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Temperature dependence of a nanomechanical switch
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We present the effect of temperature on the switching characteristics of a bistable nonlinear
nanomechanical beam. At megahertz-range frequencies, we find that it is possible to controllably
change the state of the system between two stable mechanical states defined by the hysteresis
brought on by nonlinear excitation. We find that the introduction of increased temperature results in

a loss of switching fidelity, and that temperature acts as an effective source of external noise on the
dynamics of the system. @005 American Institute of PhysidDOI: 10.1063/1.1849848

The realization of mechanical memory and processinglitude force at a single frequency within this bistable region.
elements has been a goal ever since the design of the firgfe then add an external modulation which can controllably
mechanical analytic engine by Babbage in 183&ecent  switch the beam between its two stable states. The beam is
work? has demonstrated the feasibility of using a nanomedriven through the use of the well-known magnetomotive
chanically fabricated doubly clamped silicon beam as aechniqué®™® at 300 mK. Figure 1 shows the switch re-
memory element. By exploiting the bistability brought aboutsponse with a driving frequency of 23.497 MHAy.
by nonlinear excitation, this element has demonstrated bi=4.0 dBm,A,,q=1.0 dBm, andf,,q=0.05 Hz.
nary, controllable switching when subjected to an external ~ An important characteristic of this hysteretic region is
modulation. Reducing the modulation power results in a lostshe temperature dependence. In general, an increase in tem-
of switching fidelity, but the size of the switch remains con-perature results in a decrease in the region width and an
sistent. overall shift to higher frequencies. Figure 2 shows the evo-

We have fabricated a doubly clamped beam structurdution of the hysteresis with increasing temperature. In addi-
from single-crystal silicon by electron-beam lithography andtion, the hysteretic region is not the perfect square shape one
nanomachining as the basis for our nanomechanical memowyould assume from theory; rather, it shows a finite slope on
element. This beam has a length qir8, a width of 300 nm, both the upper state and lower state branches. The upper and
and a thickness of 200 nm, with a corresponding resonance
frequency in linear response of 23.568 MHz. The dynamics
of this system have been well understood since the time of Beam Resporse
Euler and have been the subject of numerous stdte=or 2.
small driving forces, the beam response is linear and follows s
a Lorentzian line oshape in frequency space. However, as the g

driving force is increased, the strain becomes plastic and the
beam length increases. Because the beam is clamped be-
tween two large pads which are a fixed distance apart, the
lengthened beam experiences an additional compressive
strain due to this geometric restriction. There are actually

two stable points of oscillation, and the beam is governed by Moduiation
the well-known Duffing equation, -
)
X+ 2yx + wax + kex® = F coswt. (1) <
2

At this point, the beam response is bistable and can oscillate é
linearly about the two fixed points described by a double- ?
well potential. Sweeping the frequency up and down shows a o
marked hysteresis; this defines a region in which the solution l
of the beam equation is multivaluédrhe frequency sweep 450 550 650
shows a characteristic sharp drop, which appears on either Time (seq)
the left-hand side or right-hand side, depending on whethet, 1 o ngiale switching at 23.4973 MHz. With g, of 1.0 dBm,
the beam softendeft) or hardengright). T=300 mK, andAy;, of 4.0 dBm, the beam shows the distinctive response

We have taken advantage of this characteristic of thef the bistable switch. The amplitude of the switch is approximately\§0
beam by driving our nanomechanical beam with a large amwhich matches the size of the drop-step seen in a frequency sweep per-
formed with a vector network analyzer. The bottom panel shows the modu-
lation signal; the switch response remains in phase with the modulation
¥Electronic mail: mohanty@physics.bu.edu signal.
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FIG. 2. Temperature variation of the hysteresis region, taken at 300 and 680
mK. Note that the width and location of the hysteresis are both altered with

. . 1 2! 5 o
increasing temperature. Time (sed Amplitude (V)

lower states also show more structure than a simple flat line, (b) —Gp ]
with areas where the gap size decreases or increases depend-
ing on the driving frequency.

Understanding the higher-temperature characteristics of
our switch is vital, as any realistic implementation of a na-
nomechanical memory element demands that the effects of
higher temperature be explored. Effects on the switching be-
havior will have their roots, at least in part, in the tempera- .
ture dependence on the shape and size of the bistable region 20
itself. Although these changes are slight, they do reflect the
necessity of ensuring that the driving frequency is well
within the bistable region, so that the temperature-induced
changes to the bistable region have minimal impact. It is for
this reason that we have used a driving frequency of 23.4973
MHz, which is well within the bistable region at all relevant
temperatures. Therefore we can reasonably deduce that any
effects seen are due to the interaction between the tempera-
ture bath and the dynamics of the beam, and have little de-
pendence on the evolution of the hysteresis region itself.

Having established that the beam is being driven at a 250 500 750 1000
frequency which shquld aII(_)w for bistable switching, we ex- Temperature (mK)
plore the effects of increasing temperature on the switching
itself. Figure 3a) shows the effect of increased temperatureriG. 3. Effect of temperature on switching control and magnitgaleRep-
on the switching characteristics of the beam. The first panegksentative scans at 300 and 825 mK, with associated histogram plots de-
depicts full switching consistent with 1.0 dBm of modulation picting the separation of‘the‘signal into two separate and Qistinct states. At

. . . .. low temperature, the switching is full and complete; the histogram shows
Power at 309 mK’, with a hlstogram plOt S_howmg the Spllt- two sharp peaks centered at the mean of each state. As temperature is in-
ting of the signal into two separate and distinct states. Thereased, the noise of each state also increases. Switching fidelity is also lost,
second panel depicts the beam response at 825 mK. Thete can be seen from the definite disparity between the sizes of the respective
are three major effects that are brought on by the increase ffistogram peaksb) Graph of the changes in gap si@lid line) and the

temperature. First, the spread of the points increases, refle@s'ag¢ state noise as defined by the width of each histogram(gieak
’ ! ' mondg with temperature. Increases in temperature lead to an overall de-

Ing the Incréasing noise resultl_ng frlom a h'Qher temperaturéease in gap size, with an overall increase in state n@selot of resi-
This is easily seen from the widening of the histograms fordence time fractioiRTF) for each state as a function of temperature. As the

each state. Second, the size of the gap decreases with itemperature is increased the RTF for the lower stateerted trianglep
creasing temperature. Part of this may be attributed to thiacreases, while that of the upper st@téangles decreases correspondingly.
fact that we have not changed the driving frequency, and are

therefore accessing a part of the bistable region which has tares. Figure &) shows the increase of skipped periods with
slightly smaller gap. Finally, the switching fidelity decreases;increasing temperature; the residence time fraction is the
several periods of switches are skipped within any scanime spent in either the upper or lower state. At full switch-
Even though switches are skipped, the phase of the switchingg, the residence time fraction for each state would therefore
is maintained. After a skipped switch, the bridge will not be 0.5.

switch again until at least one period has passed. Sometimes In conclusion, we find that increasing the ambient tem-
several periods will pass before the bridge switches agaimerature of the beam results in a loss of switching fidelity
but regardless of the amount of time passed, the bridge wilhnd general degradation of the character of the switch. The
still only switch in phase with the modulation. FigurébB temperature bath acts as a well-coupled source of external
includes the data from all temperatures studied here, showingoise which profoundly affects both switching fidelity and
the overall downward trend in gap size and increase in théhe overall character of the nonlinear bistable states. How-
noise the signaltthe full width at half maximum of each ever, there is a possibility that these temperature effects need

histogram, added in quadratyrevith increasing tempera- not be fatal to the overall utility of this bistable beam system.
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Of particular importance is the phenomenon of stochastic 1982 originally published in 1889 _
resonancé! which involves the counter-intuitive notion that “R- L. Badzey, G. Zolfagharkhani, and A. Gaidarzhy, P. Mohanty Appl.
under certain conditions, adding noise to a modulatedsphys' Lett. 85, 3587(2004).

. . . L. Euler, in Elastic Curvestranslated and annotated by W. A. Oldfather,
b|st§1ble system can actually increase its coherent reSPONSEC A Eilis, and D. M. Brown, reprinted from ISIS No. 58 XX, 1774
Having established that the temperature bath is a viable saint catherine, Bruges, Belgiym
method of coupling external noise to the beam, it is possible*m. c. Cross and R. Lifshitz, Phys. Rev. B4, 085324(2001).
that at the right temperatures, one would actually see an in®R. H. Blick, A. Erbe, L. Pescini, A. Kraus, D. V. Scheible, F. W. Beil, E.
crease in the coherent response of the beam switching, rathetioehberger, A. Hoerner, J. Kirschbaum, H. Lorenz, and J. P. Kotthaus, J.
than the expected decrease. Current and ongoing investig%PhyS-i Condens. Mattet4, R905(2002.

; ; ; ; il A. Husain, J. Hone, Henk W. Ch. Postma, X. M. H. Huang, T. Drake, M.
tions of this system are exploring this very possibility. : : : ' '
y P 9 yp y Barbis, A. Scherer, and M. L. Roukes, Appl. Phys. L&8, 1240(2003.
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