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Memristors are passive circuit elements which behave as resistors with memory. The recent
experimental realization of a memristor has triggered interest in this concept and its possible
applications. Here, we demonstrate memristive response in a thin film of vanadium dioxide. This
behavior is driven by the insulator-to-metal phase transition typical of this oxide. We discuss details
of this form of phase-change memristance and potential applications of our device. Most
importantly, our results demonstrate the potential for a realization of memristive systems based on
phase-transition phenomena. © 2009 American Institute of Physics. �DOI: 10.1063/1.3187531�

The memristor was postulated as a missing fourth circuit
element in 1971 based on an observed symmetry in integral-
variations of ohm’s law.1 Although this device has remained
purely theoretical for many decades, a recent experimental
demonstration of a practical system which displays memris-
tive behavior2,3 has rekindled attention in memristors. Fur-
ther interest has been fueled by predictions that such devices
may play key roles in developing neuromorphic circuits,4

spintronics,5 ultradense information storage,6 and other
applications.7 The key attribute of a memristor is that the
resistance of a two-terminal device depends not on the in-
stantaneous value of the applied voltage �as for an Ohmic
device�, rather on the entire dynamical history of the charge
flowing in the system. Memristors act as “resistors with
memory”—hence their name. They belong to a much more
general class of memory devices, named memristive
systems8,9 where the resistance state may depend on other
state variables, such as temperature, structural properties, etc.
This memory resistance enables circuit functionalities not
possible with any combination of the other three passive cir-
cuit elements �resistor, capacitor, and inductor�, and therefore
is of great practical utility.

In this letter, we demonstrate memristive behavior in a
vanadium dioxide �VO2� thin film. VO2 has proven to be a
versatile material, exhibiting many properties exploitable
for devices.10–12 What makes VO2 both useful and interesting
is its insulator-to-metal �IMT� phase transition occurring
near room temperature,13,14 and the ability to control this
transition by applied current,15 electric field,16 and
photoexcitation.17,18 As VO2 passes through the IMT, nano-
scale metallic regions emerge from the insulating host, in-
creasing in number and size to form a percolative
transition.19 The memristive behavior we observe in VO2

stems directly from this IMT phase transition as will be dis-
cussed below. Our thin film of VO2 is deposited by sol-gel
technique on a sapphire substrate as described elsewhere.20

This technique has been shown to produce VO2 films with up
to four orders of magnitude �104� change in conductivity
across the IMT. Electrical leads are attached to the VO2 film
using Epotec silver epoxy and the device is mounted to a

thermal stage. A schematic of our device is shown in Fig.
1�a�.

To demonstrate memristive behavior in VO2, we first set
the operation temperature of our device near the onset of the
phase transition �340 K�. This puts the device into a regime
where the resistivity is a highly hysteretic function of tem-
perature �see Fig. 2�a��. Applying a ramped voltage pulse we
monitor the current through the device. Three such current-
voltage �I-V� curves are shown in Fig. 1�b�. The ramp used
for each is 50 V 5 s. Arrows on the curves indicate the
direction of time as voltage is ramped up and then ramped
back down. Examining these I-V curves, we observe several
hallmarks of memristive devices. First, the I-V curve is non-
linear for voltages above a certain threshold level �approxi-
mately 20 V in this device�. This illustrates non-Ohmic be-
havior present by definition in any memristive system. All
I-V traces in Fig. 1�b� are anchored at the origin �I=0, V
=0� indicating that our device does not store capacitive or
inductive energy. Thus I-V characteristics comply with a fun-
damental requirement for a memristive system. Second, the
I-V curves are hysteretic—each curve makes a loop rather
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FIG. 1. �Color online� �a� Schematic of the device. The area of the VO2 film
is �25 mm2. �b� Three current-voltage �I-V� curves for our device exhibit-
ing nonlinear hysteretic behavior which is indicative of a memristive
system.

APPLIED PHYSICS LETTERS 95, 043503 �2009�

0003-6951/2009/95�4�/043503/3/$25.00 © 2009 American Institute of Physics95, 043503-1

Downloaded 03 Oct 2009 to 132.239.174.214. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.3187531
http://dx.doi.org/10.1063/1.3187531


than retracing its path for increasing and decreasing voltage.
The hysteresis present in the VO2 IMT contains the memory
aspect of the memristor. This memory lasts between subse-
quent ramp pulses, even when the applied voltage has been
set to zero for some time. This is illustrated in Fig. 1�b�, as
the I-V slope of each subsequent pulse picks up where the
last pulse left off. In an ideal memristor this memory would
last indefinitely, although all systems demonstrated so far
exhibit finite storage times. Our device shows long memory
durations, tested to be longer than several hours.

We observe experimentally that the −I ,−V and +I ,+V
memristance behavior are identical for our device, which in-
dicates memristance in VO2 is an even function of the cur-
rent. This differs substantially from the behavior of the TiO2
crossbar device,2 wherein reversed voltage polarity reverses

the resistance rate of change Ṙ. Although these two behav-
iors are quite different, they both fit within the definition of
memristance phenomena, written as any system which fol-
lows the relations VM�t�=R�x , I , t�I�t�, ẋ= f�x , I , t� where VM

is the bias across the system and x is a set of state variables.9

The form of the function f�x , I , t� is not explicitly fixed. If it
is an even function of the current, as in our device, ẋ will

always be positive and Ṙ will always have the same sign. In
general, the function f describes the physics by which the
state variable�s� x enable memory resistance. We observe the
memristive effect only within a range of temperatures asso-
ciated with the IMT, suggesting that the memristance is fun-
damentally related to power dissipated in the VO2. These
observations lead us to conclude that in our device f�x , I , t�
� I2. Our device is best described as an even-function
current-controlled memristive system.

It is important to note that the energy input to the device
is negligible compared with the volumetric heat-capacity of
the total system. This means the overall temperature is un-
changed; confirmed by temperature monitoring. Our VO2
film is at the same temperature before and after each pulse,
which distinguishes the operation from more common mate-
rials which change their resistance with temperature. The
operation of our device is intimately connected with the per-

colative nature of the IMT phenomenon in VO2. Applied
voltage promotes the formation of new metallic puddles in
the insulating VO2 host due to transient local heating. When
the voltage drops back to zero the film rapidly thermalizes
back to its original temperature, yet the new lower resistance
state persists: a consequence of the hysteretic transition. Fig-
ure 2�a� helps illustrate this, showing that R�t� takes different
paths for heating and cooling process. A temporary increase
in VO2 temperature results in a lasting change in resistance.
Therefore the information stored in our phase transition
memristor is contained in the internal configuration of the
VO2 film: a nanoscale spatial pattern of electronically �and
structurally� dissimilar regions.21

To further illustrate memristive behavior in our VO2 de-
vice, we apply a sequence of short voltage pulses while
monitoring the resistance of the device. Figure 2�b� shows
this for a spaced sequence of five 50 V 1 s pulses, with 20 s
between pulses. We observe that each pulse triggers a latched
change in the resistivity of the film. This latching is found to
be extremely stable. The small shift over half an hour of hold
time is accounted for by the thermal drift of our setup—
which can be easily improved. The amplitude of the resistiv-
ity step can be varied by adjusting the amplitude and dura-
tion of applied pulses. Repeatable resistance steps of
�R0-R1� /R0=0.5% are achievable in our setup, where R0 and
R1 are the pre- and postpulse resistances, respectively. These
small steps combined with the very large range of accessible
resistance values across the VO2 IMT could yield more than
210 possible selectable values of resistance in a typical film
of VO2.

We conclude by noting that different memristive systems
are likely to retain information via different physical
mechanisms.22–25 For instance, the recent implementation of
memristance in titanium dioxide2 retains information by way
of drifting oxygen vacancies and physical crystal expansion.
However, alternative mechanisms may prove more suitable
for some applications.5 We have demonstrated memristive
behavior in an IMT material, which suggests memristance
may exist in many similar phase-transition systems. In par-
ticular, electronic phase separation phenomena in the vicinity
of the phase transition have been observed in a variety of
complex oxides26 including colossal magneto-resistance
manganites.27 The VO2 appeal for memristive applications
stems both from the magnitude of the conductivity change
and the near �or at� room temperature operation. Both the
phase-transition threshold temperature and the width of the
hysteretic region can be readily adjusted through the film
growth and nanopatterning.15,28 Furthermore, VO2 is sensi-
tive to a variety of nonthermal stimuli including static
electric field16 and photoexcitations18—thus offering yet an-
other dimension of memristive optoelectronics. Finally,
switching in VO2 can occur in the subpicosecond regime.17

Memristive applications such as learning circuits,4 informa-
tion storage24,29–31 and adaptive networks32 seem poised to
open a paradigm in electronics, and this demonstration of
phase-transition driven memristance broadens the scope of
materials that may facilitate this revolution.
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FIG. 2. �Color online� �a� Resistivity-temperature curves of our device il-
lustrating the hysteretic nature of the IMT phase transition. The vertical
dotted line shows the bias temperature for experiments of Figs. 1�b� and
2�b�. �b� Demonstration of information storage in a memristive vanadium
dioxide film. Each 50 V pulse triggers the transition to a new resistivity
level.

043503-2 Driscoll et al. Appl. Phys. Lett. 95, 043503 �2009�

Downloaded 03 Oct 2009 to 132.239.174.214. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



1L. O. Chua, IEEE Trans. Circuit Theory 18, 507 �1971�.
2J. J. Yang, M. D. Pickett, X. Li, A. A. OhlbergDouglas, D. R. Stewart, and
R. S. Williams, Nat. Nanotechnol. 3, 429 �2008�.

3D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, Nature
�London� 453, 80 �2008�.

4Y. V. Pershin, S. LaFontaine, and M. Di Ventra, arXiv:0810.4179vw.
5Y. V. Pershin and M. Di Ventra, Phys. Rev. B 78, 113309 �2008�.
6R. C. Johnson, EE Times �2008�.
7B. Mouttet, Google Knol �2008�.
8L. O. Chua and S. M. Kang, Proc. IEEE 64, 209 �1976�.
9M. Di Ventra, Y. V. Pershin, and L. O. Chua, Proc. IEEE �to be published�.

10T. Driscoll, S. Palit, M. M. Qazilbash, M. Brehm, F. Keilmann, C. Byung-
Gyu, Y. Sun-Jin, K. Hyun-Tak, S. Y. Cho, N. M. Jokerst, D. R. Smith, and
D. N. Basov, Appl. Phys. Lett. 93, 024101 �2008�.

11C. G. Granqvist, Sol. Energy Mater. Sol. Cells 91, 1529 �2007�.
12D. Murphy, M. Ray, A. Kennedy, J. Wyles, C. Hewitt, R. Wyles, E.

Gordon, T. Sessler, S. Baur, D. Van Lue, S. Anderson, R. Chin, H. Gonza-
lez, C. L. Pere, S. Ton, and T. Kostrzewa, Infrared Technology and Appli-
cations XXXI �SPIE, Bellingham, WA, 2005�, p. 448.

13M. M. Qazilbash, K. S. Burch, D. Whisler, D. Shrekenhamer, B. G. Chae,
H. T. Kim, and D. N. Basov, Phys. Rev. B 74, 205118 �2006�.

14M. M. Qazilbash, A. A. Schafgans, K. S. Burch, S. J. Yun, B. G. Chae, B.
J. Kim, H. T. Kim, and D. N. Basov, Phys. Rev. B 77, 115121 �2008�.

15H.-T. Kim, B.-G. Chae, D.-H. Youn, S.-L. Maeng, G. Kim, K.-Y. Kang,
and Y.-S. Lim, New J. Phys. 6, 52 �2004�.

16M. M. Qazilbash, Z. Q. Li, V. Podzorov, M. Brehm, F. Keilmann, B. G.
Chae, H. T. Kim, and D. N. Basov, Appl. Phys. Lett. 92, 241906 �2008�.

17A. Cavalleri, M. Rini, H. H. W. Chong, S. Fourmaux, T. E. Glover, P. A.
Heimann, J. C. Kieffer, and R. W. Schoenlein, Phys. Rev. Lett. 95,
067405 �2005�.

18R. Lopez, L. A. Boatner, T. E. Haynes, R. F. Haglund, Jr., and L. C.

Feldman, Appl. Phys. Lett. 85, 1410 �2004�.
19A. Sharoni, J. G. Ramirez, and I. K. Schuller, Phys. Rev. Lett. 101,

026404 �2008�.
20B. G. Chae, H. T. Kim, and S. J. Yun, Electrochem. Solid-State Lett. 11,

D53 �2008�.
21M. 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�.

22Y. V. Pershin and M. Di Ventra, Phys. Rev. B 79, 153307 �2009�.
23A. Beck, J. G. Bednorz, C. Gerber, C. Rossel, and D. Widmer, Appl. Phys.

Lett. 77, 139 �2000�.
24Y. Watanabe, J. G. Bednorz, A. Bietsch, G. Ch, D. Widmer, A. Beck, and

S. J. Wind, Appl. Phys. Lett. 78, 3738 �2001�.
25J. F. Gibbons and W. E. Beadle, Solid-State Electron. 7, 785 �1964�.
26G. Dearnaley, A. M. Stoneham, and D. V. Morgan, Rep. Prog. Phys. 33,

1129 �1970�.
27A. Asamitsu, Y. Tomioka, H. Kuwahara, and Y. Tokura, Nature �London�

388, 50 �1997�.
28R. Lopez, L. A. Boatner, T. E. Haynes, J. R. F. Haglund, and L. C. Feld-

man, Appl. Phys. Lett. 79, 3161 �2001�.
29M. J. Rozenberg, I. H. Inoue, and M. J. Sánchez, Phys. Rev. Lett. 92,

178302 �2004�.
30S. Karg, G. I. Meijer, D. Widmer, R. Stutz, J. G. Bednorz, and C. Rettner,

Proceedings of the 22nd IEEE Non-Volatile Semiconductor Memory
Workshop, Monterey, CA, 2007 �unpublished�, p. 68.

31C. Yoshida, K. Tsunoda, H. Noshiro, and Y. Sugiyama, Appl. Phys. Lett.
91, 223510 �2007�.

32J. Borghetti, Z. Li, J. Straznicky, X. Li, D. A. A. Ohlberg, W. Wu, D. R.
Stewart, and R. S. Williams, Proc. Natl. Acad. Sci. U.S.A. 106, 1699
�2009�.

043503-3 Driscoll et al. Appl. Phys. Lett. 95, 043503 �2009�

Downloaded 03 Oct 2009 to 132.239.174.214. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1109/TCT.1971.1083337
http://dx.doi.org/10.1038/nnano.2008.160
http://dx.doi.org/10.1038/nature06932
http://dx.doi.org/10.1038/nature06932
http://dx.doi.org/10.1103/PhysRevB.78.113309
http://dx.doi.org/10.1109/PROC.1976.10092
http://dx.doi.org/10.1063/1.2956675
http://dx.doi.org/10.1016/j.solmat.2007.04.031
http://dx.doi.org/10.1103/PhysRevB.74.205118
http://dx.doi.org/10.1103/PhysRevB.77.115121
http://dx.doi.org/10.1088/1367-2630/6/1/052
http://dx.doi.org/10.1063/1.2939434
http://dx.doi.org/10.1103/PhysRevLett.95.067405
http://dx.doi.org/10.1063/1.1784546
http://dx.doi.org/10.1103/PhysRevLett.101.026404
http://dx.doi.org/10.1149/1.2903208
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1103/PhysRevB.79.153307
http://dx.doi.org/10.1063/1.126902
http://dx.doi.org/10.1063/1.126902
http://dx.doi.org/10.1063/1.1377617
http://dx.doi.org/10.1016/0038-1101(64)90131-5
http://dx.doi.org/10.1088/0034-4885/33/3/306
http://dx.doi.org/10.1038/40363
http://dx.doi.org/10.1063/1.1415768
http://dx.doi.org/10.1103/PhysRevLett.92.178302
http://dx.doi.org/10.1063/1.2818691
http://dx.doi.org/10.1073/pnas.0806642106

