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Separate observation of the electronic Mott transition and the structural
Peierls transition in vanadium dioxide
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1. Introduction

Vanadium dioxide is a strongly correlated material [1-4]
that exhibits a temperature-extended narrowing of the
forbidden band width Ey of the semiconductor phase as
a result of a thermal increase in the concentration of
free equilibrium electrons in the conduction band. This
process is known as the Mott semiconductor-metal phase
transition (PT) [2]. The quantum-mechanical description
of the Mott PT is based on an additional account, along
with the electron-nuclear interaction, of the inter-electron
interaction, thus reducing to the solution of a multiparticle
problem. This problem is solved by introducing an addi-
tional energy term describing the inter-electron interaction
into the Hamiltonian. The numerical value of this kind of
additional energy, called the correlation energy [3], is chosen
by matching the results of calculations with measurements.
The correlation energy is also introduced into the electron
energy distribution function, which leads to the replacement
of the Fermi distribution by the Migdal distribution [4].

The complex nature of PT in vanadium dioxide is
manifested in the fact that the Mott electron transition
in this material is followed by the Peierls structural tran-
sition from a low-symmetric crystal phase of monoclinic
symmetry to a high-symmetric crystal phase of tetragonal
symmetry takes place [5]. Historically, this conclusion
was reached as early as 2000 when it was shown in
Ref. [5] that (quote) ,,semiconductor-metal PT in vanadium
dioxide behaves like an electronic PT in that its initial stage
is the rearrangement of the electronic subsystem of the
material, and the inevitable changes in the crystal lattice
are secondary in nature and are a stage in the process
of transition of the sample from the semiconductor state
to the metallic state, immediately following the excitation
of the electronic subsystem of the material. A number
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of new papers [6-10] have been presented since the
above publication in which this kind of ideas about the
complex nature have been confirmed, refined, and extended.
For instance, the electronic component of the PT was
experimentally identified in Ref [7]. This identification
was based on the fact that the structural Peierls PT has
hysteresis, whereas the Mott electronic transition does not.
It was found in Ref [9] that the Mott PT in vanadium
dioxide occurs in femtosecond time, and it was shown
in Ref [10] that the optical properties of such a unique
system as a photonic crystal can be controlled using VO,
synthesized in the pores of a photonic crystal, and such
control of the electronic PT parameters is also performed
on a femtosecond time interval [11]. New and unique
results have been obtained recently on the way to expanding
the range of vanadium compounds studied by dielectric
spectroscopy methods [12-14]. In particular, the complex
Mott-Peierls character of the PT was established in a
whole series of strongly correlated compounds such as VO,
VO,, V;,03, V,0s5, which are part of the nomenclature
of oxides of the Magnelli series. It has been shown
that as the oxidation degree of atom V increases, the
numerical value of the metallic conductivity value of the
high-temperature phase of the above oxides drops naturally
and simultaneously the temperature of the PT of the
material to the metallic state increases.

The aim of this paper is to demonstrate new exclusive
possibilities of dielectric spectroscopy as a method to
investigate the nature of phase transformations. These
kinds of opportunities are based on the unique advantage
of this method, which is based on the fact that the PT
parameters, which cannot be studied by other experimental
methods, are directly manifested in dielectric spectra (DS).
In particular, the analysis of DS using the concept of
equivalent electrical circuits allows us to determine the
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Figure 1. Experimentally measured frequency dependences a — ¢”(f), b — &'(f) and ¢ — Cole-Cole diagram in the temperature

region 50—70 °C from Ref. [12].

value of the specific conductivity of each particular type of
nanocrystalline grains by isolating this grain type from the
total variety of grain types of the film sample. It also allows
to perform quantitative estimates of the concentration ratio
of different types of grains and to calculate the ratio of areas
occupied on the substrate surface by grains of VO, film of
different types randomly distributed in the total population
of grains. Finally, this method provides an opportunity to
experimentally trace the variation of phase transformation
parameters in each particular type of grains by monitoring
the temperature variation of their DS resonance features.

2. Dielectric spectra
and their description

Experimentally measured DS of undoped vanadium diox-
ide thin films were provided in [12] — see Figure 1. The
fundamental interest in these spectra is attributable to the
fact that in the semiconductor-metal PT temperature region
(50—70°C), not only a thermal shift of the resonance
frequency of the location of the maxima of the DS features,
but also a change in the magnitude of the spectral features
in the maximum, as well as a change in the shape of
these features, is observed when the temperature of the
sample is changed. Il.e, the fine structure of DS not
observed earlier is manifested. Indeed, at T = 50°C, the
imaginary part of the dielectric constant ¢”(f) has a well-
defined maximum at frequency 10*3Hz (a), and at the
same frequency, the step in the plot of the functional
dependence of the real part of dielectric permittivity on
frequency ¢”(f) (b) is clearly expressed, and the Cole-
Cole diagram ¢”(¢’) is a regular half-circle (c¢). The DS
features shift toward high frequencies with temperature rise.
The height of the maximum &”(f) decreases, its half-width
increases, the frequency interval occupied by the step on the
graph &'(f) increases in width, and the half-circle &”(¢’)
acquires an irregular shape (Figure 1). A splitting of the
broad maximum &”(f) is observed at T =65°C in the
form of the appearance of a structure in the form of a
frequency doublet, and at T = 70°C the maximum &”(f)
at the frequency f = 107 Hz again becomes narrow and
high (Figure 1).
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Figure 2. Decomposition of the fine structure of DS features into
two components m and t.

The above is well illustrated by the decomposition of
the feature ¢”(f) into two Gaussian components, labeled m
and t, shown in Figure 2.

It follows from the above that, in order to describe the
fine structure of the spectrum, Debye’s formula should
be complicated by introducing the function G(r) of the
distribution of relaxants by relaxation times:

G(r)

+lot

s*(m):em—i-As/l (1)

0

By appropriate selection of the relaxation times of the
G(r) function, represented, for example, as two functions
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similar to the §-function, or two Havriliak-Negami [15]
functions, a good agreement of the calculation results
with the measurement results can be achieved. However,
progress in this direction seems to be unpromising due
to the lack of a clear relationship between the dielectric
spectrometer cell parameters and the parameters of the
studied sample.

An alternative and at the same time more definitely re-
flecting the physical picture of the phenomena the possibility
to describe DS is the use of equivalent electrical circuits,
adequately corresponding to the studied sample. The
relatively simple equivalent circuit shown in Figure 3, a gives
a good result. Here Cs is the capacitance of the insulating
mica substrate on which the film VO, was synthesized,
characterized by the capacitance C and resistance R.

Calculations in Ref [13] performed using this scheme
yield function plots of &'(f), ”(f), and £’ (¢’), within the
accuracy of the experiment, matching the plots of Figure 1,
but not describing the fine structure of DS.

Thus the symbols of the Debye (1) formula have the

following physical meaning;
G(r) — OS-function, g, =¢' = C—j.' (corresponding to the
limit ¢'(w) at  — 0), Cs is the substrate capacitance,
C, is the capacitance of the empty cell of the dielectric
spectrometer, i.e. &, represents the dielectric constant of
the insulating substrate alone, since the thermally generated
influx of free electrons (R = const) completely displaces the
constant (in the limit @ — 0) probing electric field from the
semiconductor film into the dielectric substrate at the low-
frequency boundary of the frequency range of variation of
the probing electric field used for the study.

At the same time we have the following expression at the
high-frequency boundary of this range

, CICsl

oo =€ = €I + Cal)Co

(corresponding to the limit &'(w) with w — c0). Thus,
at the high-frequency limit of the frequency range, the
real part of the complex permittivity is a combination of
series-connected capacitances (C is the semiconductor film
capacitance, Cs is the substrate capacitance). That is, the
high-frequency limit of the frequency range corresponds to
those conditions under which the charge carriers in a thin
film of semiconductor ,,do not have time to move* when a
high-frequency probing external field is applied, not being
able to shield it even to a small extent.

We would like to remind that 7p = 7, = €&o/0 is the
Maxwell relaxation time, o is the specific conductivity of
the semiconductor film VO,. Indeed, resonance in the
equivalent circuit is achieved at frequency fg [13]:

1

27RICH /S +1

and after conversion, we have:

1/wo = 1/(27f,) = RC(Cs/C + 1)1/2

fo=

= peeglesd/(eD) + 1]'2 = egg /0 = 7 = 1.
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Figure 3. One-loop (a) and two-loop (b) equivalent circuits of a
dielectric spectrometer cell with a sample in the form of VO, film
synthesized on the surface of a mica plate.

Along with this, the value of €”(w,) at the resonance
frequency (wotp = 1) is:

e =Ae/2 (g0 — €x0)/2

and does not depend on the conductivity of the film
material. In our case (Figure 2) ¢ (wo) = 1.5. The question
naturally arises what the value &”’(w,) at the resonance
frequency can depend on if it is determined by only two
constants: ¢, and e»,? To answer this question, let us
express the value of ¢”(wo) through the elements of the
single-loop equivalent circuit (Figure 3, a):

" (wo) = (€0 — €x0)/2 =CZ/[2(C +Cs)Co].  (3)

The formula (3) shows that the value &”(wo) is deter-
mined only by the capacitance values and is independent
of the film conductivity. From the fact that the numerical
values of the capacitances are determined by the degree of
overlap of the effective area of the film under study with the
electrodes of the dielectric spectrometer cell, it follows that
if, for example, only one nanocrystalline grain is synthesized
on the insulating substrateVO, (hypothetically) with specific
conductivity §, then resonance at frequency wo = 1/7m will
occur, but the value ¢”(w,) will be vanishingly small.
Obviously, the value of €”(w,) will increase as the effective
overlap area of the semiconductor film with the electrodes
increases with the number of identical grains.

If the semiconductor film consists of two types of
grains with specific conductivities ém and &, the DSs will
have resonant features at the two frequencies wm and
. Moreover, the values of &”(wm) and &”(w;) will be
determined by the total areas of all grains of each type
regardless of the degree to which they are mixed with each
other on the substrate surface. This case is considered
quantitatively in Ref. [14] involving a two-loop equivalent
circuit (Figure 3, b).

Figure 4 shows the DSs calculated using the described
scheme. The constants &, and e, expressed through the
parameters of the equivalent circuit of Figure 3,b, were
selected by fitting to the experimental results. In this case,
the resonance frequencies wm, and wy are strongly separated
in magnitude for better clarity, which leads to a strong
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Figure 4. Result of DS calculations using the double-loop scheme Co = 38pF, &5 =5.25, k=1, Csm = 130pF, Cm =K - Csm,

Rmn=10*Q,Cs =&s-Co—Cs, Ct =k - Cq, Rt = 10 Q.
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Figure 5. Results of the frequency dependence of ¢”(f) and Cole-Cole diagrams calculated by the double-loop scheme when the
ratio between the areas occupied by nanocrystallites of two different m and t-types is changed: Sy and § — 1 and 0 (Z), 0.75
and 0.25 (2). 0.5 and 0.5 (3), 0.25 and 0.75 (4), 0 and 1 (5). (Co = 38pF, &s = 5.25,Rmn=5-10°Q, R =5-10°Q, k= 1,Cpn = k - Csm,
Cst = & - Co — Csm, Ct = k- Cg, where Csm = 200 (1), 150 (2), 100 (3), 50 (4) and O pF (9)).

separation on the horizontal axis of the features of the
functions &’ (wm) and & (wy).

By converging the numerical values of the resonance
frequencies characterizing the position of the DS features,
the result of the numerical calculation can be obtained in
good agreement with the measurement results (Figure 5).

3. Discussion of results

The temperature region of DS variation considered in this
paper represents the region of semiconductor-metal thermal
PT realization in VO,. As mentioned in the introduction,
the PT in vanadium dioxide has a complex character,
characterized by the fact that the structural Peierls PT is
preceded by the electronic Mott transition, which occurs
in a wide temperature range up to the contact on the
energy scale of the bottom of the conduction band 7* with
the ceiling of the valence band dye. This circumstance
initiates a structural Peierlss PT from the monoclinic to
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the tetragonal crystalline phase. We emphasize that all
nanocrystalline grains of vanadium dioxide film have the
same specific conductivity at temperatures below the PT
temperature regardless of their size. This statement is in
good agreement with experiment, since only one resonance
feature is observed in DS in the form of a sharp maximum
e”(f) (acute maximum of the feature tgs(f)), a well-
defined step &'(f), and the regular shape of the Cole-
Cole diagram half-circle also emphasizes the individual
uniqueness of this feature &”(f).

Let us demonstrate the concrete manifestation in DS of
the very fact of occurrence of the PT by considering a model
version of the analysis, in the initial stages of which we will
analyze two limiting cases, after which we will merge them.

At the first initial stage of the analysis, let us conven-
tionally assume that there is no structural Peierls PT in
nanocrystallites, i.e., only electronic Mott PT is takes place.

The energy levels are located close to each other in
ar*-conduction band due to its narrowness in terms of en-
ergy. Therefore, a gradual increase of electron concentration
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in sr*-conduction band (formed by expansion into the area
of the m*-level of the antibinding molecular orbital (MO)
of the bond V4+—O47) in case of a slow increase of
temperature ensuring the establishment of the thermody-
namic equilibrium leads, according to the conclusions of
the molecular orbital theory, to the narrowing of the energy
gap between the binding #-MO and antibinding 7*-MO,
simultaneously bringing them closer to the vacuum energy
level. In the case of VO,, this leads to a narrowing of
the band gap (Eg =0.7¢V), the role of which is played
by the energy gap between the empty antibinding z*-band
and the filled lower Hubbard subband dpo [5]. The
mechanism of narrowing is determined by electron throwing
into the s*-band from the lower Hubbard subband 3dyq,
since the role of the binding MO in VO, is played by
dbott, and, according to the MO method, carrier throwing
strongly shifts both binding and antibinding bands towards
the vacuum energy level, but shifts with sharply different
rates, as it should be in strongly correlated compounds. This
difference reduces the energy gap between 7* and dyo that
is initially equal in VO, 0.7¢V [5] because of the large
difference in the energy velocity of the bands as they are
populated [16)].

The high efficiency of the electron throwing itself through
the gap of 0.7eV at T = 67°C (340K) is determined by
the fact that the electron energy distribution in strongly
correlated materials follows the law called, as mentioned
above, the Migdal distribution, which replaces the Fermi
distribution in strongly correlated materials, and is dis-
tinguished by the introduction of the correlation energy
into the mathematical expression for the electron energy
distribution function. In result of such an throwing, the
concentration of free electrons in the s*band strongly
increases with the temperature increase. This leads to
a multiple increase of the specific conductivity of the
crystalline material in all grains (by orders of magnitude)
with the increase of the temperature. In result of such
an increase in this hypothetical case of absence of a step-
like Peierls PT, one should expect a continuous frequency
shift toward high frequencies of the single feature of the DS
without changing its magnitude and shape, since the shift is
determined by the decrease of the Maxwell relaxation time
with increasing conductivity. There is practically no thermal
hysteresis of physical parameters of VO, nanocrystallites
in absolutely pure undoped material. But in reality, the
question of temperature hysteresis for the purely electronic
Mott transition remains open at this stage of the analysis.

We consider the second limiting case in the next step of
the analysis: There is no Mott PT, but there is a structural
PT from monoclinic to tetragonal phase, which takes place
in different types of film nanocrystallites at different tempe-
ratures determined, according to the martensitic ideology, by
their average size [17]. In this case, when the temperature
increases, the phase transition (PT) from the monoclinic
(semiconductor) phase to the tetragonal (metallic) phase
is made by a jump (both in temperature and time, since
the interface between the monoclinic and tetragonal phases
moves along the nanocrystallite at the speed of sound). At

the same time, the specific conductivity also jumps up by
several orders of magnitude. The numerical value of the
increase in specific conductance is the same for all grains
regardless of their size. In this case, we should expect
a monotonic decrease of the value of ¢’(f) in the low-
frequency region (m) with the increase of the temperature
and a gradual increase of the value &¢”’(f) in the high-
frequency region (t), i.e., pumping of intensity between the
DS spectral components. This pumping is attributable to the
fact that the number of tetragonal metallic grains gradually
increases as the temperature increases and the number of
monoclinic semiconductor grains decreases.

Figure 5 shows the results of calculation of &”(w) and
e”(¢’) by formula (3). The calculations took into account
that a decrease in the number of monoclinic grains and a
simultaneous increase in the number of tetragonal grains
in case of increase of T in the PT region leads to a
change in the ratio of areas Sy and S (Snw+ S = const),
i.e, to changes in the values of Cy, Ci, and Cgp, Cs.
The graph shows that the low-frequency (,,semiconductor)
component m prevails at S>> S — curve 1. As the
temperature increases, the area Sy gradually decreases and
intensity of this component also decreases, and a high-
frequency (,,metallic“) component t appears in the high-
frequency region— curves 2—4. It prevails on the graph
in terms of intensity atT > Tc — curve 5. The calculations
assumed that the frequency corresponding to the maximum
of the component t was an order of magnitude greater than
the frequency of the component m and was assumed to
be the same for all grains, since the frequency position of
the DS singularities reflects the magnitude of the specific
conductivity of the nanocrystallite rather than the absolute
value of its conductivity. The presence of two spectral
components and the redistribution of intensities between
them is also clearly manifested in the thermal evolution of
Cole-Cole diagrams. And, of course, for structural PT it is
natural to expect the appearance of temperature hysteresis
of the frequency position of DS [14].

It seems natural to combine the two cases described
above at the final stage of the analysis. Indeed, the
experiment shows that with increasing temperature there
is a real shift up the frequency scale of the DS singularities
(by about three orders of frequency), with the value &”(f)
initially decreasing and then returning to its previous value.
Its shape also changes: a doublet fine structure of this
singularity is found at intermediate temperatures 55—65 °C.
The height of the singularity of the DS spectrum &”(f)
decreases and its shape at temperatures of 55—65°C can
be represented as a superposition of two components
about an order of magnitude different in frequency. The
shape of the singularity changes with the temperature
increase due to ,pumping” of intensity from the low-
frequency m-component to the high-frequency t-component.
Conversely, a ,,pumping” of intensity from the high-
frequency t-component to the low-frequency m-component
takes place with the temperature decrease. All processes
are repeated, but in reverse order with a lag of 10 °C. Based
on these data, we have plotted the temperature hysteresis
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Figure 6. Temperature hysteresis loop of the frequency position
e"(f) plotted from the data of Figure 1 and Figure 2. Vertical
arrows indicate the structural PTs of a part of grains from the
monoclinic phase to the tetragonal phase with a step-like increase
in the specific conductivity of grains when the film is heated;
structural PTs of a part of grains from the tetragonal phase to
the monoclinic phase when the film is cooled are also marked

loop of the VO, film (Figure 6). This figure clearly
demonstrates that the heated branch of the loop consists
of two components: Mmmonoclinic at low temperatures,
which disappears with the increase of temperature, and
t-tetragonal at high temperatures, which gradually expands
with the increase of temperature. The cooling branch of the
loop also consists of m and t-components at low and high
temperatures, respectively. The structural PTs of a portion
of grains from one crystalline phase to another are marked
by vertical arrows.

4. Conclusion

To summarize, we would like to note that dielectric
spectroscopy allows us to experimentally trace qualitatively
and quantitatively the details of phase transformations that
have a complex nature. The essence of the results obtained
in this paper is as follows.

The crystal lattice of all grains of the film have a
monoclinic symmetry at low temperatures compared to PT
temperatures T; in the region of 30 < T < 50°C, all grains
regardless of their size have low specific conductivity of
0 ~ 10°S/m, and the resonance maximum of the function
e"”(f) corresponding to them is a peak with amplitude
and narrow frequency band, ie. all the grains of the
film VO, are characterized by only one ,,monoclinic”, i.e.,
semiconductor, structural component with a low resonance
frequency (< 10* Hz).

As the temperature increases from 30 to 50°C, the
concentration of free electrons increases in all grains of
the film, their specific conductivity increases, and the res-
onance maximum &”(f), remaining high in amplitude and
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narrow in frequency, shifts toward high frequencies. The
generation of free electrons into the conduction band of the
semiconductor phase VO, (temperature extended electronic
Mott PT takes place) accelerates with further temperature
increase as well as the temperature destabilization of V —V-
dimers in the crystal lattice [8]. At the beginning of this
process, the electronic transition at T > T, + AT stimulates
a structural transition from the monoclinic phase to the
tetragonal phase (structural Peierls PT), with only a few
percent of the total population of the grains of VO, film. We
would like to remind that AT (a departure from T; according
to the martensitic ideology) is inversely proportional to
the square root of the average grain cross-section. For
this portion of the grains, the specific conductivity of
the material jumps up by about an order of magnitude:
from a value of 0 ~ 1073S/m to ¢ ~107%S/m. This
manifests itself in the fact that the ,tetragonal® component
of the spectrum additionally appears at a higher frequency
(f ~10°Hz) in the DS, along with the ,monoclinic*
component of the DS. The two resonance maxima of the
function &”(f) corresponding to both components of the
DS appear to be reduced in amplitude and broadened in
the frequency interval occupied by it, which is manifested
in the spectra in the form of the appearance of a thin
doublet structure, which was first observed in this work
in the course of a detailed study of the PT process with the
minimum possible temperature step. The number of grains
with tetragonal symmetry of the crystal lattice increases in
the temperature region of 60—70 °C, which is accompanied
by ,.,pumping” of the intensity of DS singularities from
their monoclinic component to the tetragonal one. Only
the second ,tetragonal® component (with the maximum
frequency of 107 Hz) remains in DS at 70°C, and the
single resonance maximum &”(f) corresponding to it again
becomes high in amplitude and narrow in the occupied
frequency band, losing its fine structure. The resonant
frequency corresponding to it, starting from T > 70°C,
continues to increase up to 100 °C.

Thus, at temperatures higher than the PT temperature
in the smallest cross-sectional nanocrystallites of VO, film,
i.e. in the interval of 80 < T < 100 °C, the crystal lattice of
all grains of the film acquires tetragonal symmetry, and all
grains, regardless of their size, acquire high specific conduc-
tivity o > 2- 1073 S/m, the resonance maximum function
e”(f) again, as in the case of monoclinic lattice symmetry
of the semiconductor phase, appears as a high and narrow
peak, devoid of fine structure, i.e. it is characterized by
only one exclusively ,tetragonal“ component with a high
resonance frequency (> 107 Hz).

When the temperature decreases, the movement along the
cooling branch of the thermal hysteresis loop in all grains of
the film decreases the concentration of free electrons, their
specific conductivity decreases, and the resonance features,
remaining high in amplitude and narrow in frequency, shift
toward low frequencies. All processes in such a motion are
repeated in reverse order, and the fine structure of DS is
also observed, but at lower temperatures compared to the
motion along the heating branch of the hysteresis loop. The
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point is that the electronic transition stimulates the structural
PT at T < T — AT, so the cooling branch of the hysteresis
loop appears to be shifted towards low temperatures by an
amount 2 - AT (in our case AT = 5°C).

Thus, a separate observation of the processes of the Mott
electronic transition and the structural Peierls transition
in nanocrystallites of VO, film has been realized in this
study owing to the unique capabilities of the dielectric
spectroscopy method, and the magnitude of the change in
the specific conductivity of the film in case of the Mott PT
(more than 3 orders of magnitude) and Peierls PT (about
1 orders of magnitude) was numerically estimated.
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