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Thermal conductance through discrete quantum channels
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Abstract
We have observed a quantized limiting value of the thermal conductance for each propagating phonon channel in a
one-dimensional (1D), ballistic phonon waveguide: g0 = 2 kB2 T=3h. To achieve this we have developed nanostructures with
full three-dimensional relief that incorporate integral thermometers and heaters. These devices are comprised of an isolated
thermal reservoir (phonon cavity) suspended above the sample substrate by four narrow insulating beams (phonon waveguides)
with lateral dimensions ∼ 100 nm. We employ DC SQUID noise thermometry to measure the temperature of the phonon
cavity non-perturbatively. Direct electrical contact from the suspended nanostructure to the room-temperature environment,
crucial for these experiments, is attained by means of a very signi cant level of electrical ltering. These rst experiments
provide access to the mesoscopic regime for phonons, and open intriguing future possibilities for exploring thermal transport
in very small systems. We are currently adapting and improving the ultrasensitive, extremely low dissipation DC SQUID
techniques utilized in this work toward the ultimate goal of detecting individual thermal phonons. ? 2001 Elsevier Science
B.V. All rights reserved.
PACS: 05.60.Gg; 63.22.+m; 66.70.+f; 85.30.Vw
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1. Introduction and motivation
In this paper we describe an experimental system
that clearly demonstrates mesoscopic phonon physics
in one dimension. Reduced dimensional phonon
transport has received theoretical attention from a
number of researchers [1–5]. Their e orts have led
to the prediction of a universal quantum of thermal
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conductance: g0 = 2 kB2 T=3h. This value of thermal
conductance exists for each propagating, ballistic,
one-dimensional (1D) channel that connects two thermal reservoirs. The thermal conductance quantum is
analogous to the quantum of electronic conductance
observed in ballistic electron systems [6,7], and is explained with a very similar theoretical description [8].
The theoretical starting point is the Landauer picture for ballistic electron transport. We write the heat
current carried between two thermal reservoirs of
phonons as
Z
P ∞
d k! (k) (k)(hot − cold )T (k);
(1)
Q̇ =
0
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where ! (k) is the dispersion relation for phonon
branch
; v (k) is the group velocity,  =
(exp(!=kB T ) − 1)−1 are Bose–Einstein occupation
factors for the two (hot=cold) thermal reservoirs, and
T (k) are transmission coecients characterizing the
coupling of the propagating waveguide modes between these reservoirs. As with the electron case,
when we move from integrating over wave vector
k; to frequency !, the group velocity cancels the
1D density of states. In this case, the thermal conductance depends solely upon the mode thresholds
[4].
Eq. (1) simpli es with two assumptions. Firstly,
we assume that the transmission coecients can be
engineered so that T (k) = 1 over some appreciable range of parameters accessible to experiment.
As we will show with our measurements, this can
indeed be achieved in practice. Secondly, we assume that the temperature is low enough so that
only the massless branches of the phonon dispersion
relation make signi cant contribute to the thermal
conductance. (By massless branches, we mean those
where ! (k = 0) = 0:) This condition will be satised, roughly, when the thermal phonon wavelength
exceeds the waveguide width: th = hc=kB T ¿ w,
where h is Planck’s constant, c is the speed of
sound, kB is the Boltzman constant, T is the temperature, and w is the waveguide width. In this
limit, it is found that the thermal conductance of
a ballistic, 1D channel is limited by the maximum
value
g0 =

2 kB2 T
:
3h

(2)

For these special modes, the quantized conductance
depends solely upon absolute temperature and fundamental constants.
Similar to the case of the quantum of electrical conductance, e2 =h, observed in ballistic electronic systems, the quantization of g0 is not expected to be
manifested with the precision exhibited by quantized
angular momentum in atoms, quantized circulation in
super uids, or quantized magnetic ux in superconductors. In these systems the quantization is perfect
because it is a consequence of quantum interference of
the wavefunction around a closed path. For the “transport quanta”, the precision of quantization is instead
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limited by the engineering and quality of transmission
coecients [9]. 2
Furthermore, unlike the case for quantization of
electrical conductance, we do not expect to observe
steps as the phonon thermal wavelength is varied with
temperature. In the electronic case at low temperatures, thermal smearing is small for EF kB T , and
transport is, in essence, dominated by electrons of a
single wave vector, kFermi . Steps in electrical conductance arise from the discrete nature of the quantized
transverse states that allow electrons to propagate
through the constriction. As the constriction width is
varied by electrostatic gates, these levels are sequentially populated or depopulated; these events can be
individually resolved at low temperatures since the
distribution function can be sharp compared to the
level spacing. This is not the case with phonons;
loosely speaking, the width of the Bose energy distribution is comparable to the average energy and does
not allow resolution of individual levels beyond those
that are the lowest-lying. Hence, in this case, only one
“step” is expected in the conductance at low temperatures, approximately below therm = hc=kB T ¿ w [4].
In addition, because of the additional wave polarizations and di erent boundary conditions, the nal number of channels for the phonon case remains N = 4 as
we scale the waveguides width progressively downward. For the electronic case, by contrast, the number
of channels goes to zero as the channel is pinched o .
A very interesting observation is that this result for
the thermal conductance is independent of particle
statistics [1,10 –12]. For this reason the quantum of
thermal conductance is truly universal, independent
not only of material characteristics but also of the
quantum statistics of the particles that transport the
energy. In addition, there exists a deep connection
to quantum limits of information ow [1,13,14]. The
quantum of thermal conductance is the maximum
thermal conductance per channel and this is equivalent
to the maximum data rate down a 1D channel. This
appears to have been rst pointed out by Pendry [1],
who considered the connection between maximal
2 An interesting exception is the quantum hall e ect where
the quantization of the hall resistance is precise in multiples of
e2 =h and is not a result of interference. In this ballistic system,
the transmission coecients are nearly perfect because of the
macroscopic spatial separation between the channels with +k and
−k which suppresses any back scattering mechanism.
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information ow, maximal entropy ow, and maximal heat ow. By following this chain of reasoning,
he concluded that the maximum thermal transport
through a 1D channel, for either Fermi or Bose statistics, is given by the quantum of thermal conductance.
The dispersion relations for the vibrational modes
of a dielectric beam of square cross-section have been
calculated using numerical techniques [15]. Although
the spectra of the massive modes are very complex,
one nds that there exists four massless branches:
one longitudinal (dilatational), one torsional, and two
transverse branches. Thus, for a freely suspended, dielectric beam at low temperatures, we expect to observe a maximum thermal conductance of 4g0 .
The transmission coecients for longitudinal waves
have been calculated [3] for di erent waveguide
shapes. A catenoidal shape, cosh2 (x=), has superior
transmission coecients, closer to unity over a wider
range of energies, compared to those for a linear taper. These calculations also show that as one lowers
temperature, thereby increasing the phonon wavelength, the transmission coecients eventually fall to
zero. This “loss of adiabaticity” arises from the nite
size of the waveguide termination, W . For very long
wavelength (i.e. at the suciently low temperatures),
therm ¿ W and the reservoir=waveguide junction will
appear as a discontinuity in the acoustic impedance,
and result in the re ection of incident power. Because
of this we expect to observe the quantized value for the
thermal conductance only over a nite-temperature
range, where W ¿ therm (T ) ¿ w (w is the waveguide
width, and W is the waveguide termination width).
2. Experiment
2.1. Nanofabricated sample
Fig. 1 shows a typical nanofabricated device [16].
The essential elements of the sample are its central
silicon nitride “plate”, the phonon cavity, which is
suspended from the substrate by four narrow beams
of rectangular cross section, the phonon waveguides.
On the phonon cavity we have deposited two Cr=Au
resistors (of thickness 5=25 nm), one to serve as a
heater and the other as a thermometer. On top of the
phonon waveguides we deposit 25 nm of Nb to provide
superconducting leads to the Cr=Au resistors.

Fig. 1. Suspended mesoscopic phonon device. (a) View of the
suspended device, which is comprised of a 4 × 4 m “phonon
cavity” (center) patterned from a 60 nm thick silicon nitride membrane. The bright “C” shaped objects on the cavity are thin lm
Cr=Au resistors, whereas in the dark regions the membrane has
been completely removed. The resistors are connected to thin lm
Nb leads that run atop the “phonon waveguides”; these leads ultimately terminate at the wirebond pads. (b) Close up of one of the
freely suspended catenoidal waveguides, displaying the narrowest
region which necks down to ¡ 200 nm width.

This sample has been engineered to satisfy four conditions that are necessary to realize the thermal conductance quantum with phonons:
(a) Isolated phonon thermal conductance: We
use superconducting Nb lms on top the phonon
waveguides to contact the Cr=Au resistors. This
eliminates the parasitic electronic thermal con-
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duction that has obfuscated previous experiments
[17].
(b) One-dimensional limit: The minimum cross section of the phonon waveguides is 200 nm × 85 nm.
The phonon thermal wavelength in silicon nitride
is therm = 300 nm=T , where T is the temperature in
kelvin. Thus, for temperatures T ¡ 1:5 K, we begin
to enter the 1D limit.
(c) Adiabatic contacts: We have drawn our
sample to the shape cosh2 (x=). The transmission coecients for longitudinal sound through a
waveguide of this shape has been calculated [3]
and are found to provide superior (nearly adiabatic) coupling as compared to a linearly tapered
horn. However, because these waveguide terminations are nite, we still expect loss of adiabaticity at temperatures where the phonon wavelength
exceeds 4 m. From the calculations in Ref. [3],
we expect this to occur for T ¡ 10 mK in these
devices.
(d) Ballistic transport: Ideally, one would utilize
crystalline materials to achieve ballistic transport
of phonons [18]. However, because of fabrication diculties we used free standing, 60 nm thick,
silicon-rich, low-stress silicon nitride lms in these
rst experiments. Two groups have measured the
thermal conductance of low-stress silicon nitride lms
[19,20]. It is found that for temperatures T ¿ 1 K, the
phonon mean free path is limited by di use boundary scattering, the Casimir limit. However, as the
temperature is lowered, the mean free path increases
and the transport becomes predominantly ballistic. At
rst impression it may seem surprising that ballistic
transport can be achieved within an apparently glassy,
non-stoichiometric material. This can be understood
by noting that as phonon thermal wavelength grows
the material appears to be increasingly homogeneous,
thus providing a smooth e ective medium for the
acoustic wave.
To measure the thermal conductance we need to
be able to force a heat current, Q̇, to ow in the
phonon waveguides and measure the resulting temperature drop, T , along them. For small T , the thermal
conductance is given by G = Q̇=T . However, because of the experimental conditions, especially temperature regime and size scale, providing heat to the
sample and measuring temperature both prove to be
quite challenging.
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2.2. Thermometry
Thermometry is a signi cant problem on the microscopic sample employed in this study. The measurement power is severely restricted by the exceedingly
weak coupling between the electron gas and the lattice at low temperatures [21]. As an estimate of the
maximum power, Q̇, which can be dissipated into the
electron gas we use the measured electron–phonon
coupling:
Q̇ = (Te5 − Tp5 );

(3)

where
is the volume of the electron gas,  =
2 × 109 W=m3 K 5 is the electron–phonon coupling
strength, Te is the temperature of the electron gas and
Tp is the lattice temperature. For our sample with
= 0:1 m3 , the electrons will remain at Te = 50 mK
with the lattice at Tp = 0 K with only Q̇ = 10−16 W
of power dissipated into the electron gas.
To overcome this problem we are utilizing DC
SQUID-based noise thermometry [22–24]. In this
technique, the temperature of a resistor is measured by placing it in a superconducting circuit that
tightly couples it to a SQUID which ampli es the
Nyquist current noise generated by the resistor. By
the Fluctuation–Dissipation theorem (see, example
Ref. [25]), we know that current uctuations are
driven in the SQUID input circuit by the dissipative
elements, namely, by the thermometer resistor. Fig.
2 shows our measurement circuit; the SQUID-based
noise thermometry is on the right-hand side of the
diagram. We use a superconducting transformer
T1 (Lp = 2:3 mH; Ls = 1:6 H; k = 0:78) to amplify
the current noise and to place all of the Nyquist
noise-current spectral density into a low-frequency
band. We use a second DC SQUID
(SQ2) as a ul√
tralow noise preamp (∼ 20 pV= Hz) to read out the
front-end DC SQUID (SQ1). This is necessary to
avoid degrading the ultralow noise oor of SQ1.
At rst glance it appears that there will be no
power dissipated within the thermometer resistor
with our measurement scheme. There are, however,
at least two sources of dissipation into the measured
resistor that can be identi ed: Josephson radiation
from the SQUIDs, and current uctuations from the
resistive shunts at the SQUIDs Josephson junctions.
The Josephson radiation arises from the fact that the
SQUIDs are always operated in the nite-voltage state;
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2.3. Heater circuit

Fig. 2. Measurement schematic. The suspended sample (Sa),
cooled on the dilution refrigerator’s mixing chamber (MXC), is
represented by two (∼ 17 ) resistors in the center of the gure.
Its rightmost (sensor) transducer is coupled to a DC SQUID-based
noise thermometry circuit. Two thin- lm DC SQUIDs (SQ1, SQ2)
are cooled on the MXC to enable ultralow-noise performance:
SQ1 is run open loop (with continuous gain measurement carried
out at 900 Hz, i.e. just outside the noise measurement band) while
its readout, SQ2, is operated in ux-locked mode. The metallic
powder lter (F1) on the MXC, shields the sample from Josephson radiation emanating from the SQUIDs. The sample’s leftmost
(heater) resistor is connected to a heavily ltered (F2–F5) current
biasing circuit used to Joule heat the nanostructure. A SQUID
voltmeter circuit (SQ3) on the MXC allows resistance measurement in situ, by sensing the voltage drop across the current-biased
heater. The heavily shielded superconducting transformers (T1,
T2) provide a current gain of ∼ 18. The cold sample is isolated
from heat conduction from the higher-temperature environment
through lters F2 and F3 (cooled on the MXC) and F4 and F5
(at 700 mK). F2 and F4 are metallic powder lters, while F3 and
F5 are 10 pole RC lters.

there is an oscillatory circulating current within the
SQUID loop. These oscillations occur at the Josephson
frequency for the bias point chosen, and are typically
about 10 GHz for our SQUIDs. This narrow-band,
high-frequency radiation can be attenuated without
a ecting the low-frequency measurement band. Fig.
2 shows the placement of a lossy stainless-steel powder lter, F1, which is used to absorb this radiation.
Because of the weak coupling between the electrons and the lattice at low temperatures, it is likely
that the SQUIDs shunt resistors will not cool below
∼ 200 mK, even for colder dilution refrigerator mixing chamber temperatures [26]. Hence, we estimate
that the total available power which can ow from the
SQUID shunts to the Cr=Au noise thermometer resistor to be ∼ 10−20 W. In this estimate we have limited
the bandwidth of the noise power radiating from the
SQUID to ∼ 1 MHz, which is reasonable given the
known frequency response of our coupling transformers.

In order to supply Joule heat to the nanostructure,
we need a DC connection from room-temperature
electronics to the Cr=Au heater resistor on the phonon
cavity held at low temperature. However, the thermal
radiation from resistors at higher temperatures (in the
form of Johnson noise) is a signi cant problem. One
can show that the total available power that can be
transferred from a resistor at temperature T to one at
0 K is
Q̇ ≈

kB2 T 2
:
h

(4)

The frequency of this Johnson noise power will extend
from DC to max , where hmax ∼ kB T . For example, a
resistor at 1 K has a total available power of 0.3 pW
and spectrum extending to 40 GHz. This power would
prevent our sample from cooling below 1 K. Because
of this, the connection from the suspended nanostructure to the thermal environment must be carefully engineered.
In order to circumvent this problem we have installed an extensive lter network between the sample on the mixing chamber and the room-temperature
electronics. We have installed two sets of lters, one
set (F4 and F5) on the “still”, i.e. typically at ∼ 0:7 K,
and another set (F2 and F3) at the (coldest) sample
stage on the mixing chamber of the dilution refrigerator. The lters at 0.7 K adsorb the radiation from
300 K, while the set at the sample temperature adsorb
the power radiated at 0.7 K by the dissipative elements of the lters. Each lter set consists of a 10 pole
RC lter (F3 and F5) made from microwave components, and a stainless-steel powder lter (F2 and F4).
The RC network is e ective from 1 kHz to ∼ 1 GHz,
while the lossy powder lter [27] provides signi cant
attenuation from 100 MHz to ¿ 20 GHz (the latter
being limit of our network analyzer) Fig. 3 shows the
total lter attenuation, which is the sum of the measured performance of each lter element, F2–F5. We
believe that we have limited the total power radiated
to the sample from 300 K to be less than 10−18 W,
and less than 10−19 W from 0.7 K. In addition to the
lters, the sample is isolated inside a close- tting superconducting Pb cavity. Only two twisted pairs penetrate this cavity, one pair for the thermometer and
the other for the heater. These twisted pairs, which
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Fig. 3. Filter performance. We use a cryogenic lter network to
isolate the sample from the external thermal environment, which
is connected through the heater leads. Data with crosses shows
attenuation between the sample and the lters set at 0.7 K, while
the data with squares shows the attenuation between the sample
and room-temperature environment at 300 K.

are themselves shielded in superconducting Nb capillary, connect the sample with the transformer coupled
SQUID electronics.
Fig. 2 shows the heater side of the circuit. In addition to the lter network, we have installed a DC
SQUID voltmeter at the sample temperature with an
input impedance
of 10 k and a sensitivity of ∼ 1 ×
√
10−9 V= Hz. We use this to measure the voltage developed across the device while we apply the heater
current. Together with the calibrated source of applied
current at room-temperature, these elements provide
an accurate measure of the Joule heat deposited into
the phonon cavity.
2.4. Additional details
These nanostructures have proven to be extremely
sensitive and susceptible to electronic shock. In order to make wirebonds to the sample, we fabricate a
large, 200 nm thick, Au shorting resistor across the
bond pads which lead to the Cr=Au resistor on the
nanostructure. After wirebonding, we use a scribe to
open this shorting resistor. In order to make the connections to the measurement electronics without damaging the sample, we epoxy the 3 mm × 3 mm silicon substrate, which supports the nanostructure, onto
a 2:5 cm × 2:5 cm glass slide. On this slide we deposit
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Fig. 4. Noise thermometer. The measured spectral noise power of
the SQUID ux noise is plotted vs. refrigerator temperature. For
temperatures 80 mK6T 61:8 K, the behavior closely follows the
form of ideal Nyquist current noise.

a 50=10 nm thick Nb=Au meander. This 9 k meander makes contact from the bond pads leading to each
side of the Cr=Au resistor on the nanostructure, to a
large pad where we make contact to the measurement
electronics with pressed In contacts. This short between the two sides of the meander, ∼ 100 , is then
mechanically removed with a scribe when the contact
to the measurement electronics is complete. At room
temperature this meander provides both a resistive divider (100 =9 k ) and a series resistance of 9 k
that protects the sample. However, at low temperatures the meander superconducts and thus becomes
transparent to the measurement electronics. Without
these measures we have found that the nanostructure melts at the cantenoid when contacted electronically, presumably from heat deposited by electronic
shock.
3. Experimental results
Fig. 4 shows the measured noise thermometry
data. We rst stabilize the dilution refrigerator at a
target temperature, and then measure the amplitude
of the noise generated by the thermometer resistor as
detected by the DC SQUID noise thermometer. The
noise power is integrated within a band 500 Hz wide,
centered at 1250 Hz, for 200 s. In Fig. 4, we plot the
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spectral density of the ux noise vs. the temperature
of the dilution refrigerator as measured by a calibrated
Ge resistance thermometer. For temperatures in the
range 80 mK–1.8 K, we nd that the spectral density
of the ux noise scales linearly with temperature, as
expected from the Nyquist noise formula. For temperatures greater than 1.8 K, the noise deviates from
linear behavior, which is probably caused by the loss
of superconductivity of the lm on top the phonon
waveguide. For temperatures less than 80 mK, the
noise power saturates. This may be caused by an unknown source of power, of magnitude ∼ 10−16 W,
which is coupled into the Cr=Au resistor thereby
elevating its electron temperature above that of the
lattice [21]. The slope of the noise power in the temperature range 80 mK–1.8 K is consistent with a noise
thermometer resistance of 9 . This value is close to
the measured value of its nominally identical twin,
the resistor used as the heater, Rheater = 17 . Without
the noise thermometer circuit connected to the input
coil of the SQUID SQ1, we typically achieve a noise
oor about ∼ 10 =rt Hz, which is a coupled energy
sensitivity of 3:3 × 10−32 J=Hz = 50 h. Using this resistance and energy sensitivity of our SQUID system,
we expect a noise temperature of our SQUID system
[22] to be 500 K. 3 However, the intercept of the t
line gives the measure of the SQUID system noise of
50 mK. This excess noise cannot be attributed to our
measurement circuit and may re ect mesoscopic phenomena within the Cr=Au resistor. It is interesting to
speculate that there may be some connection between
the observed saturation in the noise temperature and
the excess noise power.
The thermal conductance is measured by rst stabilizing the dilution refrigerator at the desired temperature and then measuring the noise temperature for
di erent steady-state power levels deposited into the
heater. At each temperature, we measure the heater
resistance. In this way we obtain an accurate measurement of Joule power, Q̇, deposited into the nanostructure. Fig. 5 shows the measured noise thermometer
response vs. heater power taken at 450 mK. The scatter
in the points is consistent with the expected statistical
uncertainty [28] given our measurement bandwidth,
3

The noise temperature is de ned as the temperature at which
the noise generated by the resistor will equal the noise of the
SQUID system.

Fig. 5. Noise temperature vs. heater power. The measured noise
temperature of the Cr=Au thermometer resistor is plotted vs. the
power delivered to the Cr=Au heater resistor, measured at 450
mK. The inverse of the slope of the t line gives the thermal
conductance of the nanostructure.

Fig. 6. Thermal conductance. The measured thermal conductance
versus temperature is displayed. For temperatures T ¿ 0:8 K we
observe T 3 behavior, which is consistent with a mean free path
of ∼ 1 m. For temperatures T ¡ 0:8 K we observe a transition
to linear behavior with a value approaching the expected quantum
value of 16g0 .

B = 500 Hz, and integration time,  = 200 s:
r
1
:
T ≈ T
B

(5)

Fig. 6 shows the measured thermal conductance of
the phonon waveguides and is the central result of this
work. We nd for temperatures T ¿ 0:8 K that the
thermal conductance follows a T 3 law. The data in this
regime are consistent with a temperature-independent
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mean free path of ∼ 1 m and is within the range
observed by other researchers on similar material
[19,20]. However, for temperatures below 0.8 K,
we see a dramatic transition from the T 3 behavior
to what is essentially linear dependence. This is the
hallmark of 1D behavior. The transition occurs at a
temperature where the thermal phonon wavelength,
therm = 380 nm, is somewhat greater than the width
of the phonon waveguide at the constriction. We see
that the thermal conductance in this regime is close to
the predicted value of 16g0 (four massless modes per
channel, and four channels). This indicates that we
have achieved adiabatic coupling to the waveguide,
and ballistic transport.
Because of the saturation in the noise thermometer
at ∼ 80 mK, we are unable to explore the behavior
at lower temperatures where we expect to observe the
loss of adiabatic coupling between the phonon waveguide and the reservoirs. We are currently attempting
to extend the range of our measurement to these lower
temperatures.
The deviations from exact quantization are reminiscent of those observed in electronic systems and could
be a result of a number of e ects:
(a) Phonon mean-free path: Holmes et al. [19]
show that the thermal conductance of a 1m thick,
silicon-rich, low-stress silicon nitride sheet approaches the ballistic limit in the temperature range
of ∼ 200 mK. This could explain the approach to the
ideal quantum value of thermal conductance in our
data as the sample is cooled below 250 mK.
(b) Transmission coecients: The imperfect quantization could also be caused by non-ideal transmission coecients, Tm ¡ 1. As we decrease temperature
and work with phonons of greater wavelength, we are
essentially scanning the transmission coecients vs.
wavelength. Since the sample will appear smoother
for the longer phonon wavelength, this could explain
the approach to the ideal value as we lower the temperature.
(c) Channel opening e ect: In electronic systems which show quantized electronic conduction,
researchers have observed suppression of the conductance at the onset of each channel opening [29]. This
is understood [30 –32] as a result of enhanced scattering from the open channels into those just at the
threshold of opening. However, due to the small lon-
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gitudinal energy, which can localize the barely open
channel, incoming electrons are eciently backscattered. It has been suggested that a similar e ect may
be responsible for the dip in the phonon thermal
conductance at 250 mK.
4. Conclusions
We have engineered an experiment that allows us to
directly observe the contribution to thermal conductance from individual 1D ballistic phonon channels.
We have measured a universal limiting value for the
thermal conductance per channel g0 = 2 kB2 T=3h. We
are currently experimenting with additional nanostructures to di erentiate between what is truly universal behavior in our observations, and what are
mesoscopic, sample-speci c e ects. This approach
has revealed some of the rst clear manifestations
of mesoscopic phonon physics.
The universal quantum of thermal conductance is
of importance for the future engineering of nanoscale
devices. In any nanostructure where energy must be
dissipated, such as memory or logic elements, g0 represents the maximum energy transfer rate per thermalization channel. The techniques described in this work
are also relevant to researchers interested in extremely
low dissipation, non-perturbative measurement – especially those interested in realization of solid-state
quantum computing devices [33–35].
The physics demonstrated in this work clearly
exhibits the wave-like nature of phonons. In future
experiments we hope to explore the particle-like
nature through detection of individual quanta [36].
Although technically challenging, this o ers the possibility to observe interesting quantum e ects such as
phonon shot noise and phonon bunching. If successful, such e orts would represent the rst detection
of a single mechanical quantum, and o ers intriguing prospects for producing and detecting novel
non-classical phonon states such as squeezed phonon
states [37,38].
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