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We discuss the mechanisms behind the electrically driven insulator-metal transi-

tion in single crystalline VO2 nanobeams. Our DC and AC transport measurements

and the versatile harmonic analysis method employed show that non-uniform Joule

heating causes phase inhomogeneities to develop within the nanobeam and is re-

sponsible for driving the transition in VO2. A Poole-Frenkel like purely electric field

induced transition is found to be absent and the role of percolation near and away

from the electrically driven transition in VO2 is also identified. The results and

the harmonic analysis can be generalized to many strongly correlated materials that

exhibit electrically driven transitions.
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Vanadium dioxide (VO2) is a well-studied strongly correlated material that shows a sharp

insulator to metal transition (IMT) with a TC ∼ 342 K [1], accompanied by orders of

magnitude changes in both its electrical resistivity and optical transmission. Although the

IMT in VO2 has been studied for decades, the nature of the transition is still debated and

it is believed to exhibit signatures of both Mott correlation and Peierls distortion [2–4]. In

addition to being thermally-driven, the IMT in VO2 can also be triggered by voltage, light,

and strain, which makes it a material of interest for future technological applications such as

ultra-fast switches, optical devices, Mott field effect transistors, etc. [5, 6]. The electrically

driven resistive switching is a complicated and dynamical process wherein various factors

such as Joule heating, electric field, percolation, oxygen vacancies, and strain can each have

influence on the properties [7–16]. Recent work on realizing electrical switching devices

using strongly correlated materials have discussed the importance of Joule heating near the

transition [7–9] as opposed to a purely electric field induced transition [10–15]. Recently,

the Poole-Frenkel effect (an electric field induced effect) [17, 18] was observed as a precursor

to Joule heating dominated switching in a related material, V2O3 [16].

In the present work, we have studied, by DC and AC transport measurements, the possible

underlying mechanisms behind the electrically driven IMT in individual nanobeam devices of

single crystalline VO2 (see Supplemental Material: Section 1). Our results are summarized

as follows: extremely abrupt IMT was observed at electric fields two orders of magnitude

smaller than estimated by a purely Poole-Frenkel type transition. The calculated average

temperatures of the nanobeams at the IMT, based on our model, were lower than TC ,

implicating non-uniform current paths leading to phase inhomogeneity as possible suspects

in driving the IMT. To verify the roles of individual mechanisms, a novel harmonic analysis

method of the AC transport data was carried out and the results show that Joule heating

plays an important role near the transition and Poole-Frenkel effect is strikingly absent.

In particular, our measurements provide experimental evidence that phase inhomogeneities

exist within the sample and these are verified by both DC and AC transport measurements.

Finally, it appears that the transport behavior of insulating VO2 nanobeams far below

the critical voltage is similar to a random resistor network and shows signatures of Joule

heating induced percolation. However, deviation from percolation behavior is observed as

the threshold voltage for IMT is approached.

Fig. 1 (a) presents the resistance (R) of a single nanobeam device as a function of
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FIG. 1. (a) Resistance (R) vs. temperature (T) plot showing the IMT at TC = 342 K while heating.

(b) Current-voltage characteristics showing switching at VC↑ while sweeping the voltage up. (c) IC↑

(left-axis) and VC↑ (right axis) as a function of temperature. IC↑ is constant at all set temperatures

whereas VC↑ shows an exponential T-dependence in the measured temperature range.

temperature (T): the device undergoes a sharp insulator to metal transition around 342 K

with orders of magnitude change in the resistance at TC [19]. Hysteretic behavior is observed

upon cooling to the insulating phase with the switching occurring at 333 K. The insulating

side of the R-T trace is fitted to R = R0e

(

Ea

kBT

)

, where Ea is the activation energy (0.30±0.03

eV in our devices).

Having observed the transport behavior in the thermally driven case, next we turn our

attention to the electrically driven case. Fig. 1 (b) shows the current (I) as a function of

voltage (V) at various set temperatures (TS) measured during the heating part of the R-T

cycle. Initially, the current through the device increases smoothly, but non linearly with

increasing voltage. At the critical voltage (VC↑) the current jumps by orders of magnitude

signaling the switch to a highly conducting state. As the bias voltage is lowered from the

high conducting state, the device returns to the insulating state wherein a large drop in
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current at VC↓ is preceded by smaller drops. The VC↑ values in our devices range from

1.2-2.0 V corresponding to electric fields of 0.24-0.40 V/µm at 310 K. These values are two

orders of magnitude smaller than the critical field values expected from a purely electric field

induced IMT in VO2 [20, 21]. It can be seen in Fig. 1 (b) that the abruptness of the IMT

diminishes with increasing TS [22] and the jump size and the hysteresis widths were largest

at 310 K. Fig. 1 (c) shows the behavior of the critical current (IC↑) and critical voltage

(VC↑) from two devices at various temperatures. The IC↑ at the onset of IMT was found to

be constant from 335 K to 310 K whereas VC↑ decreases with increasing TS and shows an

exponential T-dependence (VC↑ ∝ e−T/T0) [13].

To understand the microscopic mechanisms relevant near the electrically driven switching,

we proceed by assuming Joule heating to be the only cause for the non-linearity of the IV

characteristics prior the onset of the IMT in Fig. 1 (b). We then assume a current-voltage

(IV) relationship, v = i

(

RB +R0e

(

Ea

kB(TS+∆T )

)

)

based on the thermally activated behavior of

resistance and taking the current density and temperature distribution to be uniform across

the nanobeam (RB is the resistance in series to the nanobeam device). In this picture, the

non-linear behavior in the IV characteristics is only due to a change in the temperature and

hence Ohm’s law is not violated. The IV relation includes the contribution ∆T due to Joule

heating and can be further simplified using Taylor series approximation to i ≈ v

RB+RSe
(−∆T

T0
)

(see Supplemental Material: Section 2). It is clear from above that the IV characteristics

would be linear when Joule heating is insignificant and hence ∆T will be negligibly small.

On the other hand, introduction of Joule heating introduces non-linear behavior in the IV

characteristics. An average temperature raise (∆T ) from the Joule heating effect using this

picture can be estimated as ∆T = −T0 ln
[

1

RS

(

v
i
−RB

)

]

, where RS is the resistance at TS

and T0 = kBT
2
S/Ea.

Fig. 2 (a) shows the calculated average temperature in the nanobeam until the onset

of IMT. When the set temperature of the nanobeam were 330 K and 335 K, the average

temperature of the nanobeam were close to TC at VC↑. However, the average temperature

of the nanobeam was far from TC at VC↑, when IV characteristics were measured at lower

temperatures. The temperature profile inside the nanobeam due to Joule heating likely

depends on experimental conditions such as TS, electric field, device geometry, the ther-

mal coupling to the substrate, electrodes, and the dimensions of the nanobeam [23]. The

temperature estimation in Fig. 2 (a) is not based on power dissipation in the nanobeam,
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FIG. 2. (a) Average calculated temperature at several TS values (below TC) leading up to VC↑. (b)

Fraction of hot region (FHR) based on parallel (left axis) and series (right axis) hot and ambient

regions as a function of (TC −TS). (c) R-T traces measured at various voltage bias values for device

1. (d) Enlarged portion of Fig. 2 (c), gray oval highlights the insulating-like behavior even after

the switching.

however including factors such as power dissipation and thermal coupling will only lower

the estimated temperature raise. Since the estimation of temperature raise in the nanobeam

is temperature based on the assumption that the device has uniform current density and

homogeneous temperature distribution, the deviation of the average calculated temperature

from TC at the IMT is seemingly due to the non-uniform conduction that can arise from

coexistence of metallic and insulating domains.

Furthermore, a part or all of the nanobeam need not reach TC in order for a macroscopic

observation of the IMT in transport measurements. Other contributing factors such as local

disorder and/or microscopic strain distribution may serve as nucleation sites for domains

and switching can occur. However, a strong case can be made for non-uniform temperature

distribution within the nanobeam since the average temperature increase (∆T ) due to ther-
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mal heating was less than the temperature needed (TC − TS) to reach TC . In VO2, metallic

and insulating domains are known to exist in parallel as well as in series combinations along

the length of the nanobeam [24–28]. Using a simplistic model that assumes parallel and

series combination of hot and ambient region, we have estimated the fraction of Joule heat-

ing induced hot region (FHR) in the nanobeam at the onset of IMT. FHRparallel is given

by a ratio of the areas of the cross section of the hot region and the total cross-sectional

area whereas FHRseries is the ratio of the lengths of the hot region to the total length (see

Supplemental Material: Section 3).

The left and right axes of Fig. 2 (b) show FHR for the parallel and series cases respectively

as a function of the temperature raise needed (TC−TS) to drive IMT. It shows that the extent

of hot regions induced due to Joule heating in the nanobeam decreases with the decrease in

TS for both parallel and series case. If a conducting channel indeed is formed, the nanobeam

will not be completely in metallic phase above the switching and some remnant insulating

regions are likely to be present. To verify this scenario, we have measured R-T with different

voltage bias values starting from 50 mV to 1.4 V (Fig. 2 (c)). TC is found to decrease with

an increase in voltage bias due to the Joule heating effect. It is interesting to note from Fig.

2 (d) that the resistance continued to decrease with temperature even after the large drop,

signaling remnant insulating behavior beyond switching and is suggestive of a non-uniform

electronic phase within the nanobeam.

In order to further identify the role of Joule heating on the onset of electrically driven

IMT, we focused on understanding the non-linearity of the IV characteristics up to VC↑ by

employing a harmonic analysis of the AC signal across the device. Typically, any non-linear

IV relation can be expressed as a power series I =
n
∑

i=0

kiV
i, where coefficient ki is related to

the power of an individual harmonic [29, 30]. The magnitude of ki can be estimated by mea-

suring harmonics present in the AC voltage. The method of harmonic detection and their

comparison have been employed previously to understand the effect of second harmonic in

microwave characteristics of Schottky barrier diodes, to understand percolation and break-

down in semicontinuous metal films, and to measure thermal conductivity of various systems

[23, 29–36]. In our case, if the resistance of the device is a Poole-Frenkel like function of the

electric field which is analogous to the Schottky effect [17, 18], then the second harmonic

along with all other harmonics should be present in the AC electrical signal [29, 30]. Based

on Taylor series approximation, the magnitude of electric field generated second harmonic
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is expected to be the strongest after the fundamental frequency. On the other hand, if Joule

heating plays a dominant role, then power and temperature will oscillate with 2f (f=bias

frequency) that will lead to the resistance oscillation giving rise to the presence of third

harmonic in the AC signal across the device [23, 31–35]. The third harmonic generated by

Joule heating will be the strongest after the fundamental frequency and hence the harmonic

analysis of the signal across the device can potentially provide clues about the relevant

mechanisms.
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FIG. 3. (a), (b) The response of a device in the frequency domain at VP (Source) < VC↑ and

VP (Source) > VC↑ respectively using a source frequency of 12.3433 Hz. (c) AC signal across the

device in time domain at 325 K and 335 K; middle panel shows the device responses in the high

conducting phase.

Fig. 3 (a) shows the response in the frequency domain recorded from an insulating

nanobeam (T = 325 K) when an AC source voltage was applied. A peak at the third

harmonic of the applied bias frequency was observed and its magnitude increased with

increasing bias voltage; however no discernible peak at the second harmonic was observed.

This clearly shows that effect of electric field expected from a Poole-Frenkel like mechanism
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is insignificant on the observed transport behavior near the IMT. Fig. 3 (b) shows the

frequency response of a device when the peak value of the source is higher than VC↑. In this

case, the device oscillates between low and high conducting states leading to the generation

of several odd harmonics. It is interesting to note that VO2 has the potential to be used as a

material for harmonic generation as even the magnitude of the 19th harmonic after switching

was found to be 1/10th of the magnitude of the fundamental frequency.

The presence of a conducting channel as postulated in the previous section can also be

verified by comparing the time domain signals of the source with the signals across the

device at different TS. Fig. 3 (c) shows that at 325 K, in the high conducting state, the

device voltage shows transient oscillations after switching and does not track the source

indicating phase inhomogeneity and possible coexistence of insulating and metallic regions.

However, the device voltage does indeed follow the source in the high conducting state at

335 K pointing to the presence of a single phase within the nanobeam.

Once the presence of phase inhomogeneity is established, the natural next step is to

look for signatures of Joule heating induced percolation in the transport measurements. It

has been previously shown that the third harmonic of AC signal from the device can be

thought of as the fourth moment of the current distribution and can provide information

about percolation due to local Joule heating similar to information obtained from 1/f noise

measurements [31, 32, 34, 35]. According to this model [31, 32, 34, 35], the third harmonic

coefficient (B3f) scales as, B3f ∝ R2+w where B3f = V3f/I
3
0 and w is the critical exponent.

B3f will be linearly proportional to R2 in the case when there is no change in the current

distribution in the system. For a random resistor network, B3f scales with resistance (R) and

critical exponent (w) values between 0.8 and 1.05 have been observed in earlier experiments

[31].

If our VO2 device has a random distribution of insulating and metallic domains, then w

should have a value similar to that of a random resistor network. If there is no percolation

due to Joule heating or no change in the connectivity between domains then w will be

zero. When the IVs were measured using lock-in amplifiers both the first and the third

harmonics were simultaneously recorded while sweeping the source voltage (inset of Fig. 4

shows the IV characteristics of the first and third harmonics). Fig. 4 shows the evolution

of a scaled third harmonic coefficient (B3f/R
2) as a function of device resistance in the

insulating phase. We have roughly marked the behavior into two regions: in region I (low
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high bias region (region I) where exponent w = 0. The inset shows the behavior of first and third

harmonics of the device current.

resistance region, closer to the transition), the nanobeam does not behave as a classical

random resistor network as can be seen from the negligible slope of the traces indicating

no changes in connectivity or relative current distribution across the nanobeam. However,

in the second region (high resistance region, away from the transition) the behavior of

(B3f/R
2) resembles that of a random resistor network (with w=1.2 to 1.5) which may be

thought of as a signature of local percolation between metallic domains. At bias values far

below VC↑, a random network of resistors is discernible based on the value of the critical

exponent deduced from the measurements shown in Fig. 4; however, subsequently, the

percolation pathways are replaced by plausible conducting channels that are likely defined

by avalanche-type cascading processes [7]. Upon these interconnections having been defined,

random percolative behavior is no longer observed as can be seen in region I in Fig. 4. These

analyses show that local Joule heating induced percolation does indeed play a role at bias

values far below VC↑ and acts as a precursor to the avalanche-type Joule heating processes

leading to an extremely abrupt IMT in VO2.

The electric field at the onset of IMT in our devices are two orders of magnitude smaller
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than the critical electric field estimates based on purely electric field induced switching in

VO2. The calculated average temperatures of the nanobeams based on our model are lower

than TC , implicating non-uniform current paths leading to phase inhomogeneity as possible

suspects. Furthermore, harmonic analysis of the AC electrical signals from the device shows

that Joule heating plays a significant role as compared to the electric field in underpinning

the electrically driven IMT in VO2. It appears that the transport behavior of insulating

VO2 nanobeams is similar to a random resistor network behavior at bias values far below

the VC↑. The occurrence of avalanche-type events closer to VC↑ likely induces the formation of

conducting channels that alter conduction through the nanobeams, thereby precluding fur-

ther need for percolation. Our measurements provide evidence that phase inhomogeneities

exist below the IMT in VO2 and further show the importance of understanding the micro-

scopic mechanisms relevant near phase transitions in correlated oxide nanostructures. The

harmonic analysis method employed to understand the role of Joule heating is a versatile

technique and can potentially be applied to understand the nature of electrically driven

phase transitions in oxide nanostructures that are technologically important.

This work was supported by the National Science Foundation under DMR 0847324; G.

A. H, P. M, and S.B. acknowledge support from the National Science Foundation under IIP

1311837.

[1] F. J. Morin, Phys. Rev. Lett. 3, 34 (1959).

[2] R. M. Wentzcovitch, W. W. Schulz, and P. B. Allen, Phys. Rev. Lett. 72, 3389 (1994).

[3] T. M. Rice, H. Launois, J. P. Pouget, R. M. Wentzcovitch, W. W. Schulz, and P. B. Allen,

Phys. Rev. Lett. 73, 3042 (1994).

[4] M. M. Qazilbash, M. Brehm, B. G. Chae, P. C. Ho, G. O. Andreev, B. J. Kim, S. J. Yun,

A. V. Balatsky, M. B. Maple, F. Keilmann, H. T. Kim, and D. N. Basov, Science 318, 1750

(2007).

[5] Z. Yang, C. Y. Ko, and S. Ramanathan, Annu. Rev. Mater. Res. 41, 337 (2011).

[6] M. Nakano, K. Shibuya, D. Okuyama, T. Hatano, S. Ono, M. Kawasaki, Y. Iwasa, and

Y. Tokura, Nature 487, 459 (2012).

[7] X. Zhong, X. Y. Zhang, A. Gupta, and P. LeClair, J. Appl. Phys. 110, 084516 (2011).

http://dx.doi.org/10.1103/PhysRevLett.3.34
http://dx.doi.org/10.1103/PhysRevLett.72.3389
http://dx.doi.org/ 10.1103/PhysRevLett.73.3042
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1146/annurev-matsci-062910-100347
http://dx.doi.org/10.1038/nature11296
http://dx.doi.org/ 10.1063/1.3654121


11

[8] K. Jeehoon, C. Ko, A. Frenzel, S. Ramanathan, and J. E. Hoffman, Appl. Phys. Lett. 96,

213106 (2010).

[9] A. Zimmers, L. Aigouy, M. Mortier, A. Sharoni, S. M. Wang, K. G. West, J. G. Ramirez, and

I. K. Schuller, Phys. Rev. Lett. 110, 056601 (2013).

[10] G. Stefanovich, A. Pergament, and D. Stefanovich, J. Phys. Condens. Matter 12, 8837 (2000).

[11] S. Lee, A. Fursina, J. T. Mayo, C. T. Yavuz, V. L. Colvin, R. G. S. Sofin, I. V. Shvets, and

D. Natelson, Nat. Mater. 7, 130 (2008).

[12] G. Gopalakrishnan, D. Ruzmetov, and S. Ramanathan, J. Mater. Sci. 44, 5345 (2009).

[13] T.-L. Wu, L. Whittaker, S. Banerjee, and G. Sambandamurthy, Phys. Rev. B 83, 073101

(2011).

[14] B. Wu, A. Zimmers, H. Aubin, R. Ghosh, Y. Liu, and R. Lopez, Phys. Rev. B 84, 241410

(2011).

[15] Z. Yang, S. Hart, C. Ko, A. Yacoby, and S. Ramanathan, J. Appl. Phys. 110, 033725 (2011).

[16] J. S. Brockman, L. Gao, B. Hughes, C. T. Rettner, M. G. Samant, K. P. Roche, and S. S. P.

Parkin, Nat. Nanotechnol. 9, 453 (2014).

[17] J. Frenkel, Phys. Rev. 54, 647 (1938).

[18] J. G. Simmons, Phys. Rev. 155, 657 (1967).

[19] G. A. Horrocks, S. Singh, M. F. Likely, G. Sambandamurthy, and S. Banerjee, ACS Appl.

Mater. Interfaces 6, 15726 (2014).

[20] C. Ko and S. Ramanathan, Appl. Phys. Lett. 93, 252101 (2008).

[21] S. Hormoz and S. Ramanathan, Solid-State Electron. 54, 654 (2010).

[22] A. A. Stabile, S. K. Singh, T. L. Wu, L. Whittaker, S. Banerjee, and G. Sambandamurthy,

arXiv:1401.4129 [cond-mat.str-el] (2014).

[23] L. Lu, W. Yi, and D. L. Zhang, Rev. Sci. Instrum. 72, 2996 (2001).

[24] Q. Gu, A. Falk, J. Wu, L. Ouyang, and H. Park, Nano Lett. 7, 363 (2007).

[25] K. Okimura, N. Ezreena, Y. Sasakawa, and J. Sakai, Jpn. J. Appl. Phys. 48, 023201 (2009).

[26] E. Freeman, G. Stone, N. Shukla, H. Paik, J. A. Moyer, Z. H. Cai, H. D. Wen, R. Engel-Herbert,

D. G. Schlom, V. Gopalan, and S. Datta, Appl. Phys. Lett. 103, 263109 (2013).

[27] B. S. Mun, J. Yoon, S. K. Mo, K. Chen, N. Tamura, C. Dejoie, M. Kunz, Z. Liu, C. Park,

K. Moon, and H. Ju, Appl. Phys. Lett. 103, 061902 (2013).

[28] H. Ueda, T. Kanki, and H. Tanaka, Appl. Phys. Lett. 102, 153106 (2013).

http://dx.doi.org/ 10.1063/1.3435466
http://dx.doi.org/ 10.1103/PhysRevLett.110.056601
http://dx.doi.org/10.1088/0953-8984/12/41/310
http://dx.doi.org/ 10.1038/nmat2084
http://dx.doi.org/10.1007/s10853-009-3442-7
http://dx.doi.org/10.1103/PhysRevB.83.073101
http://dx.doi.org/ 10.1103/PhysRevB.84.241410
http://dx.doi.org/ 10.1063/1.3619806
http://dx.doi.org/ 10.1038/nnano.2014.71
http://dx.doi.org/10.1103/PhysRev.54.647
http://dx.doi.org/10.1103/PhysRev.155.657
http://dx.doi.org/ 10.1021/am504372t
http://dx.doi.org/10.1063/1.3050464
http://dx.doi.org/10.1016/j.sse.2010.01.006
http://arxiv.org/abs/1401.4129
http://dx.doi.org/10.1063/1.1378340
http://dx.doi.org/ 10.1021/nl0624768
http://dx.doi.org/10.1143/jjap.48.065003
http://dx.doi.org/10.1063/1.4858468
http://dx.doi.org/10.1063/1.4817727
http://dx.doi.org/10.1063/1.4802207


12

[29] K. Solbach, IEEE Trans. Microwave Theory Tech 30, 1233 (1982).

[30] A. L. Cullen and T. Y. An, IEE Proc.-H 129, 191 (1982).

[31] D. C. Wright, D. J. Bergman, and Y. Kantor, Phys. Rev. B 33, 396 (1986).

[32] M. A. Dubson, Y. C. Hui, M. B. Weissman, and J. C. Garland, Phys. Rev. B 39, 6807 (1989).

[33] D. G. Cahill, Rev. Sci. Instrum. 61, 802 (1990).

[34] Y. Yagil and G. Deutscher, Phys. Rev. B 46, 16115 (1992).

[35] Y. Yagil, G. Deutscher, and D. J. Bergman, Phys. Rev. Lett. 69, 1423 (1992).

[36] C. Dames and G. Chen, Rev. Sci. Instrum. 76, 124902 (2005).

http://dx.doi.org/10.1109/TMTT.1982.1131228
http://dx.doi.org/10.1049/ip-h-1.1982.0040
http://dx.doi.org/10.1103/PhysRevB.33.396
http://dx.doi.org/10.1103/PhysRevB.39.6807
http://dx.doi.org/10.1063/1.1141498
http://dx.doi.org/10.1103/PhysRevB.46.16115
http://dx.doi.org/10.1103/PhysRevLett.69.1423
http://dx.doi.org/10.1063/1.2130718

	Proliferation of metallic domains caused by inhomogeneous heating near the electrically-driven transition in VO2 nanobeams
	Abstract
	 References


