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Tunable low-temperature dissipation scenarios in palladium nanomechanical resonators
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We study dissipation in palladium (Pd) nanomechanical resonators at low temperatures in the linear response
regime. Metallic resonators have shown characteristic features of dissipation due to tunneling two-level systems
(TLS). The system described here offers a unique tunability of the dissipation scenario by adsorbing hydrogen
(Hy), which induces a compressive stress. The intrinsic stress is expected to alter TLS behavior. We find a
sublinear ~7%* dependence of dissipation in a limited temperature regime. As seen in TLS dissipation scenarios,
we find a logarithmic increase of frequency from the lowest temperatures till a characteristic temperature 7, is
reached. In samples without H,, T;, ~ 1 K was seen, whereas with H, it is clearly reduced to ~700 mK. Based
on standard TLS phenomena, we attribute this to enhanced phonon-TLS coupling in samples with compressive
strain. We also find that with H, there is a saturation in low-temperature dissipation, which may possibly be due
to super-radiant interaction between TLS and phonons. We discuss the data in the scope of TLS phenomena and

similar data for other systems.
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I. INTRODUCTION:

Nanoelectromechanical systems (NEMS) are not only
sensitive transducers but also form an excellent platform to ex-
plore basic physical phenomena. The spectrum of phenomena
include potential macroscopic quantum states [1], electron-
phonon coupling [2], and mechanospintronic phenomena [3].
Scaling of NEMS to smaller sizes (or higher frequencies)
results in higher dissipation [4]. Typically, GHz frequency
devices that can satisfy the rudimentary quantum condition
hew > kpT at dilution fridge temperatures are limited by
intrinsic losses despite geometric aspects like clamping loss
at boundaries are overcome by new resonator designs [5,6].
Photon pressure in microwave cavities can also squeeze MHz
frequency NEMS, resulting in occupation numbers close to
the ground state of a quantized harmonic oscillator [7]. A
dilation-mode resonator is the only system so far to show
evidence for macroscopic quantum behavior in mechanical
systems [8]. Intrinsic loss mechanisms in NEMS are not yet
fully understood and are crucial to understand decoherence of
quantum phenomena [9].

II. QUANTUM FRICTION DUE TO TUNNELING
TWO-LEVEL SYSTEMS

At temperatures typically below 4.2 K (boiling point of
helium), the bulk elastic properties of most solids like Young’s
modulus and thermal contraction or expansion coefficients
do not change significantly. Hence, one may naively expect
most solid-state resonant structures (like cantilevers, beams,
or vibrating wires, etc.) will show uninteresting behavior
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in their mechanical response at these temperatures. On the
contrary, the mechanical responses of solid-state mechanical
resonators do vary vibrantly even at temperatures down to
even below 7' < 3 mK [10]. Entities like defects play a critical
role in dissipation at these temperatures. The classic discovery
by Zeller and Pohl [11] showed that excess specific heat
of amorphous solids can be explained by the presence of
two-level excitations. A phenomenological model based on
tunneling two-level systems (TLS) has been able to model a
variety of low-temperature mechanical and thermal properties
of bulk solids and are not limited to modeling amorphous
solids alone [12-14]. The standard TLS models assume that
phenomenologically two-level excitations are present and
probability of going to higher levels are negligible at low
temperatures. The tunneling process between the two levels
is modified by coupling to quasiparticles, such as phonons
or electrons, giving a unique behavior for different systems.
Since tunneling is a quantum effect often dissipation due
to TLS is also referred to as quantum friction. Some of
the key parameters of a phenomenological TLS are shown
schematically in Fig. 1. Apart from the parameters for an
isolated TLS as shown in Fig. 1(a), the overall energy
landscape of TLS, such as the distribution function of TLS
energies P(E, A), distribution of typical relaxation times  for
tunneling (both P(E,Ag, and T are functionally related), and
how the TLS interact with each other and with quasiparticles
like phonons, gives rise to unique behavior for various classes
of systems. These models have been successful in explaining
many experimentally accessible properties of bulk solids
both amorphous and crystalline. The experimentally studied
properties usually have a Kramers-Kroning-type dispersion for
a generalized susceptibility x = x, + i x;,» containing a real
(dissipative) and imaginary (dispersive) response, the dissipa-
tion 0!, and relative frequency shift df/ f, for measurements
in this work. TLS models for amorphous glasses are general
enough to be mapped to several crystalline and polycrystalline
systems. TLS candidates for polycrystals are grain boundary
angles, dislocations kinks and jogs, or other imperfections but
with different energy scales for parameters like phonon-TLS
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FIG. 1. (a) Schematic of a TLS. The key parameters are
barrier height V, barrier asymmetry A, relaxation time 7, and the
TLS-phonon coupling parameter y. The tunnel amplitude Ay ~
1Qe~*, where A = dv/2mV /h* and m is a particle mass like term.
TLS splitting energy E* = A2+ A} . Possible changes in TLS
parameters (b) increase of barrier height (c¢) enhanced phonon
coupling. (d) Schematic showing a random configuration of occupied
two level system |0) and |1). As time proceeds the flexural motion
couples to the TLS with relaxation time t comparable to device
frequency 1/w and causes them to absorb or dissipate energy.

coupling, density of TLS, etc. Perfectly crystalline materials
can show spin-glass states in their magnetic ordering. As an
analogy, one may view TLS scenarios describing crystalline
materials as a pseudospin glass [15]. TLS models predict a
range of values for quantities like mechanical dissipation, e.g.,
Q="' ~1073-1073 for amorphous dielectrics with some ex-
ceptions in stressed systems like silicon nitride [16]. Although
TLS models have been successful in explaining the behavior of
various bulk solids, there are still open problems, like probing
TLS at extremely low and high frequencies. What are the
physical attributes of TLS? How do we tune them? These
are some of the open questions [17,18]. Some recent works
in this direction are Ref. [19] on hydrogenated silicon alter-
ing the amorphous network and density-dependent voids in
silicon [20].

In mesoscopic systems, the surface-to-volume ratio and
size of the system complicate modeling them with established
theories for bulk. Hybrid NEMS, i.e., semiconductor beams
with metal electrodes to actuate in systems such as gallium
arsenide, silicon, and diamond have shown extensive evidence
for TLS phenomena [21]. One often ignores the effect of the
electrodes like gold as negligible due to its smaller Young’s
modulus compared to the material under study. Recently, Al
electrodes on silicon structures showed a profound difference
when measured in the superconducting and nonsuperconduct-
ing state [22].

Stand alone metallic nanomechanical systems are simpler
systems to study dissipation. It was demonstrated that at cryo-
genic temperatures tensile stress in these systems increases
the quality factor (Q-factor) [23]. Metallic nanomechanical
resonators made of gold [24] and aluminium [25,26] have
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shown clear evidence for TLS mechanisms. The behavior of
metallic systems have been similar to amorphous dielectrics
with electrons not playing a prominent role. For example,
in Refs. [25] and [26], aluminum beams in normal and
superconducting states show similar behavior as opposed to
silicon devices with aluminium electrodes [22]. Metallic thin
films and deformed bulk aluminium have been extensively
studied in the context of TLS dissipation in Ref. [27]. In
Ref. [28], Ag and Al films were studied as examples of
normal and superconducting films. The electronic mean free
path dependence of TLS dissipation in various polycrystalline
metals were studied in Ref. [29]. Some of the key results
obtained in these systems are also discussed along with the
results in this work.

III. SYSTEM UNDER STUDY

In this work, we report our studies on mesoscopic Pd
beams. The motivation for studying Pd is to probe a system
where dissipation scenarios may be modified significantly
intrinsically without external dissipation dilution [30] mecha-
nisms like poor coupling to the environment or measurement
system. Palladium’s affinity to adsorb H, is well known. In
Ref. [31], nanoscale Au-Pd beams have been used as hydrogen
sensors by probing frequency shifts due to adsorbed H,.
The H, not only covers the surface but also forms H* ions
that diffuse inside and occupy interstitial sites in the Pd,
resulting in a compressive strain of the Pd lattice structure.
Compressive or tensile stress can affect the barrier height V
as sketched in Fig. 1(b) or TLS-phonon coupling constant
y as represented in Fig. 1(c). Metallic beams at cryogenic
temperatures have intrinsic tensile stress due to differential
thermal contraction with respect to the substrates. Our goal is
to tune this tensile stress by exposure to H,, thereby modifying
the TLS scenario. Intrinsic tensile stress is known to drastically
alter TLS in systems like silicon nitride [16,30]. If TLS are
seen as pseudospins, the internal stress plays the role of a
pseudo-Zeeman term. One can expect any of the scenarios as
sketched in Figs. 1(b) and 1(c) and possibly strong interactions
among TLS. To the best of our knowledge, this is the only
work on submicron metallic doubly clamped beams where the
TLS properties are modified in one and the same material.
We observe regimes of stronger TLS-phonon coupling as
well as possible super-radiant TLS-phonon losses at very low
temperatures.

Typical samples had a length (/) of 4-5 um, thickness (¢)
around 80 nm, and a width (w) of 400-470 nm. The beams
were fabricated by performing e-beam lithography on Si/SiO,
wafers to define a standard PMMA based lift-off stencil. The
Pd films were deposited in an electron gun evaporator at
~1.6 Als t0 2.0 A/s followed by a lift-off process in solvents to
define the beams. The SiO, was etched in buffered oxide etch
(i.e., stabilized hydrofluoric acid etch solution). The etchant
attacks the underlying SiO, isotropically. The larger Pd contact
areas are slightly undercut while the narrower regions are
completely undercut in the etch process causing the beam
to be suspended. Figure 2(a) illustrates the zoomed out image
of a sample. A zoomed image of the undercut beam (samples
B1 and B2) with pads is shown in Fig. 2(b). The samples
were bonded by mechanically pressing indium coated gold
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Suspended Pd
beams.

FIG. 2. (a) Overview of the etched beam structure. One of the
markers was released and displaced during the wet etch process. (b)
Magnification of the central area of samples B1 and B2 showing the
two suspended beams.

wires on to the chip and to microstrip tracks on printed circuit
boards.

IV. EXPERIMENTAL SETUP

A schematic of the experimental setup is shown in Fig. 3(a).
The experiments were carried out in a cryofree dilution fridge
with a common vacuum space to isolate various cold stages.
A separate brass vacuum can with homemade radio frequency
(RF) feed-through was used to to let the H, exchange gas into
the sample space and avoid thermal linking of other stages
of the fridge. The input lines were 502 cupronickel coaxial
cables. Cryogenic 10-dB attenuators were placed at various
cold stages giving a total of ~40 dB in each of the input
lines along. The output line had a 1-dB attenuator to minimize
reflections followed by room temperature preamplifiers. Bias-
tees at the last stage were used to protect the samples from
static.

We used a standard magnetomotive technique to probe the
resonant response. RF current from a vector network analyzer
was driven through the sample with a magnetic field parallel
to the wafer plane to excite and detect out-of-plane motion of
the beam due to the Lorentz force [32].

The transmission parameters S>; were used to obtain the
real and imaginary part of the response. The response at finite
magnetic field has additional damping due to eddy-current-
induced damping and external impedances resulting in a
loaded quality factor. A Lorentzian fit to the real and imaginary
part of the resonant response was used to extract the loaded Q-
factor Q, and resonant frequency f;. As expected in standard
magnetomotive technique, the eddy current damping showed a
linear dependence for B? versus Qzl in all cases satisfying the
relation Q;' = Q' (1 +aB?) = Q;'[1 + %ﬁﬁ“)], where

2p2 . . . .
R, = 51275,020 is the mechanical equivalent of resistance

depending on resonator parameters (length, frequency, mass,
and intrinsic Q-factor Q). The frequency squared also showed
a quadratic dependence in field with f? = f? + BB? due
to the presence of reactive components, like a bias-tee that
protected the samples from static discharges. The term S is
given by % where Z,. is the characteristic impedance
of the measurement system 50 in this case. A typical
field-dependent amplitude response for one of the devices
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sample Al is shown in Fig. 3(b). One clearly sees an increase in
signal at higher magnetic fields due to induced electromotive
force and at the same time a broadening of the peaks due
to the eddy-current-induced damping. The linear fits to the
loaded quality factor Q; and frequency squared f7 is shown
in Figs. 3(c) and 3(d).

Since Pd samples broke easily on thermal cycling in initial
trials, two sets of similar samples were investigated with
and without addition of hydrogen. Sample set A consists of
two beams forming an RF bridge. Sample A1l of dimensions
(4.5um x 430nm!/ x w) and A2 (4.5um x 470nm!/ x w)
were studied without hydrogen. The samples were pumped
down to below ~4 x 1073 Torr for over one day with a turbo
pump equipped with a cold trap to remove any unintentional
hydrogen. It was continuously pumped during cooling down
till a temperature less than 10 K was reached. Sample Al
had a resonant frequency of 19.04 MHz, magnetomotive
damping parameters o ~ 1.33 x 107%/T? and g ~ —2.22 x
10° Hz2/ T2. The second sample A2 had a resonant frequency
of ~29.2 MHz with the magneto-motive damping parameters
a~1.19 x 107/T? and B — 4.55 x 10° Hz*>/ T?. Although
both sample dimensions were comparable, sample A2 trapped
some indium in the under-etched region, thereby reducing its
effective length to ~3.5 um, thus increasing the frequency.
An electron microscope image taken after measurement along
with an energy dispersive spectroscopy scan confirmed the
presence of indium. The first sample showed some buckling
that possibly explains a reduced frequency from estimates
by ~15%.

Sample set B consisted of two samples B1 (~4.35 um x
390nm!/ x w) and B2 (~4.35 um x 366 nm!/ x w) forming
a RF bridge. This sample set was subject to two cool
downs with different initial pressures of exchange gas
of H2.

In the first cool down after reaching high vacuum, H,
exchange gas of ~2 x 1073 Torr was introduced and subse-
quently pumped to lower 10~* Torr when the mixing chamber
temperature was below 160 K. In the first exposure to Hy, the
sample B1 had a resonant frequency of f ~ 20.27 MHz and
the magnetomotive damping parameters o ~ 1.05 x 1076/ 7?2
and B ~ —2.42 x 10° Hz?/T?. Sample B2 had a resonant fre-
quency fo ~ 19.3 MHz and magnetomotive damping param-
eters o ~ 1.43 x 107°/T?% and 8 ~ —2.31 x 10° Hz*/ T2

Sample set B was subject to a second cool-down. After
warming to room temperature and reaching high vacuum once
again, an initial H, exchange gas at a pressure ~1072 Torr was
introduced and subsequently pumped to lower 10~* Torr when
the mixing chamber temperature was below 160 K. Sample
B1 retained similar resonant frequency fy ~ 20.35 MHz and
the magnetomotive parameters were o ~ 1.16 x 107°/7?
and B ~ —2.52 x 1072 Hz?/ T?2. During this cool down, B2
was heated with a 0.5 nA low-frequency current from room
temperature down to 160 K. This was unstable in frequency
possibly due to excessive adsorption of H, causing additional
diffusion-induced dissipation [33,34], and the data is not
discussed here.

The field dependence at a fixed temperature can be used to
estimate the intrinsic Q¢ and frequency f; from loaded values
measured at 47 [24]. It is not possible to know exactly how
stress relaxes in these beams and the mode shape the beam
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FIG. 3. (a) Schematic of the measurement setup. (b)Amplitude response of a sample as a function of B field sample Al. (c) A linear fit to
B?vs Q7' (d) alinear fit to B vs f2. The data is taken at T ~ 160 mK.

takes at cryogenic temperatures. All beams showed very small
buckling after the cool down. There was no significant change
in the order of magnitude of the magnetomotive damping
parameter &« when H, was added with all samples and was
nonmonotonic with H,. The most important change was the
drive power required to tune the system into the linear response
regime was ~ — 90 dBm (when precooled with ~2 x 1073
Torr of H,, hereafter referred to as low H,) and ~ — 110 dBm
(when precooled with ~1072 Torr H,, hereafter referred to as
high H,) and ~ — 80 dBm when cooled without H,. These
power levels mark the onset of a non-Lorentzian shape or
change of frequency when driven ~5 dB above this power.
A power of ~5 dB is chosen as a conservative estimate. The
reduced power levels needed to tune the H,-loaded samples to

the linear regime clearly indicates softening of the beams with
H; due to additional compressive stress.

V. RESULTS AND DISCUSSION

A few sample amplitude responses of sample Bl are
given in Fig. 4, where panels 4(a) and 4(b) are below and
above a characteristic temperature, ~700 mK in this case.
The direction of arrows indicate increase of temperature in
Figs. 4(a) and 4(b). In both cases, as the temperature is
raised, the amplitude drops and the line-width broadens, as one
would expect to see when a resonant structure like a string is
heated. In Fig. 4(a), one observes a counterintuitive increase of
resonant frequency fy with temperature. One typically expects
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FIG. 4. Smooth fits to temperature-dependent amplitude response at B = 47 for sample B1 at two temperature regimes (a) below ~700 mK
(b) above ~700 mK. The arrow points toward increasing temperature. In (a) the frequency increases with temperature, whereas in (b) it decreases

with temperature.

an increase in temperature to soften materials and reduce
the frequency. As mentioned in the introduction changes of
mechanical properties or thermal contraction effects are neg-
ligible at these temperature scales. This increase in frequency
with temperature is a classic signature of TLS dissipation
phenomena. Once one crosses the characteristic temperature
T., ~ 700 mK, the resonance frequency in Fig. 4(b) decreases
as usual with increasing temperature.

In line with the generalized susceptibility of TLS phe-
nomenology x = Q! +i”;—j[:, the data sets of dissipation
and relative frequency shift (with reference to a reference
frequency fy at an arbitrary temperature 7p) are presented
side by side in Figs. 5-7.

The data for dissipation and relative frequency shift in the
absence of H, for A1 19 MHz and A2 29 MHz samples are
presented in Fig. 5 .The relative frequency shift Fig. 5(a)
shows a logarithmic increase of the form (”}lc—f) = Cln(Tln)
till a characteristic temperature T, ~ 1 K is reached in both
samples and the slope becomes negative beyond this point.
The slope C before T, is C = 1.85 x 107> for A1 19 MHz
sample and 3.5 x 107> for A2 the 29 MHz sample.

One may ascribe a characteristic relaxation time w7t ~ 1
to this temperature, where wy is the device resonant frequency.
In the absence of electrons in dielectric glasses, this may be
interpreted as crossover from a resonant TLS mechanisms at
low temperature wot > 1 to a relaxation dominant regime
woT < 1. In dielectric glasses, the ratio of the slope of
frequency shift above and below T, is expected to be ~1.5.
The ratio of slopes of frequency shift above and below the
crossover temperature is ~2 for sample A1l and 2.5 for sample
A2 as opposed to 1.5 for dielectric glasses. In some systems
like metallic glasses, T, is an effect of phononic as well as
of electronic mechanisms. This also produces unique features,

like a linear and not logarithmic dependence of frequency shift
above T, [35], which is not seen in our system.

In Ref. [29], several bulk polycrystalline metals, including
Pd, were studied and showed no dependence of the TLS
coupling constant y on electronic mean free path. Since y
was around ~1 eV independent of mean free path the same
class of TLS as dielectric glasses was concluded to describe
polycrystalline metals. In polycrystalline Pd, a 7., ~ 60 mK
was reported [29]. In the same work [29], an increase of T,
by 50 mK for annealed Pt and Ta was interpreted as a decrease
in the TLS-phonon coupling constant y by using the standard
frequency scaling relation for TLS w ~ y2T3. Annealing is
usually expected to increase the tensile stress. Since our beams
are under extreme tensile stress compared to bulk metals films,
we may conclude that y is reduced. Overall, the behavior
shows features of glass-like TLS models but does not fully fit
either a dielectric glass or a metallic glass.

The dissipation Q! in Fig. 5(b) shows two distinct regions
a sublinear dependence 7™ with m ~ 0.4 below the T,
and a saturation well above T,,. One can extrapolate the
power law above T, as shown in Fig. 5(b) one cannot
ignore the scatter in the Q~' data above T,,. We only quote
T%% as an empirical average. The saturation in dissipation
well above T, is associated with the regime where wt < 1,
where a spectrum of TLS with different relaxation times are
excited.

High-temperature saturation in TLS phenomenology is
related to the TLS density of states and interaction strength
with phonons by a constant C = Py?/E, where P is TLS
density of states, y TLS-phonon coupling, and E the Young’s
modulus. The constant is two to three times larger than the
value estimated from the frequency shift data. A similar
behavior has been seen for gold [24].
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FIG. 5. Datain the H; free samples Al and A2. (a) Relative frequency shift ‘j,—{) in these samples as a function of temperature. The logarithmic
slope below T, ~ 1K yields the parameter C ~ 1.85 x 107> for Al (19 MHz sample) and C ~ 3.5 x 107> for A2 (29 MHz sample). (b)
Damping Q' as a function of temperature. Sublinear fits ~7%% for A1 (19 MHz sample) and ~T%*! for A2 (29 MHz sample) are shown as
a guide. The sublinear fit describes the behavior above T, with visibly very small deviations indicated by an unlabeled arrow. A saturation is

seen at very high temperatures well above T¢,.

The data of the samples with low H, concentration and
the one with higher concentration are shown in Figs. 6 and 7,
respectively. The behavior is qualitatively similar but shows
essential differences from the hydrogen-free samples. For both
low and high H, concentrations, the samples showed a clear
lowering of T, to around 700 mK. It is important to note that
in our two devices with similar resonance frequency of ~20
MHz, we see a lower crossover temperature compared to a
device not exposed to H, (compared to the H; free case where
the device showed T, ~ 1K).

The dissipation Q~' shows a sublinear power law with
m in the range 0.37-0.43 below T, and with no systematic
dependence on H, concentration. Hence, we quote an em-
pirical mean of ~T%%. There were no Debye peaks [34] in
the dissipation shown in Figs. 6(a) and 7(a), indicating that
H, diffusion-induced mechanisms are not prominent at these
concentrations and temperatures, which are also well below the
freezing point of H,. One remarkable feature with the exposure
to H, is a low-temperature saturation in the dissipation Q!
below 200 mK in Fig. 6 for both samples and in Fig. 7
below 300 mK. This feature is discussed separately in the last
section.

In comparison with other systems, ~7 %> was seen for gold
[24] and a linear one ~T [25,26] for aluminium. The linear
dependence of dissipation in Al in Ref. [25] was ascribed
to one-dimensional phonon modes interacting with TLS at
temperatures well below 1 K.

A T°3 dependence has been predicted for dielectrics [36].
Although the sublinear power we observe may be close to the
prediction in Ref. [36], we leave our arguments on an empirical
basis as the theory applies to unstressed dielectric beams in a
simple Euler bending beam limit. We have not attempted to
apply scaling arguments [18] as the behavior in H, exposed,
and H, free beams are slightly different in terms of parameters
like T,,.

The overall magnitude of dissipation is not significantly
lower in the H,-exposed samples, despite the observed soften-
ing. In bulk systems studied before, like strained aluminium,
the magnitude of dissipation was seen to increase with strain,
indicating more defects are introduced into the system [27].
The dimensionless constant C in TLS phenomenlogy,

if T < T, from slope of(‘%) ~1.5t03.5 x 107
ifT>To (2)07' ~2L ~31009x107°

is of similar order in the H,-free and the low-H; scenario. In
samples with resonant frequency close to 20 MHz, the constant
C from the slope of frequency shift has a small spread in
the range 1.54—1.9 x 107> with no systematic dependence on
H, exposure. Only the 29 MHz sample not exposed to Hj
had C ~ 3.5 x 1075. Consistently, C estimated from 0! at
the saturation at high temperatures (or highest temperature
data available) is two to three times higher than estimates
from the frequency shift a behavior seen in gold beams also.

’
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FIG. 6. Data from samples B1 and B2 when exposed to low concentration of H,. (a) (%) as a function of temperature are shown for these
samples. The logarithmic slope below T, ~ 700 mK yields the parameter C to be 1.9 x 107> for B1 (20 MHz sample) and 1.6 x 10~> for B2
(19 MHz sample). (b) The dissipation Q' as a function of temperature for the same two samples. A sublinear fit with ~7%43 for B1 (20 MHz
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behavior. There is a saturation or weaker power law in dissipation well above T,,. There is also saturation Q! at temperatures around 200 mK
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The similarity in value of C is surprising considering the
effective Young’s modulus E has to be lower in the case of
the H, scenario as reckoned by lower drive power to keep
the response linear. The overall value of dissipation is also
not high, indicating no new defects or TLS density being
altered drastically. The only plausible explanation of getting a
similar order of magnitude for C is either the TLS density P
or phonon coupling y is enhanced, caused by H, adsorption.
As mentioned before in Ref. [29], T, in bulk Pd polycrystals
are very low. The standard TLS models predict a frequency
scaling relation w ~ y>T3 [14,35]. Since we are comparing
devices close to ~20MHz frequency, the lowering of T, in
our case implies enhancement of y the TLS-phonon coupling
constant. As discussed earlier in Ref. [29], with annealed Ta
and Pt, the increase of T, is inferred as y lowering (possibly
due to additional tensile stress induced in the system). We can
conclude we are effectively detuning the tensile stress to lower
values by adding H,, thereby enhancing y .

One universal feature of TLS in amorphous systems is that
the value of C is in the range C ~ 10~#~1073. This applies
to a diversity of systems, such as silica [10], thin films [27],
and submicron aluminium beams [25]. Gold nanomechanical
resonators showed a slightly lower value, C ~ 2.5 x 107>
[24]. The clear exception to this is stressed silicon nitride,

where C ~ 107%. One classic example of this universality
is the similarity between PMMA, a soft glass, and silica, a
hard glass. Both PMMA and silica show a similar constant,
C ~ 10~*, due to commensurate TLS parameters in the
expression for C [30]. The fact that we see softening of Pd
as well as reduction of T, but similar values of C obtained
from (”}—{:) or Q7! above T, is analogous to the similarity
of TLS between PMMA and silica. Surprisingly, the ratio of
slopes of frequency shift above and below T, is ~1.43 and
~1.5 for the low H, samples in Fig. 6(b), reckoning a behavior
similar to amorphous dielectrics.

In the low-H, case [Fig. 6(a)], at temperatures below
200 mK, one sees a saturation in dissipation. Such a feature
has been predicted [37] as a possible super-radiant phonon
emission. In some older experiments [24], where the temper-
ature was corrected using the high-temperature logarithmic
frequency shift as a thermometer [38], the feature merged
into the power law indicative of thermal decoupling, and
these features were at much lower temperatures [24]. Such
a correction also did not remove the feature as seen in
Fig. 6(a). The sample with higher H, Fig. 7(a) shows the
same feature starting earlier at ~300 mK down to ~250 mK,
where we could get the data without any need for corrections
to the frequency shift. In Ref. [37], two characteristic loss
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FIG. 7. Sample B1 exposed to ~10~2 Torr H, during cool-down. (a) ( %) as a function of temperature. A log fit below 7" ~ 600 mK yields

the constant C with value of 1.54 x 107>. (b) The dissipation data Q! with a sublinear fit with ~7%% is shown as a guide. The low-temperature
saturation occurs at 7 ~ 300 mK. In the data range shown, there is also no thermalization issues. There is no deviation from logarithmic fit to

frequency shift at low temperatures.

mechanisms are added Q! = Q;' + Q;ulmp, where Q' is
the TLS mechanism and Q [julmp describes a cooperative phonon
emission by a small population of TLS sampled within a
phonon wavelength. The effect is a weak renormalization of
TLS relaxation time t by /N, where N is the number of
TLS that are cooperatively excited by a phonon. The effect
is expected only at very low temperatures due to crossover
to nonlinear TLS-phonon coupling. The high-temperature
plateau is different with wt ~ 1 marking the onset of inelastic
processes exciting a spectrum of TLS relaxation rates. When
already in the limit wt > 1, we expect coherent excitation.
One of the criterion for the pumping [37] is the asymmetry
energy Ap < y€,, where €, is some built-in strain. We
cannot comment on the static strain status of our devices at
cryogenic temperatures, but devices exposed to H, showed
some buckling when warmed up. As mentioned before, the
power to drive the system in linear regime was significantly
lower with exposure to hydrogen. We also inferred y to
be enhanced from the drop in T, with H, exposure. The
probability to probe more TLS by a phonon is also enhanced
in a compressively strained lattice. Other possible scenarios,
such as modification of TLS distribution or interactions, are
expected at ultra-low temperatures, typically below 10 mK
[10]. In our data, the small frequency shift corrections in
Fig. 6(a) or none in Fig. 7 for the sample with higher H,
concentration points toward a super-radiant phonon loss as the
most plausible scenario.

The tuning of the crossover temperature is reminiscent of
the behavior of spin glasses or rather pseudospin glasses in
our case. The AC susceptibility of spin glasses shows a cusp
indicating a crossover regime when wt ~ 1; i.e., spins are
able to follow the ac perturbation (wt < 1) on one side and
are unable to follow it on the lower side (wt > 1). As one
increases the frequency, one does not see an appreciable shift
in the cusp, indicating a slowing down of spins. In conclusion,
we have been able to tune TLS scenarios with compressive
strain stemming from incorporation of H,. Analogous to
ferromagnetic impurities deciding spin-glass temperatures by
tuning of magnetic interactions, the role of H; is to tune a
pseudospin interaction by stress. The compressive stress is
shown to enhance the phonon-TLS coupling. Softening of
the material with H, has also led to possible super-radiant
TLS-phonon losses. The system has the potential to provide
further information on understanding dissipation in metallic
NEMS.
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