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Abstract Using microfabrication techniques, it has become possbimake mechanical
devices with dimensions in the micro and even in the nan@sihain. Allied to low tem-
perature techniques, these systems have opened a new philsics with the ultimate goal
of reachingthe quantum nature of a macroscopic mechanical degree of freedom?®. Within
this field, materials research plays a significant role. tigess from the fundamental na-
ture of the dissipation mechanisms at the lowest tempeastto the non-linear behavior
of mechanical oscillators. We present experimental resultcantilever structures mimick-
ing the well known "vibrating wire” technique, which presenany advantages as far as the
mechanical studies are concerned: the measurement issmeed, they can be magneto-
motive and electrostatically driven, and support extremely larggldisements. Moreover,
these devices can be advantageously used to study quanids) fluaking the link with
conventional low temperature physics.

PACS numbers: 62.20.Dc, 62.40.+i, 81.40.Jj, 47.45.-m3LAb

1 Introduction

Vibrating wires are a very common tool used in low tempemphysics. A small piece of
(usually superconducting) wire is immersed in a (quantumyl flFrom the damping and
the frequency shift of the transverse resonance one carceébe viscosity of the fluiél
This technique is effectively used to measure the lowespézatures ever achieveltrectly
inside superfluid®He®*, and has been proposed to build ultra-sensitive low tenpera
astro-particle detectoPs The low temperature mechanics of these wires (in vaccurs) ha
been extensively studied, especially with supercondudiiaments.

It has been realized with the first 4 K measurements of the Gitergoup that Silicon
devices can replace advantageously this "classical” igalen Indeed, Aluminum-coated
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Fig. 1 (Color online) Two typical NbTi-coated structures mimickimg vibrating wire. Top: NEMS structure
200 nm thick, length 1m. The electrode on the right enables a capacitive couplitigetoibrating device.
The metal layer is roughly 60 nm thick. Bottom: MEMS structurgr thick, length 1.85 mm. The metal
layer is roughly 150 nm thick. On both SEM pictures, one camthe curvature induced by the internal
stress of the metallic layer created during the film groWttThis stress has an influence on the resonance
position'2. The drive and detection are also depicted, see text.

"goal-post” shaped MEMS) were tested in the range 1 K - 30 K, and they displayed perfe-
clty suitable characteristi€s Their dynamical parameters can be very well determined and
fit to the 1D (linearand non-linear) oscillator.

Moreover, the "vibrating wire like” geometry is perfectlyeltsuited for low temperature
mechanics on its owh The cantilever-based geometry enables to study fundariseott
mechanics at the lowest temperatures, and can be efficiesely especially to characterize
mechanical properties of metallic coatings. In Fig. 1 wesprg two of these structures:
one of the size of a conventianal vibrating wire (mm lopgn thick), and another one
roughly 100 times smallegm long, nm thick) in the NEM&) domain. The actuation and
detection scheme enables a phase resolved measuremect (&mot the case of most
optical technique¥), and the deflections supported by these structures can tee(tuije
they are limited for a doubly-clamped bed

2 Experimental details

The fabrication method of the MEMS device has been report®d. ilt consists in a first
chemical etching (KOH) releasing a thin membrane ingNgiprotected Silicon chip. The
Nitride is then removed, and after a standard optical lithphy we use Reactive lon Etching
to pattern the goal-post shape on it.

The NEMS device is obtained from SOl waféfs After an e-beam lithography, the
structure is patterned by means of Reactive lon Etching ZD@enm oxyde is then removed
by a chemical vapour HF etching, releasing the device.

The excitation and detection scheme is the standard wvilgratire technique (see Fig.
1). A sinusoidal currenity cos(wt) is driven in the structure which lies in a static magnetic
field B parallel to the chip surface. A magnetomotive folglB appears pulling the structure

1 MEMS: micro-electro-mechanical-systems.
2 NEMS: nano-electro-mechanical-systems.
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Fig. 2 (Color online) Linear resonance obtained for the trangvarede, at 4.2 K in vacuum. | and Q stand
for phase and quadrature components respectively. Left: SIEddponse with a current of LA in a field
of 540 mT. Right: MEMS response with a current of L& in a field of 14 mT. The lines are Lorentzian fits.

out of the planel(is the length of the pad). As the angular frequencys swept through
the mode resonanag the structure starts to vibrate and an induced voltagel Bdx/dt
appears at its ends (withthe top end displacement). It is detected with a lock-in dfiepl
giving acess to phase (I) and quadrature (Q). For the NEMStsire, a capacitor has been
added to the design, enabling a voltage d¥iye

Two typical resonance curves are shown in Fig. 2, in the swpelucting state of the
NbTi coating. The phase and quadrature components of the direeperfectly Lorentzian,
with a Q value of 4000 for the NEMS and 17000 for the MEMS respectivéiile not
particularly large, these values are within the literatdf€. Note that Aluminum coated
vibrating wire MEMS? can reaciQ values of the order of. 6 1(F.

3 Results

Keeping the aspect ratios roughly constant, it is possbmpare directly the impact of
the size (1m to nm) on the mechanical parameters: the internal frictiechanism¥-7, the
strength and elasticity of the metallic films deposk&dhe non-linear characteristics of the
cantilevers and the superconducting-induced effects. icpéar the damping mechanisms
limiting the Q factors at low and ultra-low temperatures deserve to be stwml®2°, In
the present article, we shall discuss only a limited amodipints which we consider as
most relevant. The whole of the experiment shall be publighselvere.

On Fig. 3 we show the characteristic displacement-forceecaf the NEMS device, in
the normal state. For the largest excitations, heatingtsfleave been seéh and quantita-
tively measureddT < 2 K for the 10 K data of Fig. 3). For our largest displacemettis,
NEMS structure started to behave non-linearly. The dynaarge explored is even wider
than for our MEMS structures, but results are similar (Figf gef.8).

The normal-state linear and non-linear behaviour of our MES#8ctures is fairly well
understood. The non-linearity is ofjeometrical origin, leading to a frequency shift of the
order or&f = +0.1fox?/h? (h is the length of the cantilever). Thus the non-linearity is
visible as soon as the shift is of the order of the linewidth which leads to the simple

3 The line shifts and broadens, while keeping a Lorentz shape.
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Fig. 3 (Color online) Displacement versus force curve for the NEM8csure, measured in vacuum at 10 K
(normal state of the NbTi coating). The line is a fit enablingueigh” the device: we have typicallg ~

1.5 N/m (for the pair of cantilevers) ami ~ 1.10~12 kg (for the vibrating mass). Note the dynamic range
explored by the device. For an equivalent MEMS device, sgeFof ref8.

relation:
(x/h)? =10/Q

from which we obtain numbers in the 10m - 20 um range forx, that is of the order of
0.5 % to 1 % ofh. When the non-linearity appears, the shape of the resortzeamEmes
triangular with a frequency pulled upwards. At some crltieecitation, the response gets
bivalued!.

In Fig. 3 the displacement of the end part of the NEMS reachestad % of its lengthh,
and indeed the line starts to become non-linear. Howewenah-linearity is/ery small and
has the opposite sign (it is pulled downwards), which deserves to be fully undsust In
particular, the non-linear coefficient extracted from dirkne fits is strain-dependent, and
future experiments should clarify also its temperature ddpace. It certainly is material-
dependent (i.e. the NbTi layer) and perhaps linked to the hligfortion of the structure.
Moreover, ameasured linear regime extending over 2 orders of magnitude is remarkable,
and illustrates also the sensitivity of the setup. Indeleellibear dynamic range is a figure
of merit used in signal processing that can be applied to MEBNEMS in order to compare
and characterize theth

On Fig. 4 we demonstrate the capacitive coupling to the éevie do so, we show our
ability to tune the resonant frequency with an applied DQag#\; on the electrode. This
voltage adds up a restoring force which in turn producestariag spring] V2.

On Fig. 5 we illustrate the effects of superconductivity be thechanical parameters
(here, the frequency). Indeed, at low enough fields the &equ of the oscillator shifts up
quadratically?® with B. This effect had been reported already for our MEMS streétur
down to 1 mT. It is easily understood as the 'pure’ Meissnixatfexpelling the field lines
from the superconductor, or an ’effective’ Meissner effebtained with strongly pinned
vortices in the metal. In both cases the field lines distorgives rise to an additional spring
constant (through the field lines energy gradient) leadinf + ,/ fZ +aB2. The data are
taken at low drives where the damping seems to be field anchdisplent independent. For
stronger fields and drives, the frequency dependence iscoanplex, with additional dissi-

pation occuring, certainly through vortex dynamics. Thedyatic dependence factarhas
been extracted and is plotted versus temperature in Fig.ctedrly reflects the supercon-
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Fig. 4 (Color online) Tuning of the frequency by means of the capacioupling. A static voltage is applied
Vc on the electrode while the resonance is swept with the stdrtéahnique. Data taken at 4.2 K (blue
squares) and 10 K (red circles, shifted on ytaxis), with low fields and small drives. The line is a quadratic
fit, giving a coupling of—0.35 Hz/\2.

a6 ————————t —————— 0,008 =
= o
= Jo007 3
NCD (SN
2, ., L ] 0,006 &
= 7 1 10,005 <
Q

£ 10004 g
'S L % loooz 3
£ 24 1 2
2 B 10,002 =

o =4

2 10001 %
5 of 0,000 “m
E o 2 42 6 8 10 120 2 4 6 8 10 12 3

z T (K) T (K) -~

Fig. 5 (Color online) Quadratic factor extracted from the fieldundd frequency shift at small fields, as a
function of temperatur&. On the left: NEMS device. On the right: MEMS device. For bttt NbTi T, was
about 7.3 K. The line is &T; — T)%° guide (see text).

ducting transition with a power law dependancdof T close toT; and a saturation at low
temperatures. A fine understanding of the effect shouldtieadjuantitative analysis giving
access, for instance, to the London penetration leAgih.

4 Conclusions

In this paper we presented new "vibrating wire like” MEMS afieIMS devices for low tem-
perature studies. The mechanical resonance of theseustsés obtained via the magneto-
motive technique, furnishing a phase-resolved signal.gdwmetry allows for very strong
displacements, and we can follow the vibration amplitudéoupe non-linear regime of the
MEMS and NEMS cantilevers.

Moreover, this technique is a convenient tool to study meitsa(for instance elasticity) of
thin metallic films (both normal and superconducting), aadld be used for viscometry in
guantum fluids down to the 100 nm scale.
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