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Nonpercolative metal-insulator transition in VO, single crystals
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Detailed temperature-dependent transport, optical microscopy, and synchrotron-based polychromatic x-ray
microdiffraction measurements have been carried out in the vicinity of the metal-insulator transition (MIT)
temperature of VO, single crystals. The formation and propagation of a real-space phase boundary along the
rutile ¢ axis is monitored during the transition. Pure metallic rutile R, as well as insulating monoclinic M1 phases,
is observed at the onset of MIT. The two phases are separated by a sharp-phase boundary. Our findings suggest

a nonpercolative nature of the MIT in VO,
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VO, is one of the most widely studied, strongly correlated
electron materials because of its spectacular metal-insulator
transition (MIT) near room temperature (~67°C) and its
complex interplay with the lattice.!™ Two mechanisms have
been generally considered to explain the origin of the MIT in
VO,. The Mott-Hubbard mechanism suggests that electron-
electron correlation drives the first-order MIT,>® whereas
the Peierls mechanism proposes that a strong electron-lattice
interaction leads to the MIT.*® However, the simultaneous
occurrence of a structural phase transition (SPT) makes it
difficult to identify the exact mechanism.® For this reason
intense research activity continues to try to elucidate whether a
Peierls mechanism or a Mott-Hubbard mechanism is primary.

Recently, it is experimentally shown that both the electronic
and structural transitions occur in a percolative manner near
phase transition of VO,-thin films, i.e., the mixtures of
both electronic and crystalline phases exist near MIT. With
scanning near-field infrared microscopy® and nanoscale x-ray
diffraction,’ the presence of percolation behavior among the
metallic nanoscale domains and local nonmonotomic lattice
structures are found as temperature increases. Similarly, a
percolation model is applied to explain the results of x-
ray diffraction and scanning tunneling spectroscopy data of
VO, films.® In the percolation model the effective transport
property of a material is modeled with networks of nanoscale
domains of different sizes near critical temperature.” The
importance of this percolative behavior in VO, lies on the fact
that a dichotomy between MIT and SPT exist in understanding
phase transition of VO,. However, considering many past
works in VO,, which support either the pictures of Mott-
Hubbard model or Peierls model,”™ the presence of the
dichotomy in VO, is somewhat surprising and brings out the
question whether this is the true intrinsic property of VO,. As
widely accepted, the influence of the interfacial strains or stress
is difficult to overlook when the thin films of VO, prepared on
foreign substrates are used for the measurement. In the study
of strongly correlated materials the influence of the lattice
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distortion has also become an important factor in understand-
ing the configuration of spatially inhomogeneous phases under
strong Coulomb interactions.'® More importantly, whether the
percolative scenarios can be applied to the bulk VO,, as in other
correlated electron systems,'! remains to be an open question.
In the recent report of Sharoni et al., the percolation model
cannot fully explain the details of the transport characteristics
of VO, at MIT.!?

In this Brief Report we present transport, optical mi-
croscopy, and synchrotron-based x-ray microdiffraction data
of VO, with unprecedented details of structures in the
temperature dependence. Our data suggest the existence of
sharp-phase boundary between metallic R and insulating M1
states. The MIT occurs through the propagation of the phase
boundary along a particular crystal axis. Contrary to the
percolative pictures on VO,-thin films, our finding provides
an evidence of a nonpercolative characteristic in VO, single
crystals.

VO, single crystals were prepared by the self-flux method;
details of crystal growth can be found elsewhere.'> The
resistance of a VO, single crystal was measured as a function
of temperature. The resistance was measured using a dc
technique with the two-contact four-probe method. Indium
metal was used as a contact material for the electrical mea-
surement. Then the sample was mounted on a sapphire plate
attached to copper heating block. In this experimental set-up
we can assume that the gradient of the sample temperature
was close to zero. Figure 1(a) shows the results of the
resistance measurements indicating two phase transitions.
The first transition occurs at 49.7°C during heating and
46.4°C during cooling, whereas the second transition is
observed at 67.2 °C during heating and 62.2 °C during cooling.
The first transition is an insulator-insulator structural phase
transition (IIT) between two monoclinic phases, M2 (low
temperature) and M1 (high temperature), which was previ-
ously reported based on u-XRD results.'> At ~67.2°C, the
MIT is observed, as evidenced by a change in resistance
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FIG. 1. (Color) (a) Resistance-temperature curve of a VO, single crystal. The red and blue lines denote increasing and
decreasing temperatures, respectively. (b) Thermal cycle dependence of MIT temperature at a fixed temperature ramp rate of

0.1 °C/min.

of almost 5 orders of magnitude. Interestingly, the onset
temperature of the MIT exhibits run-to-run variation of up to
~1°C under a constant ramp rate, 0.1 °C/min. [Fig. 1(b)].
We attribute this to variable super-cooling (super-heating)
effects caused by the kinetic barrier of the first-order phase
transition.'*

Because of the significant difference of the optical reflec-
tivity of the metallic and insulating phases in VO,, optical
microscopy can be applied to monitor the presence and
position of the sharp MIT phase boundary. Optical microscope
images displayed in Fig. 2 clearly show the propagation of the
MIT phase boundary as a function of time in both heating
(T ~ 66.8 °C) and cooling (T ~ 61.2 °C) conditions (tempera-
ture ramp rate = 1.0 °C/min.). Figure 2 covers a time interval
of ~1 sec. No significant temperature variation was recorded
in this time span. The dark and bright areas represent the
metallic and insulating states of VO,, respectively. Propagation
speed was measured with a uniform sample temperature at the

FIG. 2. (Color) Images of optical microscope during the onset
of MIT near T = 66.8°C (heating) and T = 61.2°C (cool-
ing) taken within ~1 sec, respectively. The boundary of metal-
insulator phase propagates along the rutile ¢ axis of a VO,
crystal.

fixed-ramp rate. The propagation speed of the phase boundary
during the heating process (0.46 + 0.04) mm/s is is about
2.5 times as fast as the one during cooling (0.19 £ 0.02)
mm/s. The magnitude of the phase boundary speed in our VO,
sample is in good agreement with those in a sample of multiple
phase boundaries.'> The difference in speed between the two
directions is possibly due to the different thermal conductivity
between the metallic and insulating phase.'® As shown in
Fig. 2, the phase boundary is observed to move parallel to
the elongated side of the crystal, which in turn corresponds
to the rutile ¢ axis. From the optical microscope images
in Fig. 2 it can be seen that the metallic (dark—reflecting)
and insulating (light—transparent) states are separated by
a sharp interfacial boundary. However, the identity of the
structural phases responsible for the dark and light contrasts
is not evident from optical imaging. We therefore carried
out an experiment in which both resistance and w-XRD
patterns of VO, single crystals were measured simultaneously
as a function of temperature on beamline 12.3.2 at the
Advanced Light Source of the Lawrence Berkeley National
Laboratory.'”

In the ©-XRD experiment we collected Laue diffraction,
i.e., white-beam single-crystal diffraction, exposures along the
horizontal direction (i.e., along the rutile ¢ axis) with a step
size of 10 wm between images and using a nominal x-ray beam
size of about 1 wm. These line scans of ©-XRD provide critical
spatial mapping of the SPT across the sample area with micron-
scale resolution. Figure 3 displays the simultaneously recorded
resistance [Fig. 3(a)] and Laue diffraction patterns [Fig. 3(b)]
during the temperature ramp. Sections of Laue diffraction
images are shown in Fig. 3(b) for easy comparison of the three
phases (M1, M2, and R) of VO,. The lattice parameters of each
structure were retrieved from the literature in order to fit the
Laue diffraction patterns.'® Diffraction spots marked “S” arise
from the sapphire wafer used for sample mounting. Figure 3(b)
shows that our VO, sample consists of pure monoclinic
insulating M2 phase at 25°C (I). The M2 phase remained
present up to 50 °C (II). The temperature of 52 °C marks the
onset of the coexistence of the M1 and M2 phases. Above
52.5°C (IV) only the pure monoclinic insulating M1 phase was
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FIG. 3. (Color) Laue patterns from x-ray diffraction as a function
of temperature. (a) and (b) At T = 25°C (I), the insulating M2 phase
is present. As the temperature increases to 50~52.5°C (II, IIl, and
1V), the coexistence of phases M1 and M2 can be seen. The M1 phase
remains up to the MIT, which occurs at 68 °C (V). The R phase shows
immediately after the MIT at 68.2 °C (VI). After undergoing a MIT
in the cooling process (VII and VIII), the coexistence of M1 and R
phases are shown when the temperature is set to 66.2 °C, accompanied
by a decrease in resistivity. Letter S inside the figures represents
diffraction peak from the sapphire wafer used for sample mounting.
(Inset) Spontaneous MIT of VO, was stopped in the middle of the
transition. The state remained quasistable with temperature variation
(£0.3 °C) for 30 minutes. Then this quasistable insulating state made
a transition to metallic state. M1 and M1’ denote two twin domains
of the M1 phase.

observed, and this M1 phase remained stable up to 68.0 °C (V),
right before the onset of the MIT. Immediately after passing
68.0°C (VI) the resistance drops ~5 orders of magnitude,
and only the pure tetragonal metallic R phase is observed
in the Laue pattern. We associate this with the first-order
MIT of VO,. After the sample reached 70 °C the temperature
was lowered to 65 °C (VII) at which point it remained in the
metallic R phase. When the sample was cooled below 64 °C,
the insulating M1 phase reappeared. After identifying the
transition temperature upon cooling at 64 °C, the sample was
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slowly heated back to 66 °C (VIII), at a ramp rate of roughly
0.3°C/min. When the sample temperature reached 66.2°C
(IX) there was a sharp boundary between the M1 and R phases
with the crystal spatially divided into M1 and R phase, and only
the Laue pattern at the boundary exhibited both monoclinic
M1 and tetragonal metallic R phases, as shown in IX of
Fig. 3(b). Simultaneously, the sample resistance was reduced
by half. After observing both M1 and R phases at 66.2 °C, the
temperature was increased further to 66.6 °C. Interestingly, the
sample resistance remained unchanged and the coexistence
of M1 and R phases persisted. This intermediate stage can
be understood as a quasistable state of MIT, i.e., the SPT is
completed only half way and the resistance is also reduced
to half. Since the MIT occurs instantaneously at statistically
varying transition temperatures, it is not easy to achieve this
intermediate stage in a routine manner. A similar intermediate
stage of MIT has been reproduced in additional resistance
measurements [shown in inset of Fig. 3(a)]. Considering the
statistical behavior of critical temperatures of the MIT in our
previous laboratory measurements, shown in Fig. 1, the point
IX (66.2°C) is the critical temperature for MIT in the present
measurement. Clearly the position IX of Fig. 3, i.e., the onset
of the MIT, represents an abrupt spatial boundary between
coexisting metallic R and insulating M1 phases, and this is
consistent with what is shown in Fig. 2, where an abrupt
boundary between metallic and insulating phases is found.
Also, the Laue pattern at the position IX implies that there is
no other structural phase except M1 and R phases at the onset
of MIT. In a recent report of Corr et al., no distinct structural
phase other than M1 and R at MIT is observed with x-ray total
scattering,'® which is identical to what we report here in IX of
Fig. 3.

In the percolative pictures MIT occurs when the different
nanoscale domains of metallic and structural phases are con-
nected, creating a continuous path for electrons to travel from
one domain to the other. In addition near the MIT temperature
the mixtures of M1 and R phases should exist throughout the
entire sample area if the percolation prevails. On the other hand
our experimental results show only pure M1 and R phases
spatially separated at the MIT, suggesting a nonpercolative
behavior. At position IX of Fig. 3, the mixed state of R and M1
appears only in a single exposure, where the beam (~1 um?) is
directed onto the single boundary between M 1 and R. This non-
percolative nature of our results is opposite to what has been
reported previously.® In Ref. 6 nanopuddles, i.e., the mixed
states composed of both metallic (R) and insulating (M1)
phases, are observed and interpreted as signatures of percola-
tion mechanism. However, our results, position IX in Fig. 3(b),
does not show any indication for such a nanopuddle state. Our
works suggest that the microscopic origin of MIT in VO,
may differ between high-quality single-crystal samples and
thin film samples. Our results are reproduced on single-phase
bulk VO, crystals but look different on thin films.>’ Whether
this gap can be bridged by changing sample related parameters,
such as degrees of strain or defect, is an open question and calls
for further efforts both in theory and experiment. Recently, Rini
et al.?! reported that the optical switching properties of poly-
crystalline VO,-thin films are significantly different from those
of high quality VO, single crystals. It will be very interesting to
revisit many important previous findings with our VO, single
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crystals, for example, the presence of electronic and crystalline
phase transitions near the MIT temperature,®’ hole-driven
MIT phenomena,?? and time-resolved photo excitation.?®

In summary we studied the characteristics of the phase
boundary of MIT propagating along the ¢ axis of a VO,
single-crystal sample. With ©-XRD and optical microscope,
the coexistence of monoclinic M1 and rutile R phases is
observed with a sharp spatial boundary at the onset of MIT.
Our study reveals strong evidence that the MIT in a VO, single
crystal occurs in a nonpercolative way.
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