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Nanofabrication techniques: precisely defined geometry!

Example: slab geometry! Experimental constraints:!
-  measure small amount of liquid (~ pL)!
- high control of the surfaces roughness!
- ultra-low temperature compatible!

Grand Challenges in QFS ! ! ! ! !!
films in better controlled geometries compared to earlier
work. Comparisons, where possible, will be made with
the results described in Sec. IV.

A. Specific heat

It should be clear that, to verify predictions of finite-
size scaling, confinement to more uniform and larger
sizes than that achieved with unsaturated and saturated
films is desirable. The use of directly bonded silicon wa-
fers satisfies these requirements. The measurement of
heat capacity with such cells requires an ac technique
!Sullivan and Seidel, 1968; Mehta and Gasparini, 1998".
Basically, adiabatic calorimetry is not possible because
one is dealing with small amounts of helium,
#2–50 !mol, which makes thermal isolation next to im-
possible. The arrangement for the ac measurement is
shown in Fig. 11 !Mehta and Gasparini, 1997". The tech-
nique involves oscillating the temperature of the silicon
cell—typically by a few microkelvins—and looking for
the temperature response on one of the thermometers,
"1, attached to the top of the cell. The cell is regulated
using the other thermometer, "2, at an average tempera-
ture such that it is colder than stage S1 and warmer than
stage S2 !see Fig. 11". This prevents distillation of the
helium into the filling line anchored to S1. The reservoir
of helium in the filling line, #1 mm3 on top of the
bonded wafers, plays an important role. It yields a
marker for the bulk superfluid transition and provides a
thermal ballast which helps in the stabilization of the
cell’s temperature. This bulk liquid, which can be several
orders of magnitude larger than the amount of helium in
the cell, does not respond to the ac oscillations !Mehta et
al., 1999". Thus effectively, by operating at a finite fre-

quency, one is sensitive only to the helium confined in
the cell.

There is one drawback with these cells which was re-
alized after the first series of measurements and cor-
rected in later designs. When the confined helium is nor-
mal, the portion of liquid between the two wafers, below
what is labeled silicon piece in Fig. 11, does not contrib-
ute to the heat capacity. It is strongly coupled to the
thermal mass of the bulk liquid in the filling line. Below
the superfluid transition of the confined helium, which
takes place at a temperature colder than T# and colder
than the specific-heat maximum Tm, the liquid in this
center region begins to contribute. Further, when the
helium in the cell is superfluid, a resonance can be set up
which distorts the heat-capacity signal !Gasparini and
Mehta, 1998; Gasparini et al., 2001". For these reasons,
only data above the superfluid onset for the original cells
are used in the scaling analysis. To avoid these difficul-
ties, cells were designed subsequently so that most of the
liquid was removed from the center region by patterning
a series of fill channels. This is indicated in Fig. 12. In
this figure the darker area is SiO2. The region which
contains the helium to be studied is punctuated by “pil-
lars” that, upon bonding the top wafer, will constrain the
two wafers at a separation dictated by the thickness of
the oxide. The center region is a mesa of oxide with
lithographically patterned channels. The size of the
channels is designed such that the amount of helium in
these channels is small, and also that it remains normal
in the region of interest for the heat capacity. This design
ensures that the same amount of helium contributes to
the measured signal whether the helium in the cell is
normal or superfluid. Contrary to the opinion expressed
by Barmatz et al. !2007", the behavior of these cells is
well understood. The heat capacity is obtained without
any nonlinear dynamics and there are no issues associ-
ated with the helium in the filling line, as demonstrated
in control measurements by Mehta et al. !1999".

FIG. 11. Experimental setup for the ac measurement of small
uniform samples of confined helium between two silicon wa-
fers. Adapted from Mehta et al., 1999.

FIG. 12. !Color online" Oxide pattern used to confine helium
to a planar geometry. This is achieved when a second silicon
wafer is bonded to the structure. The outer border and posts
provide a uniform separation between the two silicon wafers.
The structure in the center minimizes the amount of liquid in
this region and shifts the local superfluid onset well below the
specific maximum.
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Grand Challenges in QFS ! ! ! ! !!

The slab is an ideal geometry for a plan capacitor!
!=> can we probe the surface states via the dielectric constant?!
!=> coupling to collective mode at high frequency?!

Superfluid nanomechanical resonators!
!=> Helmholtz resonators: superfluid fraction & thermal conductivity!
!=> Ultrasonic resonators: sound velocity & attenuation!
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the superfluid can oscillate. In our nanofluidic structure, there
are two pairs of channels of the same dimensions; one type of
channel has an electrode passing through, and the other one
does not. This leads to the following kinetic energy:
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2
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where a1 = 8.2 × 10−10 m2 and a2 = 8.8 × 10−10 m2 are the
cross-sectional areas of the channel type with an electrode and
without an electrode, respectively. l = 2.5 × 10−3 m is the
effective length of the channels, a sum of the physical length of
the channel plus a correction due to effects of the diverging flow
at the ends of the channel. This correction factor scales like the
cross-sectional area of the channel, which is small in this case,
and so this correction factor will be neglected in our analysis.
v1 and v2 are the average velocities of the superfluid in the two
different types of channels, which are related by a1v1 = a2v2
from conservation laws. As a result, we can define an effective
superfluid velocity v such that v = v1 = (a2/a1)v2. Hence, we
have
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)
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This expression represents the kinetic energy of an effective
mass,

mHe = 2
(

1 + a1
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)
ρs la1, (E3)

moving at a velocity v.
The potential energy is stored in the deflection of the glass

plates and the compressibility of the liquid confined in the
cavity. The compressibility of the liquid outside the nanofluidic
device is much larger due to the volume difference, and so it
does not contribute. The potential energy can be written

EP = 1
2

kplate

1 + "
x2, (E4)

with " = kplate/kHe, kHe = A2
plate/(χVcav), χ the compress-

ibility of liquid 4He, Aplate the surface area of the cavity glass
plates, Vcav the volume of the cavity, kplate the stiffness of the
glass plates, and x the change in the cavity height induced by
the deflection of the glass plates. The conservation of mass
leads to the following relation:
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where y is the effective displacement of the superfluid mass in
the channels. Hence, the potential energy can be written
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which represents the potential energy of an effective spring,
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with an elongation y. The dynamics of the system is then
simply described by the superfluid mass mHe attached to an
effective spring keff . Using Eqs. (E3) and (E7), the resonance

frequency of this mechanical system becomes
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In addition, since a1 # a2, we have
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Using Eq. (E9) and the bulk thermodynamic data of the
density ρ(T ,P ) and compressibility χ (T ,P ) obtained by
Maynard [36], we extract ρs/ρ from the resonance frequency
measurements ω0/2π of Fig. 4. We compared these data with
Maynard’s values for ρs/ρ and found a good agreement if we
add a correction factor α = 0.42, such that
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Since this correction factor is the same at every pressure
between 2 and 25 bar and every temperature between Tλ and
1.6 K, it is related to the oversimplified analytical model used
here, which, for example, does not take into account the exact
mode shape of the superfluid resonance.

APPENDIX F: SUPERFLUID FRACTION IN LIQUID 4He

The study of thermodynamic functions (specific heat,
superfluid fraction, compressibility, etc.) at the superfluid
transition of 4He has provided an important test for the
theory of critical phenomena [46,47]. The bulk behavior
of the superfluid fraction ρs/ρ is well known [38], but
very close to Tλ, finite-size effects can be revealed with
nanoscale confinement [39], and these effects are still not fully
understood [3]. We show (Fig. 9) our measurements of the
superfluid fraction as a function of the reduced temperature.
In the bulk regime, previous works suggest the following
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FIG. 9. (Color online) Temperature dependence of the superfluid
fraction, ρs/ρ, extracted from the resonance frequency using Eq. (1)
with Tλ taken from Maynard sound measurements [36]. Data taken
at a drive voltage Vd = 5 V, for various pressures: 2 (blue triangles),
5 (orange squares), 10 (green diamonds), 15 (red circles), 20 (black
diamonds), and 25 (purple diamonds) bar. The black line is obtained
by fitting the data measured at 2 bar with Eq. (F1).
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Microwave optomechanical scheme!

Grand Challenges in QFS ! ! ! ! !!
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G/2p< 100 MHz nm21. This is to be contrasted with previous experi-
ments that used nanowires of very low mass and high aspect ratio18–22.
These wires only contribute a fraction g (,1/1,000) of the total capa-
citance so that G < 2gvc/(2d). So although these wires have large
zero-point motion, the sensitivity is limited to G/2p, 100 kHz nm21.

Our circuit is fabricated with wafer-scale optical lithographic tech-
niques developed for creating low-loss vacuum-gap-based microwave
components23. The nearly circular membrane is 100 nm thick and has
a diameter of 15mm, allowing drum-like modes to resonate freely. The
fundamental mode is Vm/2p5 10.69 MHz, giving a zero-point
motion of xzp 5 4.1 fm. The total capacitance C < 38 fF combined with
a parallel inductance, L < 12 nH, provides a fundamental microwave
cavity resonance23 of vc/2p< 7.5 GHz. The device is cooled to 40 mK,
far below the superconducting transition temperature of aluminium.
To measure the motion of the membrane, we apply microwave signals
through heavily attenuated coaxial lines, which inductively couple to
the superconducting cavity, as shown schematically in Fig. 1c. The
transmitted signals are amplified at 4 K with a cryogenic low-noise
amplifier and demodulated at room temperature with either a com-
mercial vector network analyser (for characterizing the cavity mode)
or a spectrum analyser (for characterizing the mechanical mode).

Figure 2a shows the magnitude of transmission, jTj2, near the cavity
resonance at sufficiently low microwave power that radiation pressure
effects can be neglected. A Lorentzian fit yields a resonance frequency
of vc/2p5 7.47 GHz and a loaded intensity decay rate of
k/2p5 170 kHz. The depth of the dip at resonance shows that the
circuit is overcoupled, so that the dominant source of damping is
the intentional inductive coupling to the transmission line, kex/
2p5 130 kHz, which is much greater than the intrinsic decay rate,

k0/2p5 40 kHz. The motion of the drum mode modulates the capa-
citance and thus the frequency of the electrical resonator, creating
sidebands above and below the microwave drive frequency at
vd 6 Vm. Figure 2b shows the noise power of the upper sideband
due to the thermal motion of the drum at its fundamental mode,
Vm/2p5 10.69 MHz. These data show that the mechanical resonance
has an intrinsic damping rate of Cm/2p5 30 Hz and a high mechanical
quality factor of Qm 5 360,000. Although the microscopic mechan-
isms responsible for mechanical dissipation need more investigation,
these values are consistent with the improved Q-values associated with
tensile stress found with aluminium nanowire-based oscillators18,19,21.
With Vm/k 5 63, it is clear that we are deeply within the resolved-
sideband regime where the mechanical resonance frequency is much
larger than the cavity linewidth: this is a prerequisite for both sideband
cooling to the ground state and for observing normal-mode splitting7–9.

The quantum-mechanical behaviour of this parametrically cou-
pled system is described by the interaction Hamiltonian, HI 5
2Ba{ag0(b{ 1 b), where a{ (a) and b{ (b) are the creation (annihila-
tion) operators for photons and phonons, respectively. Because the
motion of this drum strongly influences vc, microwave signals can
be used not only to detect the motion of the oscillator but also to impart
back-action forces on it. The radiation pressure force of the microwave
drive photons gives rise to ‘optical’ spring and damping effects. The
interaction Hamiltonian can be linearized in a frame co-rotating with
the drive, taking the form, HI 5 2Bg(a{ 1 a)(b{ 1 b), where g~g0

ffiffiffiffiffi
nd
p

is the total (linearized optomechanical) coupling strength7–9, and nd is
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Figure 1 | Schematic description of the experiment. a, False-colour optical
micrograph of the microwave resonator formed by a spiral inductor shunted by
a parallel-plate capacitor. A coplanar waveguide transmission line (top)
inductively couples microwave signals to and from the resonator (centre).
b, False-colour scanning electron micrograph showing the upper plate of the
capacitor suspended ,50 nm above the lower plate and free to vibrate like a
taut, circular drum. The metallization is sputtered aluminium (grey) patterned
on a sapphire substrate (blue). c, This circuit is measured by applying a
microwave tone near the electrical resonance frequency through coaxial lines.
Cryogenic attenuators (20 dB) on the input line and isolators (circular
structures) on the output line ensure that thermal noise is reduced below the
vacuum noise at microwave frequencies. The measured signal encoding the
mechanical motion as modulation sidebands is transmitted to a low noise,
cryogenic amplifier (triangle) via a superconducting coaxial cable and
demodulated at room temperature with either a vector network analyser (green
trace) or a spectrum analyser (blue trace).
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Figure 2 | Characterization of mechanical and microwave resonances.
a, Measured probe transmission spectrum (green) and Lorentzian fit (black) of
the microwave circuit at low power, where optomechanical effects are
negligible. The width of the resonance yields the overcoupled, intensity decay
rate k/2p5 170 kHz. b, The mechanical resonance manifests itself as a peak in
the noise spectrum (blue), which appears Vm above and below the microwave
drive frequency, owing to the thermal motion of the drum up- or down-
converting microwave photons. At low microwave power, where back-action
effects are negligible, the Lorentzian fit (black) yields an intrinsic mechanical
dissipation rate Cm/2p5 30 Hz (Qm 5 360,000). c, Schematic diagram for the
relative frequencies of the microwave drive (red) and the upper mechanical
sideband (blue) with respect to the narrow cavity resonance (green). d, The
modified mechanical resonance frequency V’m and damping rate C ’m as a
function of the relative detuning d fit well to the theory of dynamical back-
action (black), yielding G/2p5 56 6 7 MHz nm21.
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!cav

Figure 2: Device, calibration, and measurement scheme. a. Electron micrograph of the measured device. A sus-
pended aluminum (grey) membrane patterned on silicon (blue) forms the electro-mechanical capacitor. It is connected
to the surrounding spiral inductor to form a microwave resonator. Out of view, coupling capacitors on either side of the
inductor couple the device to input and output co-planar waveguides. b. Motional sideband calibration. The cryostat
temperature is regulated while the mechanical mode is weakly probed with microwave tones set at !

c

+!
m

+ � (blue)
and at !

c

� !
m

� � (red) detunings, with � = 2⇡ ⇥ 500 Hz. The observed linear dependence provides the calibration
between the normalized sideband power and the mechanical occupation factor. Inset, up-converted motional sideband
spectra collected at 20mK (top) and 200mK (bottom), with �! = ! � (!

c

� �). c. Schematic of the microwave
measurement circuit.
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Suh et al. Science 344, 1262 (2014)!

Nanomechanical resonators!
•  Vibrating string/beam!
•  Vibrating Membrane!
•  Trampolines!

Superfluid nanomechanical resonators!
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Grand Challenges in QFS ! ! ! ! !!
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C!

E!(T ~ 10 mK)!

Very high quality factor!
Dissipation (phonons, rotons)!

Qm ⇠ 1010

L. A. DeLorenzo et al. New J. Phys. 16, 113020 (2014)!




