decreases 



15

Condensed Matter Physics

towards low frequencies. According to expression f0 ≈ 1/(RI·CI), the shift in frequency is caused 
only by thermal change of conductivity 1/RI of the film, as film electrical capacity, judging by 
temperature constancy of experimental value

( )
2

0

I
2 I I

s

s

Ch
C C C

=
+

(5)

does not depend on temperature.
The experiment shows, in addition, that the temperature dependence of conductivity 1/RI 

demonstrates thermal hysteresis, the heating side of which loop (loop width 8 K) is located at 
TC = 340 K (see inset in Fig. 1,c). 

2.1.2. Interpretation of results obtained

We assume that the parameters of the dielectric spectra (frequency position of the ε′(f) step, 
ε′′(f) and tgδ(f) maxima, and the shape of the CC diagram) are due to free conduction electrons. 
In this case the characteristic response time of the system to an external electromagnetic influence 
is the Maxwell relaxation time τМ = εε0/σ [12], which agrees with the simplest numerical estimate. 
At 293 K, i.e., far from the PT temperature (ТС = 340 K), the VO2 film nanocrystallites are in 
semiconductor phase with low concentration of free electrons and consequently low electrical 
conductivity of the film. The Maxwell time is large and the maximum of the function tgδ(f) is in 
the low-frequency region (see Fig. 1) (the position of the maximum is determined by the product 
RC = tmax = 1/2πfmax). With increasing temperature the concentration of free electrons in the semi-
conductor phase and the specific conductivity of nanocrystallites increases, the tM time decreases 
and the maximum tgδ(f) shifts towards high frequencies.

The presence of conduction hysteresis loop as well as its position on the temperature scale 
(see inset in Fig. 1,c) testifies to the occurrence of semiconductor-metal PT in VO2 nanocrystals, 
which has a complex character and consists of Mott electronic transition and Peierls structural 
transition [3]. The Mott transition is due to strong electron-electron correlations, which leads to 
the dependence of the energy position of the zones on their electron population and to the re-
placement of the Fermi distribution with tails of 30 MeV at T = 300 K by the Migdal distribution 
with tails of 250 MeV [13]. 

At high temperatures (T > TC) the crystal lattice of VO2 has tetragonal symmetry in the metal-
lic phase, with vanadium ions arranged in the centers of octahedral oxygen frameworks formed by

(Ar)3d1
x2–y2[4s2(1)4p0(3)3d1

xy(1)3d1
z2(1)]-hybridization of V4+ ions [14]. 

As the temperature drops below the critical ТС = 340 K (67 °C), the crystal lattice decreases 
its symmetry from tetragonal to monoclinic by doubling the period along the rutile CR axis, 
which leads to a gap in the energy spectrum with the formation of an upper (3dtop) and lower 
(3dbott) Hubbard subzone [3]. The lower subzone plays the role of the valence band, while the 
conduction band, separated from the valence band by a 0.7 eV gap, is formed by the π*-zone 
due to the π-bond of Vdxz–Opz in the oxygen octahedron [3]. With decreasing temperature, 
due to the formation along the CR axis of a chain of (V-V)-dimers [15], at ТС = 340 K a met-
al-semiconductor PT occurs which has thermal hysteresis due to the martensitic character of 
this phase transformation.

2.2. Undoped VO2 film with bimodal  
nanocrystallite size distribution

2.2.1. Experimental results
Fig. 2 (T = 293 K) shows the frequency dependence of the imaginary part ε′′(f) of the com-

plex permittivity and the CC diagram ε′′(ε′) for this distribution. In this case two maxima of the 
function ε′′(f) and two semicircles in the CC diagram are observed. This suggests that there are 
two types of relaxers involved in the response of the system to an alternating electric field [14, 16].

We attribute the complicated appearance of the dielectric spectra and the presence of two types 
of relaxants to the bimodal size distribution of the synthesized VO2 film nanocrystals. 



St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 15 (4) 2022

16

2.2.2. Analysis of experimental results

The atomic force image and histogram of nanocrystallite size distribution demonstrate the 
presence of two types of nanocrystalline grains in the film: conventionally small and convention-
ally large. This was the reason for selecting the more complex Debye formula (6) and the two-
loop version of the equivalent electrical circuit (inset in Fig. 2). 

In this case, Debye’s formula is as follows:

( ) 1 2

1 2
* ,

1 1i i
∞

∆ε ∆ε
ε w = ε + +

+ wt + wt
(6)

where Δε1, Δε2 are dielectric increments, Δε1 = εs – εi, Δε2 = εi – ε∞. 
Formula (6) adequately describes the experimental spectra (Fig. 2, a, b) with fixed values 

τ1 = 2·10 
–6 s and τ2 = 5·10–2 s. 

A two-loop equivalent circuit (inset in Fig. 2,c) is applicable to the analysis of dielectric spec-
tra of the film with two types of relaxants determining the electrical response of the sample. The 
analytical expressions for the complex impedance of the circuit, which we obtained by the sym-
bolic method, are very cumbersome and therefore not given in this paper. For standard computer 
programs, performing a fitting based on calculation results is not a difficult task. If the parameters 
of the equivalent circuit are chosen appropriately, they agree well with the measurement results.

The temperature dependences of the dielectric spectra carried out for a film with a bimodal 
size distribution of nanocrystallites show hysteresis loops for each maximum of ε′′(f) (see Fig. 2,c). 
These loops differ in width and their position on the temperature scale. The loop width for max-
ima I is almost half that of maxima II. The position of the maximum II loop on the temperature 
scale is lower (TC = 312 K) than that of maximum I (TC = 342 K). 

Interpretation of results. The interpretation is based on the fact that the differences in the 
loop parameters for different maxima are related to the martensitic character of PT in vanadium 
dioxide [17] and peculiarities of film synthesis by laser ablation [18] carried out at a substrate 
temperature of 700 °C. The difference in the frequency positions of the maxima, the widths of 
their hysteresis loops, and their positions on the temperature scale require explanation.

The explanation for the differences is based on the following considerations.
First, in small-sized nanocrystallites the surface contribution to the overall PT energy is dom-

inant, in contrast to large-sized nanocrystallites.
Secondly, the condition of minimization of the thermodynamic potential dictates that the 

surface of the nanocrystallites must be metallized, which is ensured by the metallic vanadium of 
the parent material due to the sharply reduced metallic bond energy in vanadium as compared to 

Fig. 2. Experimental (dots) and calculated (lines) frequency dependences 
of imaginary part of complex permittivity (a), CC diagram (b) and hysteresis loops (c) 

frequency positions of maximums of ε′′(f) function 
for heterogeneous undoped VO2 film 

T = 293 K. Calculation was carried out by equation (6)

a) b) c)
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the ionic or covalent bond energy in non-metals (see Introduction). Reduction of surface energy 
by metallization is the more effective the higher the curvature of the crystallite surface is, i.e., the 
smaller its transverse size. The phenomenon of metallization of the surface of individual sets of 
film crystallites is well known from the literature [19].

Thirdly, the plume of metallic particles ejected by a laser pulse during film synthesis contains 
in general case conglomerates of particles whose sizes are distributed according to the law close 
to the Maxwell energy distribution of gas molecules. The minimum size is limited to values close 
to zero, while the maximum size is distributed in a long ‘tail’ with values many times larger than 
their value in the distribution maximum. 

The conditions for the synthesis of nanocrystallites in the laser ablation method were cho-
sen so that the size distribution of the synthesised nanocrystallites had two maxima, so that 
practically no medium-sized crystallites were formed. This was achieved by increasing the 
substrate temperature to 700 °C and by placing specially shaped screens in the path of the 
plume of vanadium metal particles knocked out by the laser pulse. Each distribution with its 
maximum had a shape close to a Gaussian distribution but with different Gaussian parameters. 
These measures caused that during the oxidation process in the oxygen stream the members of 
the family of small crystallites, actively covered with a metallic shell, almost immediately lost 
access of oxygen to their centres due to the metallization of the surfaces, whereas the metalli-
zation from the outside with vanadium atoms continued unimpeded. Due to the condition of 
electrical neutrality of the crystal, the subsurface layer of the crystal adjacent to the metallized 
layer from the inside was inevitably saturated with oxygen ions. At the same time there was an 
oxygen deficiency in the depth of the crystallite in the form of vacancies [20], as the oxygen 
flow from the outside was closed. The migration of oxygen ions, which ensured that the sub-
surface stoichiometry was maintained, was very effective because the ion mobility at 700 °C is 
very high. Oxygen vacancies in the depth of the crystallite, playing the role of electron donors, 
lowered the TC temperature inside the grain due to the formation of small radius polarons with 
reduced ionization energy on them [21], while the metallization of the surface dramatically 
increased the electrical capacity of the metallized set of small crystallites. For these reasons, the 
low-frequency maximum fmax = (1/R)(1/C) on the distribution curve for small grains has a wide 
hysteresis loop (martensite) with a reduced (due to donor influence) position of the hysteresis 
loop on the temperature scale.

 Note that the effective electrical conductivity 1/R of metallized nanocrystallites is very low 
due to the lack of charge sinking channel from the surface of metallized particles. The charge out-
flow is hindered by the minimization factor of the surface tension energy due to the metallization 
of the surface. Namely, any increase in conductivity equivalent to the discharge from the surface 
of a metallic layer reduces the strength of the metallic bond in that layer, thereby violating its 
integrity, which must necessarily lead to the departure of the thermodynamic potential from the 
energy minimum [12]. The multipliers 1/R and 1/C determining the fmax position were therefore 
extremely small, so it follows that this maximum must be located at a low frequency, as observed 
in the experiment.

At the same time, the inside of metallized grains, saturated with oxygen vacancies (electron 
donors), retains the ability to perform thermal semiconductor-metal PT, and at reduced TC tem-
perature, which is also observed in experiment. 

After occurrence of FP while heating the sample, the grains, metallized only on the surface, 
become entirely metallic; in this case the value of fmax increases, which is shown in the experiment 
by formation of an extended thermal branch of the hysteresis loop. Cooling, on the other hand, 
forms a cooling branch in the reverse process.

In order to perform a Peierls jump PT, a deviation from the TC temperature is necessary, 
associated with the need to introduce additional thermal energy required to change the symme-
try of the crystal lattice. The condition for the introduction of additional energy is determined 
by the need to overcome the excess Laplace pressure, generated by the surface tension of the 
crystallite and proportional to the curvature of the surface. The portion of additional energy, 
according to Laplace theorem, is proportional to the square root of the surface curvature of 
the nanocrystal.

Most often, the temperature of the heating branch of the hysteresis loop is taken as the TC 
value of the Peierls structural transition in a first approximation. However, strictly speaking, for 
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this value, i.e. the TC temperature of equilibrium of the semiconductor and metallic phases, it is 
necessary to take the middle of the hysteresis loop, if the elementary loops composing the main 
loop are symmetrical about this TC temperature point.

Thus, as a result of the dominant contribution of oxygen vacancies to the PT energy, the 
TC value of highly defective small grains is reduced due to correlation effects, while the hysteresis 
loop width is increased due to the high curvature of the surface (small curvature radius), and 
the ε′′ maximum is located in the low frequency region. All this is observed in the experiment 
(see Fig. 2, a, c). 

2.3. Vanadium dioxide films doped with nickel

2.3.1. Experimental results
 Fig. 3 shows results of dielectric measurements of frequency dependences of real (ε′) and imag-

inary (ε′′) parts of complex dielectric permittivity ε* of vanadium dioxide film doped with nickel 
(VO2 : Ni). The results have been obtained in the temperature range 293–373 K (20–100 °С). A 
Cole–Cole diagram ε′′ (ε′) is also presented.

The comparison of the spectra in Fig. 3 with the spectra of the non-doped film shows that 
with nickel doping an additional maximum 2 appears in the dielectric spectra at high frequen-
cies (approximately 1 kHz), which we identified as belonging to a separate population of grains 
doped with nickel. Note especially that the size distribution of the nanocrystallites has only 
one maximum.

The temperature dependence of the frequency position of the highest (main) maximum 1 
of the function ε′′(f) shows a thermal hysteresis with the heating branch of the loop located at 
ТC = 340 K (67 °С). The loop has the temperature width of 12 K. The geometric center of this 

Fig. 3. Experimental (dots) and calculated (lines) frequency dependences 
of the real (a) and imaginary (b) parts of permittivity for VO2 : Ni film 

at different temperatures, as well as the Cole–Cole diagram at T = 293 K; 
the calculation is based on formula (6) 

For the maximum 2 (see Fig. 3, b) a hysteresis loop of its frequency position - 1 kHz is presented (d) 

a) b)

c) d)
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loop is located at 334 K (61 °C). This temperature can be taken, in accordance with the marten-
sitic character of this phase transformation, as the equilibrium temperature of the semiconduc-
tor and metallic phases in the case of strictly symmetric elementary loops composing the main 
loop [17]. 

The hysteresis loop of the second, smaller maximum 2, located in the higher frequency re-
gion of the spectrum (f2), is located at lower temperatures than the loop of the higher maximum. 
More specifically, its geometrical center, taken as the phase equilibrium temperature, is located 
at 331 K (58 оС). The width of the lower maximum loop is 28 K (Fig. 3,d).

The presence of temperature hysteresis loops testifies that the crystal grains of vanadium 
dioxide film undergo a phase transformation in the region of ТC ≈ 335–345 K which is a 
semiconductor-metal PT for vanadium dioxide [3]. CC-diagram of VO2 : Ni film, as well as 
dielectric spectra, after doping acquires an additional feature and contains instead of one two 
semicircles which parameters practically do not depend on temperature in the region Т ≤ТС 
(see Fig. 3,c).

2.3.2. Analysis of experimental results

Dielectric spectra and CC diagrams contain two features. Therefore, to calculate these spec-
tra, formula (6) should be used, and when analyzing the results using the method of equivalent 
circuits, the two-loop version of the equivalent circuit should be chosen. When analyzing the 
experimental results, we took into account the following circumstances.

Circumstance 1. Although the dielectric spectra calculated by formula (6) correspond qual-
itatively to experiment, the reality is that the experimental spectra are more complex than 
the calculated ones. Namely, calculated curves ε′(f), in comparison with experimental ones, 
have steeper steps, calculated ε′′(f) peaks appear narrower; the experimental CC diagram does 
not have a regular half-circle look like the diagram calculated according to formula (6), its 
half-circles have heights less than half their diameters. The point is that the VO2 : Ni sample 
acquires at least two different types of relaxants as a result of doping, and each type receives 
a set of separate relaxants with close relaxation times, i.e., with a non-zero width of their 
time distribution. Different types of relaxers give several maxima of the function ε′′(f) and 
several semicircles in the CC diagram. In addition, a distortion of the shape of ε′′(f) curves 
and the shape of semicircles in the CC diagram appears. To account for these distortions we 
replaced formula (6) by formula (2) for each type of grain and introduced a refined function 
G(τ), a function of relaxation time density distribution over relaxation times. The Havriliak–
Negami function [11] of the form (7) was used as such a function in the calculations. This 
function for each grain type contains three varying parameters (τHN, αHN and βHN) and has the 
following form:

( )
( )( ) ( )

( )( ) ( )( ) [ ]( )
HN

HN HN

1 sin/1 ,/ 22 1 12 cos 1 1/ /

G
β − α βϕt t

t = ×
βp  − α − α + p − α +t t t t  

(7)

where

[ ]( )
( ) [ ]( )HN

sin 1
arctg .

/ cos 1

 p − α
ϕ =  

t t + p − α  

The distributions of relaxants over relaxation times are characterized by the parameters of 
the Havriliak–Negami (HN) function, which reflect the averaged position of relaxants on the 
timescale τHN, the degree of scatter αHN, and the heterogeneity (asymmetry) βHN. The software 
of modern spectrometers makes it possible to output the HN function with the values of the 
parameters τHN, αHN and βHN already adjusted to the measurement results. After achieving a 
good agreement between the calculation results according to formula (2) and measurement 
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data, the dielectric spectrometer outputted a graph of the relaxation time distribution function 
in the VO2 : Ni film, shown in Fig. 4. There are two narrow (αHN1 ≈ αHN2 = 0.05) and practi-
cally symmetric (βHN1 ≈ βHN2 = 0.97) peaks. In our case (for dielectric spectra of semiconductor 
films), this indicates the closeness of the HN functions found by the spectrometer to δ-func-
tions with characteristic times τHN1 = 10–2 s and τHN2 = 1.6·10–4 s for unalloyed and nickel-doped 
grains, respectively.

Circumstance 2. The calculation by the symbolic method of the two-loop equivalent circuit 
[14] showed that the appearance of the calculated dielectric spectra only qualitatively coincides 
with the experimentally measured spectra.

Quantitative agreement can be achieved by analyzing a much more complex equivalent circuit 
with distributed electrical parameters, which dramatically complicates the calculations without in-
troducing qualitative novelty. Therefore, we have assumed that the main features of the dielectric 
spectra are adequately described by the two-loop electric equivalent circuit. Thus, according to 
the calculation by the symbolic method, the shape of the features of the CC diagram does not de-
pend on the conductivity of the sample, but depends only on its electrical capacitance. And since 
the shape of CC diagram, as the experiment shows, does not depend on temperature, changes 
of tg(f) function with temperature are determined for VO2 : Ni only by temperature course of 
electrical resistance of nanocrystallites, but not by course of their electrical capacity (taking into 
account that f = 1/2π = 1/2πRC).

Interpretation of experimental results. It is based on a number of considerations, as follows.
1. The maximum of the function ε′′(f) resulting from the doping of a film with unimodal crys-

tallite size distribution is located for the VO2:Ni film on the high-frequency side from the main 
maximum due to undoped grains of the material. This fundamentally distinguishes this situation 
from the variant of undoped vanadium dioxide film with a bimodal distribution, whose dielectric 
spectra also contain two maxima, of which the smaller maximum is located on the low-frequency 
side of the main one.

2. The metallic bonding energy of nickel (430 kJ/mol) is 25% lower than that of vanadium 
(520 kJ/mol) (see Table 1). This means, first, that the thermodynamic potential minimization 
condition causes the surface of the smallest nanocrystallites to become saturated with clus-
ters of metallic nickel rather than vanadium, as in an undoped vanadium dioxide film with 
a bimodal size distribution of nanocrystallites. Secondly, it means that in the case of doped 
VO2:Ni films there is no continuous nickel metallization of the grain surface, which ensures 
free access of oxygen deep into the grain during synthesis, since the nickel concentration is 
only 1 molar %. Thirdly, the condition of minimizing the surface energy dictates the forma-
tion of the smallest crystallite surface (but not in their volume) of metallic nickel clusters with 
multi-electron metal bonding, whose energy is much lower than the two-electron bonding 
energy of dimer Ni-Ni or bonds Ni-O (we discuss details of the mechanism of difference in 

Fig. 4. Relaxation time distribution for doped VO2 : Ni film 
(experimental data processed by spectrometer)

Maximum positions: 1.6·10–4 and 1.0·10–2 s
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bond energy below). It follows that the thermal hysteresis loops of the features due to dop-
ing have to be, because of martensitic properties, substantially wider than for the bimodal 
undoped case.

3. The above arguments allow us to state that throughout the crystallite thickness proper 
stoichiometry must be observed and the volume of vanadium dioxide crystallites must be doped 
with Ni4+ ions, which substitute V4+ ions in the centers of oxygen octahedrons, creating six 
σ-bonds with oxygen ions each. In this case each Ni4+ ion replacing V4+ is in the next electron 
hybridization state:

(Ar)3d1
x2–y2[3d2

z2(1)3d2
xy(1)4p0(3)4d0(1)]3d1

yz(1)3d2
xz(1)4s2(1)4d0(4).

For comparison, here is the electron hybridization of the V4+ ion, which has a similar electron 
level system structure:

(Ar)3d1
x2–y2[4s2(1)4p0(3)3d1

xy(1)3d1
z2(1)].

4. By replacing the V4+ ion in the center of the octahedron, the Ni4+ ion would have to 
form Ni-V dimers due to the formation of σ-bonds of 3d1

x2–y2 orbitals of Ni4+ ions and the 
same orbitals of V4+ ions of neighboring octahedrons containing one electron each. However, 
the 3d1

yz orbital not participating in the formation of the crystal frame (highlighted in the Ni4+ 
electron configuration line) also contains one electron, which cannot remain free inside the 
crystal lattice. Therefore, inside the VO2 lattice when doped with nickel, Ni-Ni dimers arise 
due to the double bonds. Namely, by σ-bonding the 3d1

x2–y2 orbitals of Ni4+ ions to neigh-
boring octahedrons and π-bonding the 3d1

yz cross-shaped orbitals of the same Ni4+ ions in 
neighboring octahedrons.

5. The bonding energies of these dimers, according to the Pauling mechanism [7], are greatly 
underestimated compared to the energies of the V-V-dimers. The fact is that during the formation 
of the crystal frame three orbitals are outside the oxygen octahedron with the Ni4+ ion at its base 
center (as follows from the analysis of the Ni4+ electronic hybridization). All these orbitals are 
occupied by electrons unlike the V4+ ion in the vanadium dioxide framework, which is not doped 
with nickel. It is important that the nearest electron-free orbital not involved in hybridization 
is the 4d0 orbital, which is essentially necessary to allow the formation of the conduction band 
π*. This situation arises because the d-shell of the nickel atom differs from the d-shell of the va-
nadium atom: the under-populated d-shell of the nickel atom has no electron-free orbitals. For 
example, nickel has 8 electrons on the five d-levels, which, according to Hund’s first rule, occupy 
all orbitals, three of which have 2 electrons each. And the donor-acceptor π-bonds 4d0–2p2

z with 
oxygen ions located in the corners of the octahedron bases form empty 4d0-orbitals (similar to the 
situation with V4+ ions). These bonds in the VO2:Ni crystal are necessarily included in the forma-
tion of the energy position of the π- and π*-bands (similar to the 3d0–2pz π-bonds for vanadium). 
The π*-energy zone in both cases plays the role of a conduction zone [3]. The energy gap between 
the bonding (π) and antibonding (π*) zones for the 4d0–2p2

z π-bond of Ni4+ ion is smaller than 
for the 3d0–2pz π-bond of V4+ ion, according to the above mentioned Pauling mechanism [7]. 
The mechanism is reduced to the fact that the energy of those chemical bonds whose orbitals are 
more strongly shielded by the inner electron shells is lower. It follows that doping with nickel 
ions decreases the band gap width of the doped VO2:Ni film in proportion to the concentration 
of nickel ions, because more electrons are involved in bond shielding for this ion than for V4+.

The 3d1
x2–y2 and 3d1

yz orbitals participate in the formation of Ni-Ni dimers in the same way as 
in the formation of V-V dimers in undoped vanadium dioxide. However, the binding energy of 
Ni-Ni dimers, according to the same rule of Pauling, is again much lower than that of the dimer 
V-V, due to shielding the orbitals of bonds Ni-Ni additional (relative to the vanadium atom) with 
five electrons of the d-shell. The nickel atom 3d-shell contains eight electrons instead of three in 
the vanadium atom. The 4s2 orbital, as well as the 3d2

xz orbital, being fully saturated, in the first 
approximation does not participate in electron transfer into conduction band, like the fully saturated 
2p2

z orbital of the oxygen atom, and forms inside of crystal lattice an undivided electron pair [22].
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Fig. 5. Comparison of frequency dependences of tgδ(f) and CC diagrams 
for undoped VO2 film (a, b) and tungsten-doped VO2 : W film (c, d) at T = 293 K 

(points correspond to the experiment, solid lines to the calculation result)
The values of parameters of the elements of equivalent circuits are presented in Table 2

a) b)

c) d)

Tab l e  2
Equivalent circuit parameter values for undoped and doped 

VO2 films (see Fig. 5)

Parameter Marking on the schemes
Parameter value for film
VO2 VO2 : Ni

Capacitance, pF

CI 35 22
CII 100 30
CIII – 500
CsI 10 60
CsII 35 25
CsIII – 70

Resistance, MOhm
RI 1,5 1500
RII 105 0,07
RIII – 1500
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The following conclusions can be drawn from the statements above.
I. The positions of both maxima of the function ε′′(f) on the temperature scale of the thermal 

hysteresis loops indicate a Peierls PT semiconductor-metal in a pattern typical for vanadium di-
oxide films. The phase equilibrium temperature of films (334 K (61 °C)) is always a few degrees 
below that of bulk vanadium dioxide single crystals (340 K (67 °C)), due to the presence of small 
defects of nanocrystallites in the form of oxygen vacancies, inevitably occurring during synthesis 
[20]. We remind you that the hysteresis loop of bulk vanadium dioxide monocrystals has a width 
of 1 K and strictly vertical branches.

II. The widths of hysteresis loops of both maximums of doped VO2 : Ni film are many 
times greater than those of bulk VO2 monocrystals, and the branches of the loops have a slope 
depending on the half-width of film crystallite size distribution due to martensitic character 
of PT. 

2.4. Tungsten-doped VO2 film

Importantly, V1–xWxO2 epitaxial films 900 ± 50 Е thick were synthesized on rutile substrates by 
laser ablation of vanadium and tungsten metal targets with oxidation of the metal droplet plume 
in a low pressure oxygen flow [23, 24].

2.4.1. Experimental results

Fig. 5 shows frequency dependences of tgδ(f) as well as Cole–Cole diagrams for undoped 
vanadium dioxide film and tungsten-doped W (VO2:W) film. Comparison of dielectric spec-
tra of doped film (Fig. 5, c, d) with spectra of undoped film (Fig. 5, a, b) shows that the 
frequency dependence tgδ(f) for VO2:W film at T = 293 K exhibits three maxima instead of 
two, and, besides, the structure of CC-diagram is complicated. The latter has three semi-
circles according to the number of maxima of the tg(f) function, although the semicircle of 
the largest diameter is represented only partially because of the limited frequency range of 
the spectrometer. The frequency of maximum III, generated by doping, appeared to be two 
orders of magnitude higher than the frequency of the main maximum I of the spectrum of 
undoped film.

Equivalent circuit diagrams of the samples. The analysis of the experimental curves is based on 
a two-loop and three-loop equivalent circuit. The insets to Fig. 5, a, c show circuits containing 
complexes of two or three loops connected in parallel with each other. The physical meaning of 
the elements of the suggested schemes is the following: capacities CI, CII are electrical capac-
ities of undoped VO2 grains aggregates, and CIII is the capacity of doped VO2 : W grains (C0 is 
empty cell capacity, C0 = 22 pF, it was used in calculations but is not presented in schemes); 
RI, RII and RIII are averaged electrical resistances of corresponding aggregates of grains. The 
capacitances CsI, CsII and CsIII are the total electrical capacitances of those three parts of the 
substrate on which grains of the three aggregates with different physical properties are placed in 
random order. 

The calculation of the three-loop circuit is done symbolically using standard computer 
programs. The calculation allows numerical solutions for both the tgδ(f) relation and the ε′′(ε′) 
diagram. Fig. 5 shows the results of this calculation as solid curves, and they are in good 
agreement with the measurement results (dots). The good agreement confirms the validity 
of the proposed equivalent schemes. Numerical values of equivalent circuit parameters are 
shown in Table 2.

Temperature dependencies of DS features. The temperature hysteresis loop of the frequency 
position of the main maximum f0I corresponds to a set of undoped film grains and corresponds to 
the temperature of the structural PT TC = 340 K (67 oC). The loop of frequency position of the 
second maximum f0II can be measured only partially, as its position is outside the frequency in-
terval of the spectrometer. The frequency position loop of the third maximum f0III which is con-
nected in dielectric spectra with the doping of VO2 film with tungsten is located at temperature 
TC = 320 K (47 °C), which corresponds to the thermal hysteresis loop of conductivity of VO2 : W 
film (Fig. 6), its middle point corresponding to the phase equilibrium temperature is also located 
at lower temperature TC = 320 K.
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Let us point out a number of features of the hysteresis loops of VO2 : W films.
a) Tungsten doping lowers the TC temperature by 28 K.
b) The doping narrows the loop from 10 to 7 K.
c) Tungsten doping generates non-parallelism of the heating and cooling branches of 

the loop.
d) Doping results in loops with sharply asymmetric high temperature and low 

temperature regions.
e) Tungsten doping shortens the length of the high-temperature region of the loop.
These features are relevant when analyzing the dielectric spectra of doped VO2 : W films.
Firstly, the long and narrow high-temperature “beak” loop of the undoped film suggests 

a relationship between TC phase equilibrium temperatures and elementary loop widths for 
the largest crystallites with narrow loops (which is quite common in the property behavior of 
vanadium dioxide [25]).

Secondly, the reason for this dependence is the strong bond between the vanadium diox-
ide nanocrystallites and the TiO2 rutile substrate, which provides a large elastic strain energy 
storage during lattice transition from the monoclinic to the tetragonal phase and returns this 
energy to the lattice when cooling.

Third, the crystal-substrate interaction process is most effective for a small population of 
the largest grains that have the largest contact area with the substrate. In this population, the 
phase transition forms the high-temperature apex of the hysteresis loop.

Fourthly, tungsten doping weakens the bonding of crystallites to the substrate because of 
the much larger spatial extent of the tungsten orbitals than vanadium. This weakening is due 
to the saturation of the contact area with the substrate by tungsten ions and the adhesion 
bonds it creates have less energy than vanadium bonds (according to the Pauling mechanism 
(see above)).

Fifthly, this weakening of the bond is manifested by a decrease after doping in the ther-
mal extent of the upper ‘beak’ of the loop and in the appearance of non-parallelism of the 
loop branches (see Fig. 5,b); besides, a fragment of the fourth semicircle of the CC diagram 
appears in the area related to high frequencies (left from the center of the large semicircle). 
The reason for the appearance of this fragment is the outstripping growth of the electron con-
centration in the contact layer between the crystal and the substrate due to the destruction of 
the adhesion bonds weakened by the tungsten shielding.

Fig. 6. Demonstration of change in shape and position of thermal hysteresis loop 
of conductivity of V1-xWxO2 films when doped with tungsten:

 x = 0 and x = 0.007 
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2.4.2. Interpretation of results

In the doping of vanadium dioxide with tungsten the W4+ ion replaces the V4+ ion, giving 
up four electrons to form six hybrid orbitals and gaining the valence 4+. The W4+ ion in this 
case behaves in the lattice of vanadium dioxide like the V4+ ion, and in the semiconductor 
phase, it is able to form a dimer W-W like a pair of Ni-Ni and V-V. However, unlike the V4+ 
ion, the W4+ ion, as well as the Ni4+ ion, has an additional electron on one of the remaining 
d-orbitals, which do not participate in the hybridization; this electron cannot remain in the 
lattice without interaction. This results in the formation of W-W dimers bonded by a double 
bond. 

Donor properties of tungsten ion at electron transfer into conduction zone π* play an 
important role in the process of lowering the temperature of TC phase transition, which is 
caused by strong correlation effects leading to lowering of conduction zone π* energy at its 
occupation by electrons.

However, the process of reducing the TC temperature when doped with such a massive 
atom as tungsten has its own peculiarities which require more detailed analysis. The appear-
ance of the third maximum in the dielectric spectrum must also be explained. Let us consider 
these issues in more detail.

The electron configuration of a neutral W atom is:

(Kr)4d10(5)4f14(7)5s2(1)5p6(3)5d4(5)5f 0(7)6s2(1)6p0(3)6d0(5).

Highlight the configurations of the upper electron shells (5th and 6th):

5s2(1)5p6(3)[5d1
xy(1)5d1

z2(1)6s2(1)6p0 (3)],

{5d1
x2–y2(1)} {5d1

yz(1)} 5d0
xz(1) 6d0(5).

The orbitals in square brackets (highlighted in bold and underlined) create six hybrid orbit-
als that ensure the integrity of the crystal framework through σ-bonds with the oxygen ions of 
the O2- octahedron. Let the reader note that both bracketed 5d-orbitals contain one electron 
each. In this case the 5d1

x2–y2(1) orbital could create W-V dimers similar to the V-V dimers of 
the undoped film. But the presence of another orbital, namely 5d1

yz(1) with one free electron, 
determines, as in the case of nickel doping, the creation of W-W dimers held by double bonds: 
σ-bonded 5d1

x2–y2(1) orbitals and π-bonded 5d1
yz(1) cross-like orbitals. The situation here is 

similar to that with Ni-Ni dimers in VO2 : Ni film, but with the essential difference that in 
VO2:W film the doping leads to an additional maximum in dielectric spectra at extremely low 
frequencies (see Fig. 5).

This picture is similar to that of the dielectric spectra of an undoped vanadium dioxide film 
with a bimodal crystallite size distribution. The reason for the similarity is that ensuring the 
necessary mobility of the extremely heavy tungsten atom forces the synthesis process to use an 
increased substrate temperature, which, as indicated, is 650 °C. This inevitably gives rise to a sig-
nificant number of small-sized crystallites with a vanadium-metallized surface, similar to the bi-
modal variant of undoped vanadium dioxide. The reasons for the location of the maximum in the 
spectra of metallized grains at extremely low frequencies are described in more detail in section 3, 
describing the bimodal size distribution of crystallites. The only difference is that the height of 
the additional maximum of the dielectric loss tangent tg(d) spectrum (the maximum is due to the 
tungsten) is very large due to the large energy losses due to the large mass of the tungsten atom.

Before we explain the more effective lowering of the TC temperature with tungsten alloying 
compared to that with light dopants, we note the following.

According to the Pauling mechanism (see section 2.4.2 above), due to the screening by the 
inner shells, the bonding energies of the W-W dimers are greatly reduced compared to those of 
the V-V dimers. This increases their thermal fracture efficiency many times that of the V-V or 
Ni-Ni bonds of the corresponding dimers. In addition, analysis of the electronic hybridization of 
tungsten shows that 5d1

x2–y2(1), 5d1
yz(1), and 5d0

xz(1) orbitals are not involved in the construction 
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of the crystal framework. Two of them are occupied by electrons and the third is free. The 
non-participation in hybridization of the nearest 5d0

xz(1) and 6d0(5) orbitals, which are free of 
electrons, plays a fundamental role. These vacant 5d0- and 6d0-orbitals form donor-acceptor 
π-bonds 5d0–2p2

z and 6d0–2p2
z z with oxygen ions situated in the corners of the octahedron bases 

(similar to the corresponding structures with V4+ ions). These bonds are included in the formation 
of the energy position of the zones p and π* (similar to the 3d0–2pz π-bonds for vanadium octahe-
drons). In this case the π*-energy zone in vanadium dioxide plays the role of a conduction zone 
[3]. The energy gap between the bonding (p) and opening (π*) zones, due to shielding by inner 
shells, is substantially lower for the π-bond 5d0–2p2

z than for the π-bond 3d0–2pz of V4+ ion (let 
alone π-bond 6d0–2p2

z), according to the same Pauling mechanism [7]. In a crystal, both of these 
bonds involved in the formation of zones p and π*, lead to the fact that the doping with tungsten 
ions reduces the band gap width VO2:W in proportion to the concentration of tungsten ions, due 
to the previously described shielding the inner shells of donor-acceptor bonds 5d0–2p2

z – p and 
6d0 – 2p2

z – p.
Finally, a few words about the relaxation time distribution function.
In accordance with the presence of three maxima in the dielectric spectra, the three circles in 

the CC diagram and the eligibility of the three-loop equivalent electrical circuit, we can conclude 
that the function for the complex permittivity must be

( )* 31 2

1 2 3

.
1 1 1i i i∞

∆ε∆ε ∆ε
ε w = ε + + +

+ wt + wt + wt

Fitting the calculation results to experimental data gives the following numerical values of 
relaxation times for the three types of relaxators: τ1 = 1 s, τ2 = 2·10-4 s, τ3 = 1.6·10–6 s.

Conclusion

In this work thin nanocrystalline films of a strongly correlated material, vanadium dioxide, 
were investigated by dielectric spectroscopy. Both specially undoped vanadium dioxide films and 
vanadium dioxide films doped with nickel and tungsten were fabricated and tested beforehand. 
The processing, analysis and interpretation of the experimental data led the authors for the first 
time to the following conclusions. 

It is shown that in both doped and un-doped vanadium dioxide nanocrystalline films the values 
of parameters of dielectric spectra (frequency position of steps ε′(f), position and shape of maxima 
ε′′(f) and tgδ(f), form and position of a semicircle in the Cole-Cole diagram, features of function 
HN) are caused by the concrete type of relaxators, namely free electrons, for which the dielectric 
response speed is defined by various times of a Maxwell relaxation τМ = εε0/σ.

It was found that for a set of undoped nanocrystalline film grains the response time in the 
maximum of relaxator distribution over their times at T = 293 K is τМ1 = 10–2 s, whereas for a set 
of doped nickel grains the Maxwell time is two orders of magnitude shorter: τМ2 = τ2 = 1.6·10–4 s.

It is shown that in the semiconductor phase at 20 °C, far from the Peierls phase transition tem-
perature (ТС = 67 °C), the maximums of functions ε′′(f) and tgδ(f) are situated at low frequencies, 
because of small specific electrical conductivity of nanocrystallites of the film, which corresponds 
to a large Maxwell relaxation time τ = εε0/σ.

It is shown that because of the realization of the Pauling mechanism the electron concentra-
tion in the group of nickel-doped vanadium dioxide film grains is higher at any temperature than 
in the unalloyed ones. This determines the location of maximums of functions ε′′(f) and tgδ(f) for 
nickel-doped crystallites in higher frequency region of dielectric spectra (f2dop = 1000 Hz) than for 
a set of undoped grains (f1undop = 14 Hz). 

It is established that the dielectric spectrum parameters clearly indicate the increase of elec-
trons concentration in the conduction band of semiconductor phase of VO2 : Ni and VO2 : W 
films at thermal destruction of Ni-Ni and W-W dimers, in full correspondence with the process 
of destruction of V-V dimers of undoped films. 

It is found that before the structural Peierls phase transition, as the temperature rises by 40°C 
(from 20 to 60 °C), the maximum positions of the functions ε′′(f) and tgδ(f) on the dielectric 
spectra are significantly displaced towards high frequencies, and relaxation times τ1 = 1/(2πf1), 
τ2 = 1/(2πf2) and τ3 = 1/(2πf3) are shortened on orders of magnitude, that is determined by growth 
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of specific conductivity σ.
It is shown that the information obtained by dielectric spectroscopy (DS) indicates a complex 

Mott-Peierls phase transition (PT) in the VO2:Ni film, when the structural Peierls PT is preceded 
by a temperature extended electronic Mott PT. After this Peierls PT occurs, then at further tem-
perature growth the second Mott phase transition takes place, as indicated by the DS method, 
demonstrating a shortening of relaxation times τ1 and τ2 by two orders of magnitude.

Based on the method of multi-loop equivalent circuits the possibility of the adequate mathe-
matical description of both relaxation processes and multifactor charge transfer processes in films 
of strongly correlated metal compounds has been demonstrated. 

The possibility has been shown to investigate selectively by DC method the peculiarities of 
through-current flow and details of charge accumulation processes in multi-sized sets of nanocrys-
tallites randomly mixed on a substrate carrying a nanocrystalline film in the process of synthesis.

Thus, using dielectric spectra of thin films of strongly correlated material, vanadium dioxide, as 
an example, it is shown that the high sensitivity of the DS method allows one to obtain dielectric 
spectra of extremely thin (about 500 Е) films of transition metal oxides within a wide frequency 
range (10-3 to 1011 Hz).

This allows us to state that the described results of dielectric spectra together with the results 
of studies of charge transport processes, optical properties of films and phase transformation pa-
rameters in nanocrystalline strongly correlated materials form a unified research complex. This 
complex is capable of delivering unique scientific information that is inaccessible to other meth-
ods and is indispensable for the design of applications based on strongly correlated materials.
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