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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. ©2005 American Institute of Physics. [DOI: 10.1063/1.1849848]
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elements has been a goal ever since the design of th
mechanical analytic engine by Babbage in 1834.1 Recen
work2 has demonstrated the feasibility of using a nano
chanically fabricated doubly clamped silicon beam a
memory element. By exploiting the bistability brought ab
by nonlinear excitation, this element has demonstrate
nary, controllable switching when subjected to an exte
modulation. Reducing the modulation power results in a
of switching fidelity, but the size of the switch remains c
sistent.

We have fabricated a doubly clamped beam struc
from single-crystal silicon by electron-beam lithography
nanomachining as the basis for our nanomechanical me
element. This beam has a length of 8µm, a width of 300 nm
and a thickness of 200 nm, with a corresponding reson
frequency in linear response of 23.568 MHz. The dynam
of this system have been well understood since the tim
Euler and have been the subject of numerous studies.3–5 For
small driving forces, the beam response is linear and fol
a Lorentzian line oshape in frequency space. However, a
driving force is increased, the strain becomes plastic an
beam length increases. Because the beam is clampe
tween two large pads which are a fixed distance apart
lengthened beam experiences an additional compre
strain due to this geometric restriction. There are actu
two stable points of oscillation, and the beam is governe
the well-known Duffing equation,

ẍ + 2gẋ + v0
2x ± k3x

3 = F cosvt. s1d

At this point, the beam response is bistable and can osc
linearly about the two fixed points described by a dou
well potential. Sweeping the frequency up and down sho
marked hysteresis; this defines a region in which the sol
of the beam equation is multivalued.6 The frequency swee
shows a characteristic sharp drop, which appears on e
the left-hand side or right-hand side, depending on whe
the beam softens(left) or hardens(right).7

We have taken advantage of this characteristic of
beam by driving our nanomechanical beam with a large

a)Electronic mail: mohanty@physics.bu.edu
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We then add an external modulation which can controll
switch the beam between its two stable states. The be
driven through the use of the well-known magnetomo
technique2,8–10 at 300 mK. Figure 1 shows the switch
sponse with a driving frequency of 23.497 MHz,Adrive
=4.0 dBm,Amod=1.0 dBm, andfmod=0.05 Hz.

An important characteristic of this hysteretic region
the temperature dependence. In general, an increase in
perature results in a decrease in the region width an
overall shift to higher frequencies. Figure 2 shows the
lution of the hysteresis with increasing temperature. In a
tion, the hysteretic region is not the perfect square shap
would assume from theory; rather, it shows a finite slop
both the upper state and lower state branches. The upp

FIG. 1. Controllable switching at 23.4973 MHz. With anAmod of 1.0 dBm,
T=300 mK, andAdrive of 4.0 dBm, the beam shows the distinctive respo
of the bistable switch. The amplitude of the switch is approximately 60µV,
which matches the size of the drop-step seen in a frequency swee
formed with a vector network analyzer. The bottom panel shows the m
lation signal; the switch response remains in phase with the modu
signal.
© 2005 American Institute of Physics6-1
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lower states also show more structure than a simple flat
with areas where the gap size decreases or increases d
ing on the driving frequency.

Understanding the higher-temperature characteristi
our switch is vital, as any realistic implementation of a
nomechanical memory element demands that the effec
higher temperature be explored. Effects on the switching
havior will have their roots, at least in part, in the temp
ture dependence on the shape and size of the bistable
itself. Although these changes are slight, they do reflec
necessity of ensuring that the driving frequency is w
within the bistable region, so that the temperature-indu
changes to the bistable region have minimal impact. It is
this reason that we have used a driving frequency of 23.
MHz, which is well within the bistable region at all releva
temperatures. Therefore we can reasonably deduce tha
effects seen are due to the interaction between the tem
ture bath and the dynamics of the beam, and have little
pendence on the evolution of the hysteresis region itsel

Having established that the beam is being driven
frequency which should allow for bistable switching, we
plore the effects of increasing temperature on the switc
itself. Figure 3(a) shows the effect of increased tempera
on the switching characteristics of the beam. The first p
depicts full switching consistent with 1.0 dBm of modulat
power at 300 mK, with a histogram plot showing the sp
ting of the signal into two separate and distinct states.
second panel depicts the beam response at 825 mK.
are three major effects that are brought on by the increa
temperature. First, the spread of the points increases, re
ing the increasing noise resulting from a higher tempera
This is easily seen from the widening of the histograms
each state. Second, the size of the gap decreases w
creasing temperature. Part of this may be attributed to
fact that we have not changed the driving frequency, an
therefore accessing a part of the bistable region which h
slightly smaller gap. Finally, the switching fidelity decreas
several periods of switches are skipped within any s
Even though switches are skipped, the phase of the swit
is maintained. After a skipped switch, the bridge will
switch again until at least one period has passed. Some
several periods will pass before the bridge switches a
but regardless of the amount of time passed, the bridge
still only switch in phase with the modulation. Figure 3(b)
includes the data from all temperatures studied here, sho
the overall downward trend in gap size and increase in
noise the signal(the full width at half maximum of eac

FIG. 2. Temperature variation of the hysteresis region, taken at 300 an
mK. Note that the width and location of the hysteresis are both altered
increasing temperature.
histogram, added in quadrature), with increasing tempera-
Downloaded 14 Jan 2005 to 128.197.40.224. Redistribution subject to AIP
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tures. Figure 3(c) shows the increase of skipped periods w
increasing temperature; the residence time fraction is
time spent in either the upper or lower state. At full swit
ing, the residence time fraction for each state would there
be 0.5.

In conclusion, we find that increasing the ambient t
perature of the beam results in a loss of switching fid
and general degradation of the character of the switch
temperature bath acts as a well-coupled source of ex
noise which profoundly affects both switching fidelity a
the overall character of the nonlinear bistable states. H
ever, there is a possibility that these temperature effects

0

FIG. 3. Effect of temperature on switching control and magnitude.(a) Rep-
resentative scans at 300 and 825 mK, with associated histogram plo
picting the separation of the signal into two separate and distinct stat
low temperature, the switching is full and complete; the histogram s
two sharp peaks centered at the mean of each state. As temperatur
creased, the noise of each state also increases. Switching fidelity is al
as can be seen from the definite disparity between the sizes of the res
histogram peaks.(b) Graph of the changes in gap size(solid line) and the
average state noise as defined by the width of each histogram pea(dia-
monds) with temperature. Increases in temperature lead to an overa
crease in gap size, with an overall increase in state noise.(c) Plot of resi-
dence time fraction(RTF) for each state as a function of temperature. As
temperature is increased the RTF for the lower state(inverted triangles)
increases, while that of the upper state(triangles) decreases corresponding
not be fatal to the overall utility of this bistable beam system.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Of particular importance is the phenomenon of stoch
resonance,11 which involves the counter-intuitive notion th
under certain conditions, adding noise to a modul
bistable system can actually increase its coherent resp
Having established that the temperature bath is a v
method of coupling external noise to the beam, it is pos
that at the right temperatures, one would actually see a
crease in the coherent response of the beam switching,
than the expected decrease. Current and ongoing inve
tions of this system are exploring this very possibility.
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