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The elastic properties of as-deposited high-purity micron-thick polycrystalline Al and Ag films were mea-
sured with the double paddle resonator technique down to 6 mK, and important differences from previous
measurements were found. The lowest internal frictions �Q−1� observed were 3�10−5 in Al and 4�10−5 in Ag,
indicating that these films can contribute substantially to the damping of mechanical resonators, even at very
low temperatures. In Al, we also observed agreement between the relative change in sound speed �v /v0 and
Q−1 and the predictions of the tunneling model for an amorphous superconductor well below Tc. Dislocation
kinks tunneling between local minima in a kink-Peierls potential modulated by disorder could form the broad
distribution of tunneling states required by the tunneling model. However, previous measurements have shown
that the thermal conductivity, heat capacity, and heat release of polycrystalline bulk metal and films are not in
agreement with the tunneling model predictions.
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I. INTRODUCTION

Many mechanical resonators, from nanoscale beams to
gravitational wave detectors, are composed of or are coated
with polycrystalline or amorphous material, and it is impor-
tant to understand the contribution of the disordered material
to the damping.1–7 It was shown in Ref. 8 that many poly-
crystalline metal films have an internal friction in the glassy
range 2�10−4�Q−1�2�10−3 between 0.1 K and a few
kelvins, as is observed in almost all amorphous solids.9,10 In
this paper, we present elastic measurements on micron-thick
polycrystalline Al and Ag films at 5.5 kHz from 100 K to
below 10 mK. Near 10 mK, Q−1�3�10−5 in Al and Q−1

�4�10−5 in Ag, both of which are still an order of magni-
tude greater than Q−1 in annealed bulk Al below 100 mK.8

Thus defects play an important role in these polycrystals,
even at very low temperatures.

The results of previous elastic measurements on polycrys-
talline Al and Ag contrast with the present results in both
magnitude and temperature dependence. Surprisingly, the
variation in Q−1 of the samples measured by different re-
searchers is not clearly correlated with dislocation density.
Also in contrast with the findings of others, we observed
good agreement between the elastic properties of our Al film
and the prediction of the tunneling model �TM� for an amor-
phous superconductor well into the superconducting state.
The two-level systems �TLSs� presumed by the tunneling
model could be formed by tunneling dislocation kinks in the
polycrystal.11 However, it is not clear how to reconcile the
predictions of this model with previous thermal measure-
ments on polycrystals, even if a nonuniform distribution of
two-level system asymmetries is assumed.

II. THEORY

In perfect dielectric crystals at very low temperatures, the
relative change in sound speed �v−v0� /v0��v /v0=−d�T4,
where d� is a constant and v0 is the sound speed at an arbi-
trary reference temperature T0.12 The internal friction Q−1 is
expected to decrease quickly until it is limited by nonintrin-

sic effects such as clamping loss. Disorder within a crystal
alters the temperature dependence of �v /v0 and Q−1. In fully
disordered, amorphous solids, the TM �Refs. 13 and 14� has
been rather successful in describing the low-temperature
properties of glass.

A. Two-level systems

We briefly summarize the relevant predictions of the TM
so that they can be compared with the results of our mea-
surements on the metal films. The TM presumes the exis-
tence of low-energy excitations that interact with phonons in
the glass, as well as with electrons in the case of metallic
glasses.15,16 The low-energy excitations are thought to be
formed by atoms or groups of atoms tunneling between
nearly degenerate states and are approximated by TLSs. It is
assumed that the ensemble of tunneling TLS has a broad
distribution of parameters with spectral density

P��,�0� =
P0

�0
, �1�

where P0 is a constant and the TLS asymmetry � is defined
in Fig. 1. The TLS tunneling amplitude is given by

�0 � �� exp�− 	� , �2�

where

	 = d�2mV0/�2�1/2, �3�

�� is approximately the mean ground-state energy for the
potential wells in the TLS if they were isolated, d is the
separation in configuration space between the minima of the
two wells, m is the mass of the tunneling entity, and V0 is the
height of the TLS barrier. The TLS energy splitting is given
by E=��2+�0

2. A heat capacity

CTLS =
E2

4kBT2sech2� E

2kBT
� �4�

associated with each TLS is obtained by differentiating the
mean energy of a TLS with respect to temperature. Integrat-
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ing Eq. �4� over the distribution of tunneling states leads to a
linear temperature dependence of the heat capacity.

B. Tunneling model: Elastic properties

Here we give an overview of the physics followed by a
summary of quantitative predictions. TLS-phonon and TLS-
electron interactions contribute to the acoustic observables
through relaxational or resonant processes. In the resonant
process, phonons at 
0 introduced by an external source are
scattered by TLS with energy splitting E=�
0, driving the
phonon population toward the thermal equilibrium distribu-
tion. The resonant contribution to Q−1 due to TLS with par-
ticular � and �0 is proportional to the phonon-scattering rate,
and the resonant contribution to �v /v0 can be obtained from
Q−1 using the Kramers-Krönig relation.17,18 Although the
resonant contribution to Q−1 is small for the temperature and
frequency range of our measurements, the resonant contribu-
tion to �v /v0 is substantial because the Kramers-Krönig re-

lation involves integration over all frequencies.
In the relaxational process, drive phonons interact with

TLS with all energy splittings by perturbing the TLS asym-
metry � and thus changing the energy splitting. The en-
semble of TLS is then no longer in thermal equilibrium, and
thermal phonons, or electrons in the case of a normal metal,
interact with the TLS, driving them back toward thermal
equilibrium. Since re-equilibration of the TLS involves mo-
tion of particles in the lattice, it contributes to the stress in
the lattice for a given strain, thus contributing to the modu-
lus. The real part of the change in the modulus is propor-
tional to �v /v0 and the imaginary part of the change in the
modulus is proportional to Q−1.

The predictions of the TM are derived in mathematical
detail in Refs. 17 and 19. Here we summarize the relevant
results. The TLS relaxation rate due to quantum-mechanical
tunneling stimulated by phonons is20

�ph
−1 = ��l

2

vl
5 + 2

�t
2

vt
5� E�0

2

2
��4coth�E/2kBT� , �5�

where � is the change in TLS asymmetry per unit strain, � is
the density of the solid, v is the sound speed, and l and t
stand for longitudinal and transverse phonon polarizations,
respectively. Unpaired electrons contribute to the TLS relax-
ation rate a term20

�el
−1 =




4�
K2��0

E
�2

E coth�E/2kBT� , �6�

where K is the dimensionless electron-TLS coupling con-
stant. Below the transition temperature of a superconducting
glass the electron-driven TLS relaxation rate is exponentially
suppressed.20 The total relaxation rate is defined as �−1=�ph

−1

+�el
−1. In Table I,22 we give the asymptotic forms of Q−1 and

�v /v0 for the cases in which TLS relaxation is dominated by
electrons or phonons. The constant a= ��l

2 /vl
5

+2�t
2 /vt

5�kB
3 /2
��4 is the prefactor of �ph

−1, 
 is the driving
frequency, and C= P0�2 /�v2 is the tunneling strength.
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FIG. 1. A generic TLS is characterized by an asymmetry, �, a
well separation d, a barrier height V0, and a tunneling amplitude �0.
The exact dependence of �0 on d and V0 depends on the precise
shape of the potential, which is generally unknown.

TABLE I. Limiting cases of the acoustic response of an amorphous solid for �
�kBT. The total �v /v0

and Q−1 are obtained by adding the resonant and relaxational contributions. TCO is the crossover temperature
at which 
�=1 for the dominant tunneling states. It is standard to simplify some of the contributions to �v /v0

by referring them to temperatures �T0�, T0�, and T0�� at which the contribution to �v /v0 is taken to be zero. See
Refs. 17 and 21 for the expressions for the absolute sound speed shift. See text for a definition of other
parameters in the table. The total response is given in Figs. 6 and 7 for a particular choice of parameters and
with �=�ph. In this case, the relaxational contribution to �v /v0 for T�TCO and the resonant contribution to
Q−1 are negligible, yielding a 2: �−1� slope ratio of �v /v0 below and above TCO �Fig. 7�.

Interaction Quantity T�TCO T�TCO

Resonant �v
v0

C ln� T

T0�
�

Relaxational, �=�ph �dielectric� or ���ph

�superconductor� �v
v0

− �2
�6

315 Ca2 T6


2 − 3
2C ln� T

T0�
�

Relaxational, ���el �normal metal� �v
v0

− 
4

180CK4�
kBT

�
 �2 − 1
2C ln� T

T0�
�

Resonant Q−1 
C tanh �

2kBT

Relaxational, �=�ph �dielectric� or ���ph

�superconductor� Q−1 
4

12Ca T3






2 C

Relaxational, ���el �normal metal� Q−1 
3

24CK2 kBT

�




2 C
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The TM has been successful in describing the low-
temperature elastic properties of the prototypical dielectric
glass, SiO2, down to 10 mK.23,24 This theory also does a
fairly good job predicting the observed behavior of metallic
and superconducting glasses,20,25 although the agreement
breaks down at high strains and low temperatures.26 Also, the
effects of the electron-TLS interaction do not seem to be
fully captured by the electronic contribution to the TLS re-
laxation rate. In the simplest picture, the fast electron-driven
relaxation causes the suppression of TCO �Table I� to a very
low value.27 Reference 12 briefly reviews some more ad-
vanced treatments of electron-TLS interactions and gives
several relevant references. The elastic properties of chemi-
cally disordered crystals also have many of the features pre-
dicted by the TM: for sufficiently high impurity concentra-
tions a broad temperature-independent Q−1 plateau as well as
a sharp decrease at the lowest temperatures is observed.28

C. TLS in polycrystals

Though polycrystals are not fully disordered, dislocation
kinks in the crystallites may contribute to the elastic proper-
ties. In Ref. 11, Vegge et al. calculate the effective mass and
barrier height for jogs and kinks in Cu screw dislocations.
Jogs were shown to have a barrier for migration of 150 K
and an effective mass of 0.36MCu, leading to a suppression
of the tunneling amplitude by a factor e−	=10−14. Thus the
tunneling of jogs is unlikely, and thermally activated motion
is also unlikely at temperatures well below 150 K. However,
the calculations for the dislocation kink in Cu yielded an
activation energy for kink motion of 2 mK. Thus thermally
activated motion in Cu is likely even at the lowest tempera-
tures of our experiment. This very low barrier height was
attributed to the width of the dislocation kinks. The spatial
extension of the kink also led to a low effective mass
MCu /130. The resulting WKB factor was e−	=0.985, indicat-
ing that the tunneling rate would be close to the attempt
frequency �. Thus dislocation kinks are the most likely tun-
neling entity in pure fcc metals.

The effective mass and barrier for Al are expected to be
larger than that for Cu because the bonding in Al is more
covalent �making the rearrangement of bonds during kink
migration more expensive� and the dislocation core is not
split into partials as thoroughly—almost certainly overcom-
pensating for the lighter Al mass. However, the qualitative
result of this calculation for Cu, namely, that the barriers and
effective masses for the dislocation kink are small enough so
that tunneling or thermal activation is possible, should hold
for Al as well.29 Though the Ag lattice may be even more
similar to Cu than Al in this regard, the presence of unpaired
electrons in Ag would lead to faster relaxation of TLS than in
superconducting Al.

The barrier for dislocation kinks is expected to be peri-
odic in a perfect crystal. Static strains due to interactions
with other defects are expected to introduce variations in the
kink potential energy on a length scale much greater than the
lattice spacing—naturally leading to a slowly modulated
sinusoidal potential. The two lowest minima in this modu-
lated sinusoid are thus rather similar in energy, and tunneling

states formed from these pairs of minima lead to a prediction
of an excess of nearly symmetric ����0� TLS.29

III. EXPERIMENT

A. Substrate and deposited films

Single-crystal silicon double paddle resonators formed the
substrates for our metal film measurements. These resona-
tors, described in detail in Ref. 1, are etched from wafers of
300-�m-thick Si with the geometry shown in Fig. 2. Unlike
in Ref. 1, an epoxy-free clamp was used in the present work,
as shown in Fig. 2. The clamp assembly is made of invar so
that its thermal expansion is small and similar to that of Si.
The Si resonator can be operated in a number of modes but
the second antisymmetric torsional �AS2� mode near 5.5 kHz
has by far the lowest dissipation,1 making it ideal for mea-
surements of the elastic properties of paddle coatings. The
displacement profile and strain energy density for the AS2
mode calculated using the finite element method are shown
in Fig. 3.30

As shown in Fig. 2, a gold film was deposited onto part of
one side of the paddle for electrostatic drive and detection of
the motion. The high strain regions near the upper torsion
rod �the “neck”� �Fig. 3� were avoided so that the gold film
did not contribute to Q−1 of the resonator. We found Qbare

−1

�2�10−8 below 10 K for the paddle with only a gold film
�to be discussed later�.

Electron-beam deposition was used to deposit a thin layer
of Cr for adhesion followed by a 1-�m-thick layer of pure
Ag onto the bare paddle. A mask was used so that Cr and Ag

FIG. 2. �Color online� Photograph of a “bare” silicon double
paddle resonator in the invar clamp assembly �Ref. 30�. The sample
to be studied must cover the neck, where the strain is concentrated
�Fig. 3�.
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were deposited only onto the neck of the paddle where the
strain energy is concentrated.

After making measurements on the Ag film, the Ag was
stripped with nitric acid and the Cr was stripped with 85% by
weight phosphoric acid at 160 °C. Phosphoric acid is known
to etch Si slowly or not at all, and nitric acid alone is also not
an effective Si etchant.31,32 Film stripping typically results in
changes in Q−1 of the bare resonator of 3�10−9, compared
with Q−1�10−7 measured for our resonators with Al or Ag
films �Fig. 5�. It is thus very unlikely that this etching step
significantly degraded the Q of the resonator.

Thermal deposition was used to coat the entire surface
without gold film with a 5N purity Al film 985 nm thick, as
measured by a quartz-crystal monitor. The tooling factor was
checked using a profilometer, and the estimated error in the
thickness measurement is less than 10%. The deposition rate
was �50 nm /min and the pressure during deposition was
less than 10−6 Torr. The deposition stage was coupled to a
heat sink cooled by circulating liquid nitrogen, and this cool-
ing scheme resulted in high-quality films in the past. During
deposition, thermal radiation from the evaporator typically
elevated the temperature of the deposition stage to �200 K.
The resonator was kept in its invar clamp during the deposi-
tion to avoid clamping the resonator directly to the evapora-
tor stage and risking scratches in the gold film electrodes.
The thermal resistance between the double paddle resonator
and the evaporator stage probably resulted in substantial el-
evation of the resonator temperature relative to the evapora-
tion stage. The relatively high temperatures at which deposi-
tion took place resulted in some large scale defects in the Al
film �e.g., peeling on a 100 �m length scale�. Such large-
scale defects might result in a higher background dissipation
but a temperature-dependent contribution is not expected. In
both the Al and Ag films, considerable strain must have been
introduced by differential thermal contraction of the sub-
strate and the film. While the relative change in the linear
dimension of a silicon sample is �L /L�2�10−4 between
room temperature and low temperatures33 for Al and Ag
�L /L�4�10−3.34

B. Detection scheme

Due to the long mechanical time constants of the resona-
tors, even when coated with a metallic film, it was not prac-
tical to use the frequency sweep technique that was applied
in Ref. 23. Instead, the free decay of the resonator motion
was measured using an SR830 digital lock-in amplifier, with
the reference frequency stabilized by a Stanford FS700 LO-
RAN frequency standard. We set the reference frequency fref
slightly off the resonant frequency f so that f − fref ��decay

−1 ,
where �decay is the decay time of the resonator motion. We
obtained Q−1 from the measurement of �decay and obtained
f − fref from the evolution of the phase of the motion relative
to the reference signal. The resonant frequency f is then re-
lated to �v /v0 of the film as shown below.

A sample decay of the amplitude of the resonator with the
Ag film at 1.6 mK is shown in Fig. 4. The slope of the ring
down on this log-linear scale is constant to a high precision
over more than an order of magnitude in amplitude, indicat-
ing that we are operating in the linear regime and strain
heating is negligible. At high amplitudes, the lock-in data
agreed with data obtained with the ac voltmeter function of a
PAR 124, further verifying our results.
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FIG. 3. �Color online� Displacement profile and strain energy
density of the AS2 mode of the silicon double paddle resonator
�Ref. 30�. The double lines show the equilibrium position of the
wings and head and the black and white dashed line indicates the
edge of the clamp. The angle � is used to specify the amplitude of
motion.
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FIG. 4. �Color online� Example-free decay of composite Si/Ag
film double paddle resonator at 1.63 mK and best-fit line. The angle
� is indicated in Fig. 3. The thicknesses of the Si and Ag are
300 �m and 1 �m, respectively.
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FIG. 5. �Color online� Dissipation of the bare Si substrate and
composite resonators with Ag or Al films. The dashed line indicates
Qbare

−1 used in Eq. �7�. The points labeled “Metcalf” are from a
private communication �Ref. 30�. The variation in Q−1 between
different Si resonators of similar design is small as can be verified
by comparison of our results with those of Metcalf.
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C. Analysis method

The internal friction of a thin film is related to that of the
composite paddle and the bare substrate according to the
equation35

Qfilm
−1 =

Gsts

3Gftf
�Qpaddle

−1 − Qbare
−1 � �7�

for tf � ts, where Gs �Gf� is the shear modulus of the sub-
strate �film� and ts �tf� is the thickness of the substrate �film�.
Although the direction of the shear stress varies throughout
the neck of double paddle resonator, the shear modulus of
silicon varies with direction by only about 30%.36 Thus we
used the maximum silicon shear modulus, 80 GPa, without
incurring much error. For the metal films, the bulk shear
moduli were used: GAg=30 GPa and GAl=26 GPa. The re-
sults are shown in Fig. 6 along with the results of other
experiments and are discussed in Sec. IV A.

Equation �7� neglects contributions to Qpaddle
−1 from poor

bonding, contamination or disorder at the interface between
the film and the substrate and from contamination on the
outer surface of the film. Generally it is thought that these
contributions are small and temperature independent. For ex-
ample, in a similar study of metal films that did not extend to
such low temperatures8 it was shown that Qpaddle

−1 was linear
in the film thickness for Au films as thin as 10 nm deposited
on 3 nm Cr sticking layers. If an interfacial term were sig-
nificant for these gold films, one would expect the depen-
dence of Qpaddle

−1 on film thickness to weaken for small thick-
nesses. We take this result as evidence that interfacial
disorder or contamination is not likely to be significant for
our Al film. We expect the peeling in our film to yield a small
temperature-independent contribution to Qpaddle

−1 .

The �v /v0 for our Al film was determined by subtracting
the contribution from the bare silicon substrate from the
�v /v0 of the composite paddle according to the formula39

��v
v0
�

film
=

1

3

Gsts

Gftf
���f

f0
� + ��v

v0
�

bare
, �8�

where

���f

f0
� = ��f

f0
�

paddle
− ��f

f0
�

bare
�9�

and �v /v0=�f / f0 for negligible thermal expansion. The re-
sults are shown in Fig. 7 along with the results of other
experiments and are discussed in Sec. IV A.

IV. RESULTS AND DISCUSSION

A. Present work: Aluminum

The results for the dissipation of the bare paddle and the
paddle coated with the Ag and Al films are shown in Fig. 5.
The difference between the magnitudes of Qpaddle

−1 and Qbare
−1

is large compared with the scatter in the low temperature
Qbare

−1 , indicating that Qfilm
−1 obtained using Eq. �7� is reliable.

The Al Qfilm
−1 obtained from the data in Fig. 5 and Eq. �7�

is plotted in Fig. 6, along with the prediction of the TM for
single phonon relaxation rate prefactor a=4.8�108 K−3 s−1

and tunneling strength C=1.3�10−4 �parameters defined in
Sec. II B�. Good agreement between these data and the TM
was observed between 1 K and 10 mK. The Q−1 plateau
observed in these data between 100 mK and 1 K is within the
glassy range 2�10−4�Q−1�2�10−3, indicating that the Al
film conforms to the “universality” observed in nearly all
amorphous solids.9 As the temperature of our sample was
lowered from 100 to 10 mK, the Q−1 of the Al film de-
creased. In the context of the TM, this “shoulder” at 100 mK
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FIG. 6. �Color online� Measurements of Q−1 for several Al
samples of different types: the film studied in the present work, the
reed studied by Classen et al. �Ref. 12�, the wire studied by Koenig
et al. �Ref. 37�, the film and bulk samples studied by Liu et al. �Ref.
8�, and the reed studied by Haust et al. �Ref. 38�. The TM predic-
tion that best fits our measurements of Q−1 in Al is shown �solid
line� and the crossover temperature TCO is labeled �Table I�.
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FIG. 7. �Color online� Measurements of �v /v0 for several Al
samples of different types: the film studied in the present work, the
reed studied by Classen et al. �Ref. 12�, the wire studied by Koenig
et al. �Ref. 37�, the film and bulk samples studied by Liu et al. �Ref.
8�, and the reed studied by Haust et al. �Ref. 38�. The TM predic-
tion for the same parameters used in Fig. 6 is shown �solid line� and
the crossover temperature TCO is labeled �Table I�.
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is interpreted as a decrease in the relaxation rate of the domi-
nant TLS below the driving frequency. Near 10 mK, the
temperature dependence of Qfilm

−1 weakens, perhaps due to
thermal decoupling. Thermalization and sources of heating in
mechanical resonators at low temperatures are discussed in
Refs. 40 and 41. The internal friction rises above the plateau
level for temperatures well above 1 K, as in many amor-
phous solids.42 This increase at relatively high temperatures
has been attributed to thermally activated motion of TLS.43

The �v /v0 of the Al film is shown in Fig. 7, along with
the predictions of the TM for the same values of a and C that
were used to fit to Q−1. The data agree with the prediction of
the TM for 10 mK�T�100 mK but the temperature de-
pendence of �v /v0 is stronger than that predicted by the TM
between 100 mK and 1 K. The strong temperature depen-
dence for T�TCO is also observed in amorphous SiO2,23 and
it is not well understood theoretically. At temperatures above
a few kelvins, a crossover to a linear temperature dependence
is observed in amorphous solids44 and disordered
crystals.42,45 �v /v0 of our Al film decreases linearly between
5 and 12 K with a slope �=−9�10−5 K−1, in agreement
with the empirical relation45 �=0.5Q0

−1 K−1, where Q0
−1 is

the internal friction in the plateau region. The magnitude of
d��v /v0� /d�log10 T� reaches a local minimum near Tc
=1.2 K, perhaps due to the onset of electron-driven TLS
relaxation �Table I� combined with the onset of an additional
mechanism that leads to the linear temperature dependence
of �v /v0 at slightly higher temperatures.

Materials at very low temperatures often exhibit a nonlin-
ear elastic response even at moderate strain amplitudes. It is
therefore important to verify that data are taken in the linear
regime. In the case of an amorphous solid, the nonlinearity
results in a decrease in the elastic constants �softening� as
strain is increased.46,47 Figure 8 shows the relative change in
sound speed of the composite Al-Si resonator at two different
strain ranges. Since the range of strain values for our data in
Fig. 7 coincides with the range of strains in Fig. 8, this figure
shows that our results in Fig. 7 are not affected by strain

dependence. A few points in Fig. 8 near 30 mK fall well
outside the range of the rest of the data. They were all ac-
quired in the time frame of a day and might be related to a
particular operational condition. Checks on the data show
that the shift in sound speed could not be reproduced.

Grain boundary and impurity contributions to Q−1 can be
ruled out by the following arguments. Although grains in our
polycrystalline Al film were visible at 100 times magnifica-
tion, it was previously shown8 that annealing a Cu film to
decrease the total length of the grain boundaries resulted in
an increase in Q−1 in the temperature range of the plateau.
This indicates that grain boundaries do not significantly con-
tribute to the dissipation. Although we did not carry out a
similar annealing study for our aluminum films, we assume
that the results for Cu carry over for Al films, and that most
experiments that utilize similar metallic films for actuation
and detection of mechanical resonators would forego the an-
nealing step. It was also shown in Ref. 8 that impurity con-
tent was not responsible for the large Qfilm

−1 observed in metal
films above 100 mK. Our Al film must be at least as pure as
that studied in Ref. 8 since we deposited 5N purity Al in a
dedicated chamber pumped to a base pressure below
10−7 Torr.

The tunneling strength C characterizing our Al film is
about a factor of 2 less than in the often studied amorphous
solid SiO2.23 This puts the tunneling strength for Al within
the range of expected values for amorphous solids.9 The re-
laxation rate prefactor a is larger in our Al film than in SiO2
by a factor of 5. This could be due to differences in the
TLS-phonon coupling � or the sound speed v. In SiO2 it has
been shown that the ratio � /v does not depend on phonon
polarization,24 and it is thus possible to determine �l and �t
from a �� is close to 1 eV for both polarizations�. However,
since only one mode of the bare paddle resonator has Q−1

�10−6,1 we could not study the dependence of � /v on pho-
non polarization in the Al film. Also, the v5 dependence
makes a quite sensitive to the value of the sound speed.
Since the dominant thermal phonon wavelength in Al ex-
ceeds the 1 �m thickness of the Al film below 40 mK,48 the
relevant sound speed is somewhere between that of Si and
that of Al. It is thus not possible to determine whether the
enhancement in a is due to differences between the values of
� or v in the Al film and SiO2. An increase in � relative to
the value in SiO2 would be expected because the width of the
dislocation kinks in Al is large compared with the size of the
defects in SiO2, thus strengthening the coupling between the
kinks and long-wavelength phonons.29

As mentioned in Sec. II, dislocation kinks may be respon-
sible for the observed elastic properties. If the typical barrier
height for kink motion were as low in Al as was calculated
for Cu,11 i.e., 2 mK, then thermally activated relaxation of
TLS would be significant. However, thermally activated re-
laxation would produce a linear temperature dependence of
Q−1 up to the temperature corresponding to the maximum
barrier height, at which point a Q−1 maximum would exist.49

Thermal activation is not expected to produce the plateau
with a low-temperature drop off that we observe. In the con-
text of the TM, the absence of thermal activation below 1 K
would imply that the barrier for kink motion is typically
greater than 1 K but the effective mass of the kink is low

0

1

2

3

0.001 0.01 0.1 1 10
T (K)

3 x 10-6< θ < 6 x 10-6

10
6
δv
/v
0

1.3 x 10-6< θ < 3 x 10-6

FIG. 8. �Color online� Measurements of �v /v0 on the composite
Al/Si resonator at two different strain levels, showing consistency
between the results obtained at two different strains. The strains are
within the range observed in the free decay of the Si/Ag resonator
�Fig. 4� where the exponential behavior also is consistent with no
strain dependence. The angle � is defined in Fig. 3. The origin of
the unreproducible points that deviate from the others around 30
mK is unclear.
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enough so that tunneling can occur with a significant prob-
ability �Eq. �3�	.

Other theoretical models do not seem to be consistent
with our data. A radiation damping model was discussed in
Refs. 50 and 51. In this model, the speed of the kinks’ mo-
tion fluctuates as they are driven over the washboard and
they radiate acoustic energy. In the theory in Ref. 50, the
barrier height, stress energy, and kink-kink interaction ener-
gies are each taken to be much less than the temperature.
Thus the relaxation times in the periodic potential must be
fast compared to the drive frequency, making the out of
phase, dissipative part of the response small. In the case
where static strains introduce long-wavelength modulations
in the kink potential that are comparable to or greater than
the temperature, the kinks would adiabatically stay near local
minima of the long-wavelength potential. The dissipation
will then be dominated by transitions between these local
minima, not by the damping due to transitions as the kinks
are driven along the short-wavelength periodic potential.29

The contribution to Q−1 due to vibrating edge dislocation
dipoles was calculated within a modified Granato-Lücke
string model in Ref. 52 but this resulted in a temperature
independent Q−1 at low temperatures. Thus the theory, at
least in its present form, is inconsistent with the sharp de-
crease in Q−1 that we observe between 10 and 100 mK.

B. Previous work: Aluminum

Pohl and co-workers8,51,53 have studied the effect of plas-
tic deformation on the acoustic and thermal properties of
bulk Al. The plastic deformation is thought to produce a
dislocation density ndisl= �1011 cm−2��plas, where �plas is the
plastic strain. The elastic properties were measured using the
torsional oscillator technique with 2.5 mm diameter samples
of 5N purity. The internal friction and magnitude of
d��v /v0� /d�log10 T� increased up to dislocation densities of
�1010 cm−2 or �plas�15%. Above this deformation level, it
is thought that the dislocation density increased to a point at
which dislocation-dislocation interactions limited further
contributions to the acoustic properties. Measurements of
Q−1 and �v /v0 for 1% and 15% plastically deformed and
annealed Al from Ref. 8 are shown in Figs. 6 and 7. The Q−1

of the 15% deformed Al is near the glassy range,8 which
spans 2�10−4�Q−1�2�10−3 and is close to the Q−1 of our
Al film between 100 mK and 1 K. As in Ref. 8, we take this
as evidence that the origin of the Q−1 in our Al film is related
to dislocations. The �v /v0 for the deformed Al decreases as
the temperature increases from 100 mK to 1 K, as expected
for an amorphous solid oscillating at kilohertz frequencies,
but the data in fact have a linear temperature dependence.
This is observed in amorphous solids as well, albeit at tem-
peratures above a few kelvins.44 Thus the elastic properties
of highly deformed bulk Al are similar to those of an amor-
phous solid but there are significant departures from the pre-
dictions of the TM.

Measurements of the thermal properties of plastically de-
formed bulk Al reveal more substantial departures from the
behavior of most amorphous solids.53 The thermal phonon
mean-free paths in pure e-beam deposited Al films and in 2.5

mm diameter, 5% deformed 5N bulk Al were determined
from heat conduction measurements between 0.05 and 1.0 K.
These measured mean-free paths are much smaller than those
predicted by the TM based on the measured Q−1 in the
temperature-independent region. In the case of the films, the
discrepancy was greater than an order of magnitude. Even
more surprisingly, while the internal friction in a molecular-
beam epitaxial deposited silicon film with a nearly perfect
structure was unmeasurably small, the thermal phonon
mean-free path determined from heat conduction was within
an order of magnitude of that of thermally evaporated
a-SiO2. For the a-SiO2 film, the measured mean-free path
and that predicted by the TM were in agreement. These re-
sults can only be compatible with the explanation of the
elastic measurements on our Al film in terms of dislocation
tunneling and the TM if some additional scattering process
for thermal phonons exists in polycrystalline Al. However, it
is not known what such a process could be.

Measurements of Q−1 and �v /v0 for a single-crystal Al
reed of unknown purity at 5.0 kHz are presented in Ref. 12
and reproduced in Figs. 6 and 7 �the work of Classen and
co-workers�. The approximate reed dimensions were
10 mm�3 mm�0.3 mm. The elastic properties do not
agree with the TM,12 though they are consistent with �v /v0
and Q−1 for bulk Al with a deformation of at least 1% above
60 mK. The measurements on plastically deformed Al unfor-
tunately do not extend below this temperature.

In Ref. 37, König et al. present measurements on a poly-
crystalline Al vibrating wire, and these also have some quali-
tative similarities to the predictions of the TM, although it is
not possible to fit the TM to the data. These data, along with
measurements on other polycrystalline metals, are also dis-
cussed in Ref. 54. The vibrating wire had a diameter of 25
microns, a length of a few millimeters, a resonant frequency
of 7.7 kHz, and a purity of 4N. The wire was described as
commercially available and no annealing was mentioned,37

which indicates that it underwent considerable plastic strain
during the manufacturing process, introducing a high density
of dislocations. The �v /v0 and Q−1 results are shown in Figs.
6 and 7. The Q−1 measured by König et al. agrees with the
Q−1 of our Al film over almost the entire temperature range
of overlap. König et al. also measure roughly equal slopes
d��v /v0� /d�log10 T� on either side of the maximum in
�v /v0, as observed in other glasses, including amorphous
SiO2.23,24 However, the maximum in �v /v0 occurs at 250
mK, which is about five times the temperature of the maxi-
mum in �v /v0 for our Al film. Thus the TM would predict a
sharp decrease in Q−1 below 250 mK while the measurement
shows only a weak decrease below this temperature. Since a
substantial change in �v /v0 was observed in a 5 �m diam-
eter Al wire vibrating at 323 Hz as strain was increased from
7�10−7 to 2�10−6,37 it seems likely that the measurements
on the 25 micron diameter wire taken at a strain of �9
�10−5 were also strain dependent.

Haust et al.38 measured the acoustic properties of a pure
polycrystalline Al reed vibrating at 2.6 kHz between 0.05
and 4 K. No details are given regarding the purity of the
sample or the degree of deformation �e.g., during manufac-
turing�. The geometry of the sample was chosen so that
clamping loss did not limit the quality factor: an Al 5056
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vibrating reed with the same geometry was found to have
over three times lower Q−1 at 100 mK than the pure Al reed
in zero magnetic field. The zero-field results for pure Al are
plotted in Figs. 6 and 7. The magnitude of Q−1 at the lowest
temperatures is consistent with that expected for a plastic
deformation of less than 1%. However, unlike the Q−1 of
systematically deformed bulk Al, the Q−1 of the vibrating
reed38 is nearly temperature independent over the entire
range of measurement. The temperature dependence of
�v /v0 in the same sample is consistent with a deformation of
less than 1%. Since no significant decrease in Q−1 was ob-
served at the lowest temperatures of the measurement, it is
not possible to determine a best-fit value for a and check
whether a fit to �v /v0 is consistent with a fit to Q−1.

In Ref. 8, Liu et al. studied Q−1 in several metal films,
including Al, using the same double paddle resonator tech-
nique that we used. These data are shown in Figs. 6 and 7.
The Al film they studied was also 1 �m thick, although
electron-beam deposition with a substrate temperature below
100 °C was used. As shown in Fig. 6, at 200 mK the Q−1 of
the Al film measured by Liu et al. is three times lower than
the Q−1 of our Al film, perhaps due to the lower temperature
of our film during deposition. Al films deposited at low tem-
peratures are associated with greater microscopic disorder
compared with films deposited at room temperature, as evi-
denced by higher resistivity, even if the films are annealed at
room temperature.55,56 Our measurements of �v /v0, how-
ever, agree over the entire temperature range at which data
are available, as shown in Fig. 7. Because the �v /v0 mea-
surements of Liu et al. only extend down to 500 mK, it is not
possible to determine the degree to which the elastic proper-
ties of this film agree with the tunneling model predictions.

C. Ag film

The Q−1 of our Ag film between 1 mK and 100 K is
plotted in Fig. 9. At 100 mK, Q−1 in our Ag film is three
times below that in our Al film. As the temperature is de-
creased below 100 mK, the temperature dependence of Q−1

in our Ag film weakens, in contrast to the strong decrease in
Q−1 of our Al film below 50 mK. The �v /v0 for the Ag film

is not plotted because our initial metal film data were not
acquired with a view to exploring this quantity. The disagree-
ment between our Ag results and the TM �Table I� does not
invalidate the interpretation of our Al results in terms of the
TM because the interaction between TLS and unpaired elec-
trons may alter the temperature dependence of Q−1 in a non-
trivial way �Sec. II B�. Although some researchers argued
that there is no difference between the low-temperature
acoustic properties of polycrystalline Al in the normal and
superconducting states,37 implying that electrons do not af-
fect the acoustic properties, subsequent work showed that
there are substantial differences between �v /v0 measured in
the superconducting and normal states.38 It was not possible
to draw conclusions about the influence of unpaired electrons
on Q−1 in Ref. 38 due to eddy current damping in the pres-
ence of the magnetic field.

As with the Al film, there are differences between the Q−1

of our Ag film and that of the Ag film measured in Ref. 8. At
1 K, the temperature dependence of Q−1 in our Ag film is
stronger than that observed in Ref. 8, and the magnitude of
Q−1 is three times smaller in our film. This difference is
surprising because we tried to make the films as similar as
possible, using the same e-beam evaporator, similar deposi-
tion rate, and probably the same e-beam target. The Q−1 of
our Ag film is also different from that of a cold-rolled Ag
reed vibrating at 250 Hz.57 In the reed, Esquinazi and co-
workers observed a Q−1 plateau between approximately 600
and 60 mK and Q−1�T1/3 between 0.1 and 60 mK, after
subtracting a background contribution of 1.12�10−4. The
background contribution is over an order of magnitude
greater than the internal friction at the lowest temperatures. It
is claimed in Ref. 57 that Q−1 of the Ag reed is qualitatively
the same as in the amorphous dielectric Suprasil but Q−1 of
our sample has important differences: we do not observe a
plateau between 100 mK and 1 K, and the strength of the
temperature dependence of Q−1 uniformly decreases as tem-
perature decreases below 10 K.

V. CONCLUSION

Using a low Q−1 single-crystal substrate vibrating in the
linear regime, we measured damping in a high-purity poly-
crystalline Al film and found Q−1 orders of magnitude greater
than that observed in annealed bulk Al. The mechanism lead-
ing to this high level of dissipation must be an internal pro-
cess since our measurement technique was previously shown
to be insensitive to interfacial and surface contributions.
Grain boundary and impurity contributions to the damping
were also found to be insignificant, leaving dislocation kinks
as the defects most likely to be responsible for the high level
of damping. It is not clear whether differences in dislocation
density are responsible for the considerable variation in Q−1

across measurements on Al polycrystals by different re-
searchers since the defect density was not well characterized
except where the sample was intentionally deformed. This
variation is substantial: the Q−1 we measured in our poly-
crystalline Al film is over an order of magnitude greater than
that measured in a polycrystalline sample as reported in Ref.
38. Though the temperature dependence of Q−1 in our Ag

Fefferman Ag film 5.4 kHz
Liu PRB99 Ag film 5.5 kHz

Esquinazi Z.Phys.92 Ag reed 250 Hz

10-2

10-3

10-5

10-4

T (K)
10-5 10-4 10-3 10-2 10-1 100 101 102 103

Q
-1

FIG. 9. �Color online� Q−1 measurements of our Ag film, the Ag
film studied by Liu et al. �Ref. 8� and the Ag reed studied by
Esquinazi et al. �Ref. 57�.
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film is different from that in our Al film, the magnitudes of
Q−1 are similar in the two films �within a factor of 3�.

Though it is apparent from our results that a polycrystal-
line Al film hundreds of times thinner than its substrate can
dominate the elastic properties of a composite resonator at
audio frequencies, some recent work shows a decrease in
damping for smaller dimensions or higher excitation fre-
quency. Q−1�10−6 was observed in a nanomechanical SiN
resonator coated with a polycrystalline Al film of comparable
thickness.5 Though a careful analysis has not been carried
out, it is thought that the Q−1 of the Al coating is comparable
to that of the composite structure. In measurements on Au
nanomechanical resonators,6 Q−1�10−5 was observed near
10 mK, though results for Au are not directly comparable to
results for Al due to unpaired electrons in the former.

The elastic properties of our Al film are mainly consistent
with the predictions of the TM for the case in which relax-
ation of tunneling states is dominated by phonons. The ab-
sence of electron-assisted relaxation is sensible since the
temperature range in which the TM fits the data is below Al
Tc and paired electrons do not contribute to TLS relaxation.
The relative slowness of the phonon-driven relaxation ac-
counts for the crossover at TCO�50 mK. If the TM predic-
tions are compared with the previous Al measurements, it is
clear that the annealed Al does not agree with the TM pre-
dictions while the 15% deformed Al is close to the TM pre-
diction. It would thus be very interesting to extend the mea-
surements on plastically deformed Al to lower temperatures
and check for agreement with the TM. It is not possible to
use Q−1 of our Ag film to rule out the TM because of the
uncertain effect of unpaired electrons.

Though the model of tunneling dislocation kinks suggests
an origin for tunneling TLS in polycrystals, it cannot rigor-
ously explain both thermal and elastic measurements. The
excess specific heat with linear temperature dependence and
time-dependent heat release predicted by the TM is not ob-
served in plastically deformed Al.51 The lack of glassy
anomalies in the specific heat and heat release might be ex-
plained in terms of the TM by an abundance of symmetric
tunneling states relative to asymmetric tunneling states,51 as
would be expected if TLS form at the minima of long-
wavelength modulations of the kink-Peierls potential. How-
ever, the phonon mean-free path in Al films derived from
heat-conductivity measurements53 is much shorter than that
predicted by the TM based on the measurements of Q−1 in
Ref. 8. Thus we are not aware of any completely satisfactory
theory of the elastic properties of polycrystalline metal at
low temperatures. From an empirical standpoint, we empha-
size the important contribution of metal films to the damping
of mechanical resonators at low temperatures.
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