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Electrical conductivity and photoconductivity measurements were carried out on vanadium dioxide
�VO2� nanorods prepared by the hydrothermal treatment of vanadium pentoxide gels. While the
structural properties of the nanorods resembled those of the Cr-doped VO2, the charge and spin
dynamics appears to resemble those of the Nb-doped VO2. The magnetic and �photo�electrical
properties of the nanorods can be understood in terms of localization of itinerant electrons giving
rise to a spin-polarized �S=3 /2� V4+ pair, dominant at higher temperatures, or to a �S=1� V3+ ion
out of a V4+ ion pair, dominant at lower temperatures. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3152780�

Vanadium dioxide �VO2� has long been studied owing to
the first-order metal-insulator transition at 340 K.1–14 The
electrical conductivity suddenly increases by several orders
of magnitude through the low-temperature monoclinic �M1�
to the high-temperature rutile �R� structural phase transition.
Meanwhile, V1−xCrxO2 bulk alloys1–4 or bulk VO2 with
uniaxial stress applied7 showed a new insulating �T or M2�
phase at low temperatures and, at intermediate compositions,
successive R→M2→T→M1 structural phase transitions
with decreasing temperature were observed.

In our recent work,15 the structural and magnetic prop-
erties in vanadium dioxide �VO2� nanorods prepared by the
hydrothermal treatment of vanadium oxide xerogels were
shown to be markedly different from the case of the bulk
systems, a peculiar mixed phase of an insulating monoclinic
structure �M2� that is observed in the bulk systems under
doping or stress and a high-temperature metallic rutile struc-
ture �R� being identified. Besides, a broad transition from a
high-temperature magnetic phase to a low-temperature one,
with quite distinct magnetic correlation strengths, was ob-
served. In this work, we have carried out electrical conduc-
tivity and photoconductivity measurements in order to fur-
ther elucidate the charge and spin dynamics of the VO2
nanorods.

Vanadium dioxide nanorods with diameter of 60–300 nm
and length of �5 �m were synthesized by hydrothermal
treatment of V2O5·nH2O gels obtained from dissolution of
V2O5 in a solution of hydrogen peroxide, as described in our
previous work.15 For electrical measurements, polycrystal-
line powder was pressed at 2.29 MPa to obtain parallelepi-
ped pellets. All the measurements were performed with de-
creasing temperature from 320 to 15 K by the standard two-
probe method. Two gold wire electrodes with a 1 mm
separation were put on the sample with conducting silver
gelatin. The photocurrent measurements were made follow-
ing illumination with light for about 30 s at each temperature
with a Keithley 2400, using a 300 W xenon lamp as the
white light source. The photocurrent was obtained as a func-
tion of time under 1 V forward bias by subtracting the cur-
rent measured without illumination �dark current� from that
measured with illumination.

In VO2 single crystals, the first-order metal-insulator
transition at 340 K is accompanied by a strong thermal
hysteresis. The electrical conductance of VO2 nanorods
showed a weak and broad thermal hysteresis, which starts
from 220 K and is not completed up to 400 K. Thus, the
metal-insulator transition takes place in the nanorod pellet as
well, the weak and broad thermal hystereses being attributed
to size effects observed in nanosystems.16,17

Figure 1 shows the dark- and photoconductance plotted
as ln��� versus 1 /T, displaying a small discontinuity at about
190 K. While the dark conductance below about 90 K was
too small to be measured with precision, the photoconduc-
tance was nearly independent of temperature below about
80 K. In the semiconducting phase of VO2 single crystals
near the metal-insulator transition temperature, the electrical
conductivity was found to follow the Arrhenius law with an
activation energy of �0.45 eV, which was attributed to the
carrier concentration but not to the carrier mobility.12 The
electrical conductivity of VO2 single crystals, deviating from
the Arrhenius law with decreasing temperature, was sug-
gested to follow a variable range hopping model.13 In our
previous work on VO2 nanorods,15 semiconducting �M2� and
metallic �R� phases were found to coexist even at room tem-
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FIG. 1. Dark and photoconductance plotted as ln��� vs 1 /T. Straight lines
are fits to Arrhenius law. A discontinuity at 190 K is to be noticed, in view
of a marked discontinuous increase in conductance at the M2→T transition
temperature in Cr-doped VO2 single crystals.
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perature and the conductance data above 200 K was well
fitted by the Arrhenius law, giving an activation energy of
�0.12 eV for dark conductance and �0.084 eV for photo-
conductance. The activation energy is much smaller than
those of pristine and Cr-doped VO2 single crystals,1,12 but is
very close to that of Nb-doped VO2 single crystals,1,14 for
which their hopping mobility is responsible for the activation
energy.1

The small discontinuity in the conductance is to be noted
in Fig. 1 at 190 K in the nanorods, in view of a marked
discontinuous increase in conductance at the M2→T transi-
tion temperature in Cr-doped VO2 single crystals.1 As in the
latter case,1–4 successive M2→T→M1 structural phase tran-
sitions with decreasing temperature may be expected in VO2
nanorods at 190 and 80 K where magnetic and electrical
anomalies take place, in view of a mixed phase of R and M2
being observed at room temperature. Thus, the discontinuity
in the conductance at 190 K may readily be ascribed to the
M2→T transition in the nanorods system, the M2→T and
T→M1 transitions being known to be of first and second
orders, respectively.1

The magnetic susceptibility was reported to decrease
with decreasing temperature at the M2→T transition in
Cr-doped VO2 single crystals,2 contrasting to the continual
increase in the magnetic susceptibility in the nanorods.15

Half of vanadium ions pair in the M2 phase and further pair-
ing proceeds in the T phase to a complete pairing of all the
vanadium ions in the M1 phase.1–3 The decrease in magnetic
susceptibility at the M2→T transition is due to the spin
dimerization. In the Nb-doped VO2 single crystals, however,
it was suggested that the itinerant �doped� electron wander-
ing back and forth inside a V4+ pair may give rise to a
S=3 /2 state, polarizing both spins parallel to its own spin.1

An increase in the spin-polarized pairs in the T phase by a
gradual carrier localization on the V4+ pairs may account for
the increase in magnetic susceptibility with decreasing tem-
perature between 90 and 190 K that takes place in the
nanorods.15

The magnetic susceptibility of the nanorods obeyed the
Curie–Weiss law above 190 K and below 90 K with quite
distinct Curie–Weiss temperatures of �353 and �13.5 K,
respectively.15 The Curie constant obtained below 90 K is
about a half to that obtained above 190 K, being previously
unnoticed.15 While unpaired S=1 /2 V4+ ions are responsible
for the Curie–Weiss behavior above 190 K, spin-polarized
S=3 /2 pairs may be responsible for the Curie–Weiss behav-
ior below 90 K. From the Curie constants, we can estimate
that �20% of the unpaired V4+ ions become spin-polarized
pairs below 90 K, with the rest of them becoming antiferro-
magnetic spin dimers, amounting to �0.05 doped-electrons
per vanadium atom to be consistent with the small Curie–
Weiss temperature. In accordance, the changes in the mag-
netic susceptibility and the electrical conductance of the na-
norods at 190 and 80 K are believed to mark, respectively,
the M2→T and the T→M1 transitions having to do with the
spin-polarized pairs. While the structural properties of VO2
nanorods appear to be similar to those of Cr-doped VO2
single crystals, the spin states of the nanorods appear to be
similar to those of Nb-doped VO2 single crystals.

The photoconductance of the nanorods below 80 K was
nearly independent of temperature, while the photoconduc-
tivity of VO2 single crystals showed a strong dependence on
temperature at low temperatures and was explained to be

related to the depth below the mobility edge to which the
localized levels are occupied.13 In this context, the
temperature-independent photoconductance indicates that all
the states below the mobility edge in the conduction band are
occupied below 80 K. The itinerant �doped� electrons sur-
rounded by the spin cloud with a greatly enhanced effective
mass, having to do with the onset of Anderson localization1

and with the localization of the itinerant carriers on a V4+

pair in the localized description, can be considered to occupy
the states below the mobility edge in the band picture.

Figure 2 shows the photocurrent decay curves at some
chosen temperatures. Below 200 K, the decay curves were
well fitted by the double-exponential function with short ��1�
and long ��2� time constants �Fig. 2�a��. The photocurrent
decay observed in VO2 nanorods is distinct from the cases in
other vanadium oxide nanostructures such as nanowires and
nanotubes, where a single-exponential type of photocurrent
decay was observed at least in the low-temperature
region.18,19 Above 200 K, the photocurrent decay curves
were too complicated for the decay times to be readily given
�Fig. 2�b��, presumably having to do with the coexisting me-
tallic �R� and insulating �M2� phases. At high temperatures
�in the mixed phase� the long-lived photoexcited carriers can
encounter the interfaces between the two phases, where a
number of the carriers can abruptly relax to their ground
states giving rise to the discontinuity in the photocurrent de-
cay curves.

Figure 3 shows the photocurrent decay constants and
their fractions. The short decay constant �1 being indepen-
dent of temperature indicates that the short time decay can be
ascribed to the large lattice relaxation model where the pho-
toexcited carriers arise from the deep levels within the gap.

FIG. 2. Photocurrent decay curves at some chosen temperatures. The decay
curves below 190 K �a� were fitted by the double-exponential function, and
the complicated decay curves above 200 K �b� appear to have to do with the
coexisting metallic �R� and insulating �M2� phases.
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The long decay constant �2 was independent of temperature
below �80 K, also compatible with the large lattice relax-
ation model.19,20 On the other hand, �2 increasing with in-
creasing temperature between 80 and 190 K is compatible
with the random local-potential fluctuation model, where the
photoexcited carriers are stored in the lowest conduction en-
ergy levels arising from the local-potential fluctuation.18,19,21

With increasing temperature, the photoexcited carriers stored
in the lowest conduction energy level can hop more easily to
the next minimum potential site in the conduction band with-
out recombination to the valance band, and tend to spend
more time in there as they experience the minimum potential
energies and there are not many holes to recombine with,
giving rise to the increase in the relaxation time.18,21

The temperature-independent decay constants below
80 K �Fig. 3�a�� indicate that most carriers are localized in
deep levels, being consistent with the localization of the itin-
erant �doped� electrons on the spin-polarized V4+ pairs as
discussed above. �2 decreasing with decreasing temperature
between 80 and 190 K also supports a gradual localization of
carriers. On the other hand, �1 being independent of tempera-
ture at all temperatures may indicate localization centers
other than the spin-polarized pairs, accounting for �80% of
all the photocarriers below �80 K. In a previous work on
Nb-doped VO2 single crystals,1 it was suggested that at low
temperatures the itinerant electrons may be localized on one
of the V4+ ions of a pair, rather than forming a spin-polarized
pair, creating a �S=1� V3+ ion and leaving the other V4+

with an unpaired �S=1 /2� electron. Thus, the V3+ ions with
an electron binding stronger than in the spin-polarized state

may readily account for the temperature-independent behav-
ior of �1, as well as its fraction becoming dominant below
80 K �Fig. 3�b��.

In summary, we have employed electrical conductivity
and photocurrent decay measurements in order to investigate
the nature of the physical properties of VO2 nanorods ob-
tained by hydrothermal treatment of V2O5 xerogels. While
the electrical �photo�conductivity as well as the magnetic
susceptibility of the nanorods may be explained in terms of
the M2→T→M1 phase transitions observed in �bulk�
Cr-doped VO2, the charge and spin dynamics appear to be
closer to the case of �bulk� Nb-doped VO2. The itinerant
�doped� electron in the VO2 nanorods may be localized on a
V4+ pair with decreasing temperature, forming a spin-
polarized �S=3 /2� pair or creating a �S=1� V3+ ion out of a
V4+ ion pair, apparently accounting for the magnetic proper-
ties and the photocurrent decay.
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FIG. 3. �a� Photocurrent decay constants and �b� their fractions as a function
of temperature. The short decay constant �1 being independent of tempera-
ture indicates that the short time decay can be ascribed to the large lattice
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potential fluctuation model.
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