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ABSTRACT
We report the observation of a current-driven metal (M)  —insulator (I) phase oscillation in two-terminal devices incorporating individual W V140
nanobeams connected to parallel shunt capacitors. The frequency of the phase oscillation reaches above 5 MHz for ~1 um long devices. The
M-I phase oscillation, which coincides with the charging/discharging of the capacitor, occurs through the axial drift of a single M —I domain

wall driven by Joule heating and the Peltier effect.

First-order solid-solid phase transitions underlie many experimental data suggest that the phase oscillation, which
technologically important material properties, such as fer- coincides with the capacitor charging/discharging, is dictated
roelectricity and the metalinsulator transition (MIT). The by the Joule-heating-induced MIT, heat dissipation, and the
phase transitions in bulk and thin-film materials occur Peltier effect, and that the phase oscillation occurs through
through heterogeneous domain nucleation and expansion, anthe axial drift of a single M-I domain wall®® These
materials undergoing repeated phase transitions thus developbservations demonstrate that nanobeams and nanowires can
complicated domain boundaries and often become poly-act as essentially one-dimensional systems for domain
crystallinel~* Despite its critical importance in determining  propagation and provide detailed insight into the microscopic
the functional characteristics of a material, the dynamics at mechanism of domain motion. They also demonstrate that
the domain boundary has been difficult to investigate becausethe nanoscale MIT might be used to define the electrical
domain nucleation and organization cannot be controlled in oscillator function in nano- and macroelectronic circuits.

bulk systems. o _ Bulk VO, undergoes a Mott MIT alyr ~ 68 °C.10-12

_In contrast, nanoscale materials with one or more dimen- Accompanying the MIT is a structural transition of the crystal
sions smaller than a typical domain size do not support atice from a low-temperature (insulating) monoclinic phase
multiple domains along the confined directions and exhibit ;5 5 high-temperature (metallic) tetragonal phséWhen
phase transition behaviors that differ significantly from their \,5n5dium is substituted by other transition metal elements,

—7 i 1 .

bulk counterpart3.” These materlalls' therefore. prowdg Twr can be lowered continuously to room temperature and
excellent model systems for examining the microscopic pgjowi3-15 Pure and doped VOhave been suggested as

mechanism of soligtsolid phase transitions as well as the  5ngidates for realizing Mott field-effect transistsrs and
dynamics of individual domainks?> thermochromic devices:18

Here we report the observation of current-driven metal . . .
. i ) . : The single-crystalline \W/;-xO, nanobeams employed in
(M)—insulator (I) phase oscillations in two terminal devices _ . ; . .
) A this study were synthesized using a variant of the vapor
incorporating individual WV 1-,O, nanobeams connected to .
. transport method reported previoushAnalyses of electron
parallel shunt capacitors. The frequendy ¢f the phase . ) : )
microscopy and X-ray diffraction data, such as those in parts

oscillation increases linearly with current and is inversely .
proportional to the nanobeam length and the capacitalice ( a am_j b of F|gur_e 1, show that the,W,0, nanobeams
are single crystalline and that the W atoms are homogenously

in the circuit. The maximunfiof the phase oscillator exceeds .~ ~ L
P distributed throughout the nanobeam. The MIT in individual

5 MHz for 1 um long devices wherC ~ 100 pF. The . . . .
# 9 P W,V 1-xO, nanobeams was studied by incorporating them into
*To whom correspondence should be addressed. E-mail: tWO- and four-probe geometries using electron-beam lithog-

Hoggﬁun_Parlﬁ@harvarql.oedu.d ! . ) raphy (Figure 2a, inseff.Figure 1c shows the temperature
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Figure 2. (a) Current [,,)—Vvoltage ¥.n) characteristics of a
representative, suspendedy¥W o940, nanobeam device under

102+ constant biasing condition. The height (width) of this nanobeam

0 50 is 100 nm. Upper inset: circuit diagram for constartiasing.

T (°C) Lower inset: scanning electron microscopy image of a representa-
tive suspended nanobeam device. (k) (blue) andV,, (red)
oscillations measured from a nanobeam device at two different
driving currents. The nanobeam dimensions are 20040 nm

x 760 nm. (c) Oscillation frequency) (of the electrical oscillation
plotted as a function of,, with fixed C ~ 150 pF. Upper inset:

-50

Figure 1. (a) Transmission electron microscopy (TEM) image of
a representative WO, hanobeam. Insets: high-resolution TEM
image (left) and selected area electron diffraction (SAED) pattern
(right) obtained from the same nanobeam. The SAED pattern, which
is indexed to a monoclinic lattice with a zone axis of 2],2does . pEs T
not change along the nanobeam length, indicating that the whole 1f pIo(t;ed as a function of thelpanobfeam ]engi%Xw!tE ::.—58
nanobeam is a single crystal. (b) Energy dispersive X-ray (EDX) /iA andC ~ 1 nF. Lower inset:f as a function oG, with fixed |
spectrum of a WoNoedO, nanobeam. The EDX spectrum was —— 90 «A. The solid lines are linear fits to the data.

simulated at various values using Desktop Spectrum Analyzer

with NIST Standard Reference Database and compared with wigths and thus serve as one-dimensional systems for domain

experimental data. The circles are the experimental EDX data, and ki 90 .
the solid line is the simulated EDX spectrum with= 0,02, The organizatiort? The character of the MIT depends drastically
EDX spectrum does not change at different spots along the ON @ nanobeam'’s strain environment. When a nanobeam in

nanobeam, indicating a uniform W doping. (c) The four-probe contact with a substrate undergoes an MIT, substrate-induced
resistance of five nanobeams. The resistance was measured duringtrain causes the spontaneous formation of alternating M
cooling, except for thet = 0 characteristic, in which both heating  4omaing?® In contrast, a suspended nanobeam undergoes the
and cooling traces are presented to show the hysteresis. Inset: Plo{ ture-induced MIT inale dorrdi id d
of Twr vs x. Twr was measured by averaging the heating and eémperature-in U(?e as a?'.ng € 0_ 1as evidence
cooling transition temperatureswas determined by EDX. by a temperature-induced transition that is much sharper than
those observed in bulk crystals and on-substrate nanobeams
at a rate of-18.4°C/% asx increases, consistent with earlier (Figure 1c). All the data presented in this study were obtained
studies on bulk W/ ;-40,.13715 from suspended nanobeam devices in vacuum in order to
Our previous study has shown that Y@nd WV -0, minimize the complications arising from the strain-induced

nanobeams do not support multipleMdomains along their ~ domains.
364 Nano Lett., Vol. 7, No. 2, 2007



Figure 2a shows the room-temperature currbat\oltage
(V) characteristics of a representative two-prohgyWo o802
nanobeam device connected in parallel to a shunt capacitor
(the inset to Figure 2a shows a diagram of the driving circuit).
In this circuit,C can arise from the measurement apparatus,
such as the BNC cables and the voltmeter, or from an
externally introduced shunt capacitor. Because of the charg-
ing and discharging o€, the current flowing through the
nanobeaml(y) differs from total current (see Supporting
Information). At low I, the device exhibits a behavior

(o) My

t
consistent with the nanobeam in the | phasel &sncreased 8)
above a threshold, (for a typical 1um long nanobeam (b) 06| == f=0.15Hz
device,ly, ~ 50 uA), however, the voltage drop across the N | =

device V) develops a rapid, spontaneous oscillation. When

| is increased even further, typically two or three timgs

Vnp becomes stable again, with the device resistance reaching
that of the M phase. The power dissipation of the device at
the onset of the/,, oscillation decreases linearly with the
ambient temperaturg extrapolating to 0 at ~ 50°C (Twr

of the Wh .01V 0.940> nanobeam under study) (see Supporting
Information).

Figure 2b showsl,, and V,, plotted against timet)
measured from a Wb1VoedO2 nanobeam device. The,,
waveform has a sawtooth shape, with pealsgoinciding
with the rapidly falling portions of th&/,, trace. As shown
in Figure 2c,f of the Vi, (Iny) oscillation is directly
proportional tol and is inversely proportional t6 and the
nanobeam lengthL(). Measurements on multiple devices
show that thesg C, andL., scaling behaviors are common
to all suspended dewceg. Th'e typi¢aibserved from +3 Figure 3. (@) I (blue) andRy, (red) traces of the nanobeam from
#m long nanobeam devices 4s1 MHz whenl ~ 100 uA Figure 2 over one cycleC = 100 pF. (b)l, (blue) andR,, (red)
andC ~ 100 pF. traces of another nanobea@= 220uF. TheR, trace is calculated

Whereas the apparent shapes$.gandV,, waveforms do DY taking Ru(t) = Vup(t)/Ine(t). (c) Left panel: cartoon showing
not depend sensitively o@ (and thusf), the time traces of Lhe domain-wall propagation along thelirection. Right panel: the

. . and diagram at a reverse-biasedM junction illustrating the
nanobeam resistancBng = Vat/lnp) plotted in parts aand b pgtier effect. The | phase is drawn as n-type.
of Figure 3 show that thdR,, waveform shapes change

dramatically withC and f. At high f (f > 500 kHz), Ru f up to 5 MHz. In contrast, the oscillations observed in bulk
oscillates between the values consistent with the nanobearr\/o2 had several different waveform shapes that were
in the M (low Ry) and I (highRy) phases with a sawtooth hgtaple, and theif was limited to <5 kHz323 More
waveform. Wherf is small (<1 kHz), on the other hand,  jmhorantly, the frequency of the phase oscillations from
Rip jumps to a large value at the end ofl@ spike and 3 0heam devices obeys well-defined scaling relations with
decreases gradually with time wheég is small. Atinter- ¢y anq1,.: these scaling behaviors have not been observed
mediatef values, theR,, waveform shapes evolve smoothly previous bulk studié€:24 and provide important experi-

between these limiting shapes. mental clues for the microscopic mechanism underlying the
WhenC exceeds 1@F, f of a typical nanobeam device is  phase oscillation.
small enough to allow real-time optical interrogatiéhs. Specifically, the data presented in Figures 2 and 3 show
Video 1, included in Supporting Information, shows that the that the interplay between the Joule-heating-induced MIT,
Rqp oscillations in Figure 3b are caused by the conversion the capacitor charging/discharging, and heat dissipation is
and expansion of the | and M phases within a nanobeam, asresponsible for theV,, and I, oscillations in WV O,
Schematically illustrated in Figure 3. Moreover, the same nanobeam devices. When the Capacitor is Charging’ part of
video shows that the direction of the domain motion depends| flows through the capacitor instead of the nanobeam. As
on the direction of. the charging progresses, however, mioflews through the
The phase oscillations seen in Figures 2 and 3 are nanobeam, resulting in a higher Joule heating power. When
reminiscent of those observed in bulk orgdhand inorganic the temperature reachds;r, the nanobeam converts into
materials®?>24 including bulk VG822 The behavior of  the M phase. This I-to-M conversion process is self-
suspended W ;-,O, nanobeam devices is distinct from these reinforcing: the metallic nanobeam provides a low-resistance
bulk oscillations in several important aspects, however. First, pathway between the capacitor and the ground, causing the
the nanobeam device exhibits a stable phase oscillation withcapacitor to discharge through the nanobeam (indicated by
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the I, spikes in Figure 2b). As,, decreases during the biased WV1-4O, nanobeams occur through the axial drift
capacitor discharge, part of the nanobeam cools and convert®f a single M-I domain wall caused by Joule heating, the
back to the | phase, and the cycle restarts. Peltier effect, the MIT, heat dissipation, and the charging/

This phase-oscillation scenario explains tisealing with discharging of a shunt capacitor. They also demonstrate that
I, 1/C, and 1L, as well. Figure 2b shows that the rise time one-dimensional nanostructures provide an ideal model
(t;) of the V,, waveform is generally longer than the fall System for studying the dynamics of confined domains and
time (z): this disparity originates because the capacitor domain boundaries. Due to their nanoscale dimensions and
charging and discharging rates are determine&pg and, controlled current path, the suspended nanobeams display a
while discharging, the nanobeam is in the less-resistive M domain behavior that is well-defined and amenable for
phase. The observddvariation with| and 1C is a direct detailed study, illuminating the microscopic mechanism of
reflection of the charging/discharging rate change. Finally, domain motion.

['S proportional to /y, becausey, increases linearly with Acknowledgment. We thank K. Maher for her scientific
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Figure S1. Current as a function of time through the nanobeam (red) and through the
capacitor (C = 1 uF) (blue), for a nanobeam whose dimensions are 190 nm x 150 nm X

3.9 um. The sum of the two currents is the driving current (35 nA).
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Figure S2. Threshold power (P,,) plotted as a function of ambient temperature.

Video 1, available free of charge via the Internet at http://pubs.acs.org, shows the metal-

insulator domain wall advancing in real time. The movie is taken from a suspended



nanobeam device, with a high shunt capacitance (C = 220 uF) added in order to slow
down the phase-change oscillation to an easily observable frequency (~0.1 Hz). In this
video, a metal phase grows slowly until the entire nanobeam is metallic, at which point
the nanobeam snaps back to its original phase, which is mostly insulating with a small
metallic phase at the edge of the nanobeam. As shown in the video, reversing the

direction of / essentially flips the video upside-down.

Video 2 shows a nanobeam device in which the nanobeam is resting on the SiOy
substrate. In this device, several M-I domains form within a nanobeam due to substrate-
induced strain. The M-I domains move in the direction of I, driven by the Peltier effect at

the M-I junctions.



