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Abstract—The electrical conductivity of polycrystalline V(; _ ,,Fe, O, films has been investigated in a wide
temperature range, which covers both the metal and insulator phase regions. It is shown that with an increase
in the iron concentration the metal—insulator phase transition shifts toward lower temperatures, while the
temperature range of the transition in doped samples additionally broadens as compared with pure VO,. To

explain the temperature dependence of the electrical conductivity of the V, _ ,,Fe, O, insulator phase, a hop-
ping conductivity model has been used, which takes into account the effect of thermal vibrations of atoms on the
resonance integral. The values of parameter € have been calculated as a function of the degree of VO, doping.
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1. INTRODUCTION

The stoichiometric vanadium dioxide (VO,) single
crystals undergo a metal—insulator phase transition
(MIT) at a temperature of 7, = 340 K. This results in
the drastic change in most physical properties of this
compound [1, 2]. At temperatures above 340 K, VO, is
a metal (tetragonal phase R) and its electrical conduc-
tivity 6 is ~10* Q' cm~! and decreases with increasing
temperature, which is typical of metals. Upon cooling
below 7, and during the transition to the monoclinic
M, phase, the electrical conductivity of vanadium
dioxide abruptly drops by five orders of magnitude
and, with decreasing temperature, continues decreas-
ing. In thin polycrystalline films, which are preferable
for creating specific devices, the MIT properties are
generally retained, but the parameters of the transition
somewhat change. In particular, the electrical con-
ductivity jump decreases by up to three orders of mag-
nitude and the transition is spread in the steep middle
MIT part by several degrees, while at the edges of the
transition this spread is over 10 K. A powerful factor
affecting the MIT in VO, is doping. Dopants work as
substitutes and can be divided into two groups, group
Nb and group Cr, according to the character of their
action on the phase transition: group Nb and group
Cr. Group Nb includes Mo, W, and Re, the action of
which is mainly reduced to decreasing the phase tran-
sition temperature. No new low-temperature phases,
except for the M, phase, form. A decrease in 7, upon
doping with these impurities is attributed to an
increase in the lattice parameters and formation of V3*
ions [3—5]. Group Cr includes Al, Fe, and Ga. These

additives convert V** in the lattice to V>* and stabilize
two new low-temperature phases, M, and 7, the phase
diagram of which was obtained in [6]. The monoclinic
M, phase can be presented as a result of two distor-
tions: pairing of V atoms along the (001); axis and
zigzag distortion along the oxygen octahedron axes. In
the monoclinic M, phase, a half of V atoms (sublattice
A) are paired and arranged along the (001) . axis, while
the other half (sublattice B) forms zigzag chains along
the same direction. The triclinic 7 phase is character-
ized by an increase in the slopes in sublattice A and an
increase in the zigzag chain dimerization in sublattice
B, which eventually leads to equivalent sublattices A
and B in the M| phase. We would like to emphasize
that impurity cations are considered to be not simply
donors or acceptors, but centers of internal crystal
structure expansion or contraction, respectively, and
the presence of internal or external elastic stresses
strongly affects the MIT in vanadium dioxide [7—9].

In recent years, the study of doped vanadium diox-
ide single crystals and thin films has attracted much
attention, since it may explain the nature of the phase
transition [10—13]. In addition, the interest in this
compound is due to the development of nanotechnol-
ogies [7].

Although VO, has been intensively investigated for
the last few decades, the question about the MIT
nature in this compound is still unanswered, the effect
of electron—phonon interaction and electron correla-
tions on the characteristics of this oxide remain
unclear, and the experimental data on the electrical
conductivity of pure and doped vanadium dioxide are
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fragmentary and have been obtained in a narrow tem-
perature range. Previously, we investigated the electri-
cal conductivity of pure vanadium dioxide in a wide
temperature range and showed that the electric trans-
port in VO, is implemented via hoppings of small-
radius polarons, which are affected by thermal lattice
vibrations [1]. In this study, we investigate the proper-
ties of iron-doped vanadium dioxide within this
approach.

2. EXPERIMENTAL

Vanadium dioxide V, _, Fe, O, thin films were
synthesized by simultaneous laser sputtering of metal-
lic V (99.9%) and metallic Fe (99.8%) targets in the
oxygen atmosphere at temperatures of 750—900 K.
Since the vanadium and iron melting points are simi-
lar, the degree of doping (x) was judged by the relative
time of evaporation of each target. Sapphire (A1,05)
was used as a substrate material. The film thickness
was 50—60 nm.

The temperature phase transition was followed by
the variation in the reflectivity of the investigated films
at a wavelength of A = 1.54 um and in their electrical
conductivity measured using a standard four-probe
technique. In the latter case, platinum electrodes were
deposited onto a substrate before film synthesis by
vacuum laser sputtering.

3. RESULTS AND DISCUSSION

Figure 1 shows temperature dependences of the
electrical conductivity of pure and iron-doped vana-
dium dioxide. It can be seen that as the iron concen-
tration increases, the MIT temperature shifts toward
lower temperatures. At the low impurity concentra-
tions, the MIT parameters, except for 7,, remain
almost invariable. As in pure VO,, the electrical con-
ductivity jump in the doped samples is three orders of
magnitude and the hysteresis width remains 8 K.
However, with a further increase in the iron concen-
tration, the MIT starts degrading, which manifests
itself as a significant decrease in the electrical conduc-
tivity jump and transition region broadening, but the
MIT temperature no longer shifts toward lower tem-
peratures. This is apparently due to the weakening of
the first-order phase transition and its gradual trans-
formation to a second-order transition, because of
smearing of the phase boundaries of the M|, M,, and T
insulator phases. We do not discuss the MIT degrada-
tion at the high impurity concentrations, but investi-
gate in detail the iron concentration regions where the
MIT parameters are almost invariable and only the
temperature 7, shifts. Figures 2a and 2b show the 6(7)
dependences in the MIT region upon heating and
cooling for pure VO, and V, _ yFe,O, (x = 0.04 and
0.08). It is worth noting that, in our case, the impurity
concentration is much higher than in [6]. The electri-
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Fig. 1. Temperature dependences of the electrical conduc-
tivity of the V(; _ ,Fe, O, films with different iron concen-

trations.

cal conductivity in the metal phase for the investigated
samples is 6,, ~ 103 Q~! cm~!, which is similar to the
Mott minimum metal conductivity limit [14], but the
behavior of 6(7) is atypical of metals. This is appar-
ently due to the Anderson localization caused by inho-
mogeneities of the grain composition and defects in
the grain boundaries (the films are polycrystalline).
Note that in single crystals the metal-type conductiv-
ity is observed (G,, ~ 10* Q7' cm™!) [1]. The phase
transition in a polycrystalline film differs from that in
a single crystal not only by the ¢ jump, but also by the
shape of the temperature dependence of the transition.
In a single crystal, this is a vertical line caused by the
avalanche-like transition over the entire sample vol-
ume. In a polycrystalline film, the avalanche-like
transition occurs independently in the bulk of each
grain; therefore, the 6(7) line in the MIT region, even
in its steepest middle part, is spread by AT ~ 8 K. In
addition, at the beginning and end of the transition,
there are wings extended by AT ~ 20 K. The hysteresis
width in our films is AT ~ 8 K and the MIT tempera-
ture range is extended to AT ~ 50 K (the distance
between the points where the forward and backward
hysteresis branches merge). In addition, the MIT
region broadening is influenced by the flow effects
[15]. Therefore, in the temperature dependences of the
film reflectivity, where there are no flow effects, this
region is narrower. The comparison of the hysteresis
branch shapes upon heating and cooling for pure and
doped VO, (Fig. 2) shows that in V_ ,FeO,, the
upper third of the hysteresis branches is excessively
spread and tilted toward high temperatures, covering a
part of the high-temperature hysteresis wing. This is
probably due to the MIT splitting caused by a succes-
sive transition of the R—M, and M,—T interfaces. Due
to the temperature spread, these transitions merge,
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Fig. 2. Temperature dependences of the electrical conduc-
tivity of the pure and iron-doped VO, films in the phase

transition region obtained upon (a) heating and (b) cooling.

but, as compared with pure VO,, where there is the
only interface R—M,, such a mechanism seems rea-
sonable. It should be noted that when measuring the
magnetic susceptibility of V; _ ,)Fe, O,, a double tran-
sition was also observed [16].

Figure 1 shows the measured electrical conductivi-
ties of pure and iron-doped VO, after the transition to
the insulator phase upon cooling to a temperature of
T =240 K. It can be seen that the 6(7) dependence is
linear in the coordinates log(c) on 7. Previously, we
investigated the electrical conductivity of vanadium
dioxide and demonstrated that its conductivity is
described by hoppings of small-radius polarons
affected by thermal lattice vibrations [1]. Since the
charge transfer mechanism in the insulator phase
should not change upon doping of vanadium dioxide,
it is reasonable to study the electrical conductivity of
Vi - »Fe, 0, in the framework of the Bryksin’s model
[17], which takes into account thermal displacements
of the lattice atoms on the probability of interstitial
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hoppings of small polarons. The atomic displacements
change the overlap of wave functions of the states on
neighboring sites. This overlap determines the reso-
nant integral /. In the first approximation, / changes
with the hopping distance R as exp(—oR), where o~}
is the effective localization radius. The hopping
mobility of a carrier, which determines the electrical
conductivity of vanadium dioxide, is, in turn, propor-
tional to /2. At small o.~! values comparable with the
lattice vibration amplitude p, we may assume /* to
depend linearly on p. Therefore, for the dependence of
P on p, I can be replaced by (/?), where the angular
brackets denote phonon averaging via the Debye—
Waller factor renormalization.

<12> = I*exp(20) <p2>), (1)

where (p?) is the root-mean-square thermal displace-
ment of atoms on the lattice sites. The calculation of
the hopping conductivity using the small-radius
polaron model with regard to the effect of thermal lat-
tice vibrations on the resonance integral yields the fol-
lowing temperature dependence of the electrical con-
ductivity:
_ ea> TI
c=en————
2 E,/ (s T)""?
where a is the lattice constant, E, is the energy
required for electron hopping, # is the carrier density,
e is the elementary charge, 4 is Planck’s constant, and
€ is the quantity with the energy dimension, which
takes into account the effect of thermal lattice vibra-
tions on the resonance integral. In the high-tempera-
ture region, where we have 2k 7> hw, (7 = h/21 and
®, is the optical phonon frequency), € is related to the
root-mean-square thermal displacement (p?) as

£ = kyT /20 <p2>. 3)

Analysis of Eq. (2) shows that at low temperatures
the second term under the exponent becomes negligi-
ble as compared with the first term, while at high tem-
peratures the second term dominates. Therefore, in
the low-temperature limit, Eq. (2) can be written in
the form

exp{—E,/kgT + kgT/€}, (2)

In(cT*?)= A—E,/k;T, (4)
where 4 and E, are temperature-independent.

On the contrary, in the high-temperature limit,
Eq. (2) can be presented in the form

In(cT?) = A+ kgT /e, (5)
where A and € are temperature-independent.

As we showed in [1], at temperatures above 7' ~
240 K, o(7) for VO, can be described by dependence
(5). This dependence for VO, and V, _ ,Fe O, (x =
0.04 and 0.08) is shown in Fig. 3. It can be seen that
with an increase in the iron concentration, the slope of
Vol. 60
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Fig. 3. Dependence In(c7%/2) = A + kpT/e for the
Vi — x»FexO; films with different iron concentrations.

the straight line equal to €7, increases. The € values for
VO, and V, _ ,Fe, O, (x = 0.04 and 0.08) were found
tobe2.72 x 1073 eV, 2.35 x 103 eV, and 2.15 x 103 eV,
respectively. The €7! value is proportional to the time
of tunneling of a small polaron through a barrier
between neighboring sites. In other words, the polaron
mobility increases with a decrease in the €' value.
According to our data, as the iron concentration in
vanadium dioxide increases, the &~! value also
increases, which can be interpreted as an increase in
the carrier localization on a site due to the crystal lat-
tice expansion, which leads to a decrease in the MIT
temperature.

4. CONCLUSIONS

It was shown that iron doping of vanadium dioxide
significantly changes the temperature dependence of
the electrical conductivity of V; _ ,,Fe, O, as compared
with pure VO,. It was shown that the additional ¢(7)
spread in the MIT region upon approaching the metal
phase in the doped VO, samples can be caused by the
formation of additional interfaces, R—M, and M,—T.
The electrical conductivity of the V; _ ,,Fe,O, insula-
tor phase is described well by the small polaron model,
which takes into account the effect of thermal vibra-
tions of the lattice atoms on the resonance integral.
The characteristic model parameter € for pure and
doped VO, was determined. It was demonstrated that
the energy €, which takes into account the effect of
thermal vibrations of the lattice on the probability of
tunneling of a small polaron through a barrier between
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neighboring sites, decreases with increasing dopant
concentration. This is, probably, due to an increase in
the lattice parameters.
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