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We demonstrate that soft-clamped silicon nitride strings with a large aspect ratio can be operated at mK
temperatures. The quality factors (Q) of two measured devices show consistent dependency on the cryostat
temperature, with soft-clamped mechanical modes reaching Q > 109 at roughly 46 mK. For low optical
readout power,Q is found to saturate, indicating good thermalization between the sample and the stage it is

mounted on. Our best device exhibits a calculated force sensitivity of 9.6 zN=
ffiffiffiffiffiffi
Hz

p
and a thermal

decoherence time of 0.38 s, which bode well for future applications such as nanomechanical force sensing.

DOI: 10.1103/PhysRevLett.129.104301

Over the last few years, string and membrane micro-
mechanical resonators made from high-stress silicon nitride
(Si3N4) have established themselves as a powerful system
for quantum engineering [1–7]. Applications range from
electro-optomechanical transduction of quantum states
[8,9] to scanning force microscopy [10], nuclear spin
imaging [11,12], spin-phonon entanglement [13,14], and
gravitational wave detection [15]. These applications profit
immensely from cryogenic cooling of the resonator, both
due to the lower thermomechanical noise and because the
mechanical quality factor Q generally increases with
reduced temperatures [16,17].
Even though Si3N4 resonators are expected to achieve

their best performance at millikelvin temperatures, little is
known about their actual properties (intrinsic Q, thermal
conductivity, Young’s modulus,...) under such conditions
[16,18], in particular in the presence of optical absorption
[15,17]. This is in part owed to the technical difficulties
added by working in a dry dilution refrigerator, whose
vibrations can furthermore add force and frequency noise
[19]. More fundamental, however, is a concern that the
interaction with an optical light field will induce heating in
the mechanical device, making it difficult to consistently
operate at mK temperatures. This issue could be strong
for one-dimensional (string) devices [7,20,21], whose ex-
treme aspect ratio is expected to lead to inefficient heat
conduction.
In this work, we experimentally demonstrate that a

corrugated soft-clamped Si3N4 string resonator with an
aspect ratio of 200 000 (4 mm long, 20 nm thick) can be
operated at temperatures as low as 46� 10 mK. We cool
the strings in a dry dilution refrigerator with custom-built
vibration isolation and a compact optical interferometer
readout that allows us to characterize the resonator decay
times during ringdown experiments. Through careful

analysis, we infer that the string achieves thermal equi-
librium with the sample plate for low optical readout
power. Our best device reaches a mean value for the
quality factor of ð2.3� 0.12Þ × 109 at a resonance fre-
quency of 1.406 MHz, corresponding to an intrinsic force
sensitivity of 9.6 zN=

ffiffiffiffiffiffi
Hz

p
and a dissipation-limited coher-

ence time of 0.38 s. Our work further shows a strong
increase of Q at the lowest measured temperatures, provid-
ing fresh insight regarding the fundamental limitations of
the coherence of the mechanical state.
We study soft-clamped nanostrings made from pre-

stressed Si3N4 [6], see Fig. 1(a). The fabrication procedure
is detailed in the Supplemental Material (SM). The devices
are mounted in a Leiden CF450 dilution refrigerator with
a mixing chamber base temperature of approximately
Tmc ¼ 30 mK, corresponding to a sample plate temper-
ature as low as Tplate ¼ 40 mK [22–24]. A spring suspen-
sion with soft copper braids between the mixing chamber
and the sample stage reduces the in-coupling of mechanical
noise. Two heaters at the sample stage allow for variations
of the sample plate temperature between 46 and 194 mK.
Mechanical oscillations of the string are measured with a

fiber-based optical interferometer, see Fig. 1(b) [23,25]. A
piezoelectric actuator excites mechanical oscillations to the
initial amplitude used for ringdown measurements. To
reduce optical heating and backaction effects, we apply
a stroboscopic measurement scheme [6] as shown in
Fig. 1(c). A variable optical attenuator turns the illumina-
tion of the device on and off, enabling “ringdowns in the
dark” whose progress is only intermittently probed. The
photocurrent from the signal diode is amplified and
measured with a lock-in detector. A phase-locked loop
(PLL) is used to continuously adjust the local oscillator
frequency of the lock-in amplifier to the mechanical
resonance frequency during each “on” period.
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Corrugated nanostrings exhibit a distinctive mode struc-
ture which is dictated by the number of unit cells and their
geometry. The periodic corrugation creates a phononic
crystal with a band gap [20]. This band gap spatially
confines certain flexural modes, whose quality factors are
enhanced due to a reduction in the clamping loss, see
Fig. 2(a) [5,20,26]. For our initial study, we use a 4 mm-
long and 100 nm-thick string, with a width varying between
wmin ¼ 500 nm and wmax ¼ 1200 nm (Device A, see
Table. I). For the particular string studied here, the soft-
clamped mode has a resonance frequency of floc ¼
1.237 MHz at room temperature, well inside the phononic
band gap indicated by a shaded region in Fig. 2(b). The
effect of soft-clamping for the in–band-gap mode is clearly
visible, since only this mode exceeds Q > 107.
Frequencies as well as quality factors of the mechanical

modes are affected by changes in temperature. While the

relative changes in frequency are small (e.g., δfloc ¼
20 kHz for a localized mode with floc ¼ 1.237 MHz),
the quality factors increase significantly. In Fig. 2(b), we
observe a consistent increase of the quality factors at 4 K
compared to room temperature for all modes.
The stress, and therefore the dissipation dilution factor of

prestressed resonators, increases for reduced beam cross
sections [5,6]. In order to achieve higher quality factors, we
repeat the measurements with two 20 nm-thick strings. We
investigate strings with 12 unit cells, with DUC ratios of
1.1 (device B) and 1.2 (device C). The frequencies of the

(b)

(a)

FIG. 2. String geometry and mode structure of device A.
(a) Shape wðxÞ of the 4 mm long corrugated beam with 10 unit
cells on each side (n ¼ 10) with a unit cell pitch of 100 μm,
filling factor of 50% (wmin ¼ 500 nm, wmax ¼ 1200 nm), and a
defect at the center with a width of 500 nm and length of 120 μm.
The corresponding fundamental and localized mode shapes are
shown as uðxÞ. (b) Quality factors of various mechanical modes
of the corrugated string at room temperature (green) and at 4 K
(orange). The string is 100 nm thick and grey shading indicates
the extent of the phononic band gap.
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FIG. 1. Experimental setup and stroboscopic ringdown. (a) A
false-colored SEM image of a string device similar to the ones
used in this study. Shown is one clamping point and two unit
cells. (b) Schematic illustration of the setup: A 1550 nm laser is
used to measure the displacement of the Si3N4 beam. An
electronic variable optical attenuator (EVOA) is used to switch
on and off the optical readout for the stroboscopic measurements.
The light reflected from the device interferes with the light
reflected at the semitransparent coated fiber end. The light is
focused with a gradient-index (GRIN) lens. The resonator motion
is excited via a piezoelectric actuator (PEA) attached to the
sample holder. The ac photodetector signal is recorded with a
lock-in amplifier. (c) Stroboscopic ringdown measurement of the
localized mode with frequency f0 ¼ 1.406 MHz at Tplate ¼
46 mK with ton ¼ 5 s and toff ¼ 200 s. The best fit for this
particular ringdown yields Q ¼ 2.41� 0.05 × 109 (95% confi-
dence interval of the fit). Roughly 120 nW of laser power were
focused on the resonator with a duty cycle of 0.02, yielding an
average power of 2.4 nW.

TABLE I. List of devices. The temperature for the Q4K is
between 4 and 7 K. Defect-to-unit-cell (DUC) ratio is the ratio
between the length of the defect and the pitch of a unit cell as
indicated in Fig. 2(a).

Device A Device B Device C

Length (mm) 4 4 4
Thickness (mm) 100 20 20
Unit cells 10 12 12
DUC ratio 1.2 1.1 1.2

floc (MHz) 1.237 1.443 1.406
Q300Kð×106Þ 21 73 100
Q4Kð×106Þ 65 540 730
Q46 mKð×106Þ 1600 2300
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fundamental modes are fBðCÞ1 ¼ 56.6 kHzð56.3 kHzÞ and

those of the localized mode (mode number 25) are fBðCÞloc ¼
1.443 MHzð1.406 MHzÞ at room temperature.
Figure 3 summarizes the Q values we measured for the

fundamental and localized modes of the two devices B and
C over the full temperature range. The localized modes
show a constant and roughly tenfold higher quality factor
compared to the fundamental modes, while the variations
between the two devices are small. A reduction of the
temperature from room temperature to 4 K leads to an
improvement of all quality factor values by a factor ∼10.
Further cooling to the base temperature of the refrigerator
(Tmc ¼ 30 mK) leads to another steep increase ofQ for the
localized mode of device C reaching up to Q ¼ 2 × 109.
The heating experiment has exclusively been conducted
with device C. A similar increase has been reported for
metal-coated silicon strings [27] and with silicon nitride
membrane resonators [15–18], but its microscopic origin
remains unclear. To confirm the validity of our result, we
performed careful studies as a function of average optical
power and sample plate temperature that we present in the
following. We note that the thermometer installed on the
sample plate was not operational during these experiments.
The temperature values reported here are the result of a
careful calibration study between Tplate and Tmc that we
performed in an additional cooldown. The calibration is
shown in the SM [24].
The interaction of the string with the laser beam can

induce two effects in the resonator modes: (i) on the one
hand, optical absorption heats up the string above the lattice
temperature of the stage it is mounted on. (ii) On the other
hand, radiation pressure forces or photothermal forces act as
positive or negative feedback that drive or damp a resonator
mode [28,29]. Tominimize these effects, we employ strobo-
scopic ringdown measurements, where light illuminates the
string only for short periods ton between “dark” periods
toff [see Fig. 1(c)]. The duty cycle D of a stroboscopic

measurement is defined as D ¼ ton=ðton þ toffÞ. We repeat
ringdown measurements for positive and negative optical
damping to characterize the influence of optomechanical
feedback forces (cf. SM [24] for details regarding the fringe
structure).
In Fig. 4(a), we see that the difference between opposite

feedback forces is small. This indicates that the influence of
radiation pressure or photothermal forces is minor. In
contrast, the measured quality factor depends strongly on
the duty cycleD, i.e., the average heating power arriving on
the string surface. The effect is strongest when operating
at the base temperature of the cryostat. The quality factor
increases as we reduce D and plateaus for D < 0.03. This
suggests that in this regime (i) either the string is well
thermalized with the sample plate and the laser-induced
heating is negligible, or (ii) Q becomes independent of
temperature below Tplate ≈ 200 mK.
In Fig. 4(b), we show repeated measurements of Q as a

function of D in the presence of a local heater mounted on
the sample plate. Increasing Tplate leads to an immediate
reduction of Q, demonstrating clearly that option (ii) is

FIG. 3. Quality factor for various temperatures. Measured Q of
two 20 nm-thick strings with n ¼ 12 unit cells and different DUC
ratio (device B: ratio 1.1, blue, device C: ratio 1.2, red) at various
temperatures. For each string, circles and squares correspond to
the localized and fundamental modes, respectively.

(a)

(b)

FIG. 4. Quality factor dependence on laser duty cycle and
temperature. (a) Quality factor of device C as a function of the
duty cycle D of the laser in the stroboscopic measurement. We
kept ton ¼ 5 s and varied toff . Since the beam waist is larger than
the string width, only around 120 nWof the 1.3 μW incident laser
power is focused on the string while the laser is on. The
interferometer is locked to values that induce either positive
and negative damping (cf. SM [24]). Error bars correspond to
95% confidence interval of the best fit. (b) Q of device C for
increasing sample plate sensor temperatures Tplate.
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wrong. We therefore conclude that option (i) is correct: our
string resonators do thermalize with the sample plate
temperature Tplate.
One possible explanation of the reduced dissipation

below 200 mK is the nonresonant coupling between
ensembles of defects in the material and the motion of
the mechanical resonator [30]. The defects can be modeled
as two-level systems (TLSs) in an asymmetric double-well
potential [31,32]. The resonator oscillation induces local-
ized strain variations that perturb the potential and couple
the defects and phonons [33]. To compare our data to the
standard tunneling model (STM), we plot Γm ¼ 2πfloc=Q
as a function of Tplate in Fig. 5. Theoretical STM analyses
on the role of TLSs for nanomechanical resonators predict a
power law Γm ∝ T1=2 [34] or Γm ∝ T [30,31] for a quasi-
one-dimensional string, with a plateau towards higher
temperatures.
The comparison of experimental data to the STM has

produced a variety of results in the past. With a range of
differentmaterials, measurements of quasi-one-dimensional
devices were approximated as Γm ∝ Tν with ν ¼ 1=3 [35–
37], ν ¼ 2=3 [38], or ν ¼ 1 [27,30]. A saturation of Γm

towards low temperatures was accounted for by the form
Γm ∝ ½1þ ðT=T0Þν�, with the free parameters T0 ¼ 0.3 K
and ν ¼ 1.6 [22,34]. Our data show a plateau of the
dissipation above Tplate ≈ 150 mK but no saturation at the
lower end of the accessible temperature range.
The implications of our measurements remain to be

investigated. In future work, we will study the possible
presence of surface adsorbates that can introduce additional
damping [39], and their partial desorption with strong local
heaters [40].

Looking forward, high Q and low device temperatures
are essential when using mechanical resonators for the
detection of small forces. The nanostrings investigated in
this work have a thermal noise-limited, single-sided force
sensitivity estimated as [41]

ffiffiffiffiffi
Sf

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTplatemeffΓm

q
¼ 9.6 zN=

ffiffiffiffiffiffi
Hz

p
ð1Þ

where kB is the Boltzmann constant, Tplate ¼ 46 mK is the
device temperature, Γm ¼ 2πf0=Q is the dissipation coef-
ficient for a resonance frequency f0, and the effective mass
meff ¼ 9.3 pg is extracted from numerically solving the
one-dimensional Euler-Bernoulli equation [26]. Our best
device therefore attains a force sensitivity similar to that of
a single carbon nanotube [42,43], in spite of the roughly
106 times larger mass. In contrast to carbon nanotubes with
a diameter of ≈1 nm, our top-down patterned Si3N4 strings
are large enough to envisage mounting a molecular sample
on them. This provides an interesting perspective for
ultrasensitive force detection experiments, for instance in
the context of nanoscale magnetic resonance imaging
[12,44–46]. A side-by-side comparison with the perfor-
mance of a state-of-the-art cantilever sensor confirms this
assessment (cf. SM [24]).
Low temperatures and high quality factors are also

important for increasing the quantum coherence time of
the resonator’s oscillation states [18,47]. Dissipation
imposes a limit to the coherence time, yielding in our case

γ−1diss ≈
1

nΓm
¼ Qℏ

kBTplate
¼ 0.38 s ð2Þ

where n ≈ 1000 is the phonon occupation number of the
resonator mode and ℏ is the reduced Planck constant. We
emphasize, however, that frequency fluctuations [48] can
significantly reduce this coherence time in practice. The
characterization of frequency fluctuations in these corru-
gated string devices is an important topic to be explored in
future studies.
A second crucial objective is to reduce the detection

noise when reading out the nanomechanical oscillation.
The simple interferometer used in the current setup is not
optimized for string devices and produces significant
additional readout noise, making the detection of thermo-
mechanical force noise impossible. Integrated optomechan-
ical readout [49,50] can mitigate this problem. Increasing
the vacuum optomechanical coupling rate g0 [28] will allow
better detection sensitivity for the same added heating. This
is possible because the optomechanical cooperativity scales
as G2, while absorption of light, in a rough approximation,
is estimated to increases only linearly with G [51,52].
In summary, we cooled and operated a Si3N4 string to

a bath temperature of 46 mK, where it achieved a force

sensitivity of 9.6 zN=
ffiffiffiffiffiffi
Hz

p
and a dissipation-limited

FIG. 5. Temperature-dependent dissipation coefficient. Γm
measured as a function of Tplate with device C. Changes in
Tplate were induced by two local heaters mounted on the sample
stage (heater 1 and 2). The black dot corresponds to the case
without heating. The dashed and dashed-dotted grey lines visu-
alize the power laws Γm ∝ Tν with ν ¼ 1=2 [34] and ν ¼ 1
[30,31] predicted by the STM for one-dimensional resonators.
Error bars indicate the calibration uncertainty of 10 mK of the
sample stage thermometer.
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coherence time of 0.38 s. We measure mechanical Q as
high as 2.3 × 109, more than 20× improvement compared
to room temperature. We observe a sudden increase of Q at
the lowest temperatures of our dilution refrigerator, imply-
ing that further improvements should be achieved with a
larger cooling power at base temperature and with better
thermalization of the sample plate. The microscopic origin
of the damping and decoherence in our devices is not fully
understood. However, the isolated nature of these localized
modes provides an unique avenue for further work.
Because of their simple geometry and strong isolation
from environmental influences, nanomechanical strings
offer an ideal system to test model predictions.
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