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Internal friction measurements of ion beam sputtered amorphous silica
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The ability to minimize low-temperature acoustic loss in amorphous materials would have implications in
fields as wide-ranging as gravitational wave detection and quantum computing. In this paper, we measure the
internal friction between 300 mK and room temperature of several thin silica films deposited by ion beam
sputtering onto ultra-high-Q silicon resonators. The measurements reveal internal configurations of as-deposited
films that are markedly different from that of bulk silica. Over a broad temperature range, the films’ internal
frictions differ from one another by a factor of two; by contrast, a review shows that sub-MHz internal friction
measurements of bulk silica fall within a 35% band with a pronounced main absorption peak between 20 K and
40 K. This peak is absent in the films presented here, except for one film that had been annealed at 900 ◦C.
Annealing at 500 ◦C erased the thermal histories of the other thin films to create internal friction values that are
consistent from film-to-film but yet still markedly different from those of the bulk below 100 K, while creating
the steep bulk-like drop-off above 100 K that the as-deposited films lacked. In the context of theoretical structural
modeling, our results suggest that exposure to temperatures of at least 900 ◦C is needed to form the network of
tetrahedra considered characteristic of amorphous silica. The present measurements, especially when compared
alongside previous work, appear to show that these structures are suppressed in many thin film preparations.
These measurements also show, for as-deposited films, an excess of excitations in the 0.15–0.3 eV range which
can be annealed away to bring about the Q−1 drop-off above the main absorption peak. The shear moduli of all
the films are qualitatively similar to bulk silica, with a positive temperature coefficient above a minimum near
60 K and a negative temperature coefficient below.

DOI: 10.1103/hsgl-xhng

I. INTRODUCTION

While it is well recognized that the physical properties of
glasses depend upon the conditions of their creation, princi-
pally the cooling rate, two recent phenomena illustrate the
particularly large degree of variation made possible by va-
por deposition. First, at low temperatures, between ∼1 K
and 10 K, glassy materials are known to have a popula-
tion of low-energy excitations that gives rise to an internal
friction between 10−4 � Q−1 � 10−3, regardless of chemical
composition or bonding [1]; however, vapor-deposited amor-
phous silicon has been measured as low as Q−1 � 2 × 10−6

[2,3]. Second, vapor deposited organic glasses have achieved
densities that, if cooled from a melt, would take on the order
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of 1000 years of annealing to achieve [4,5]. In both of these
examples, vapor deposition has enabled the large deviation
from bulk behavior.

In this paper, we seek to understand the range of properties
in thin films of vapor-deposited amorphous SiO2—perhaps
the prototypical glass—through measurements of internal
friction and shear modulus. A consideration of relaxation
barrier heights allows us to consider our results in the context
of 70 years of theoretical structural modeling of amorphous
silica. The low-energy excitations, which have been observed
in all amorphous solids except the aforementioned amorphous
silicon, have been successfully modeled as a broad distribu-
tion of two-level tunneling systems (TLSs) [6,7], the spectral
density of which can be directly measured through internal
friction. Discovering the conditions under which the density
of TLSs in a material system can be substantially reduced
would be of tremendous practical interest, as TLSs can cou-
ple to the quantum state of superconducting qubits, causing
unwanted decoherence [8]. Thin silica coatings also serve
as the low-refractive-index material in the alternate-layer
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TABLE I. Deposition and measurement summary of films reported on in this paper, as-deposited (AD), after annealing (Ann), and change
upon annealing. Both GC-2 and GC-2b were annealed before measurement. S-3b was deposited after S-3 measurements were completed.
Except for S-GeNS, the Q−1

0 is the low-temperature internal friction plateau value discussed in Sec. VII and the change in shear modulus value
�Gfilm is the value for T < 1 K, discussed in Sec. IX. The S-GeNS datum is for T = 115 K. Annealing was conducted in air.

Film tfilm (nm) AD Q−1
0 ×10−4 Temp. (◦C) Ann Q−1

0 ×10−4 �Q−1
0 ×10−4 �Gfilm (GPa)

Grand Coater films

GC-1 210 10.4 500 6.0 –4.4 1.9
GC-2 339 900 5.2
GC-2b +344

SPECTOR films

S-1 196 5.7 500 6.8 1.1 –0.4
S-2 194 5.0 500 7.4 2.3 –0.4
S-3 690 3.8 500 5.5 1.7 –0.2
S-3b +860 500 5.4
S-GeNS 194 3.4

sandwich structure of the Bragg reflectors in gravitational-
wave interferometers [9]. The sensitivity-limiting thermal
noise from the coating layers is directly related to its inter-
nal friction, and a reduction in coating internal friction is a
primary avenue for improved sensitivity of future detectors.

II. FILMS

The thin film samples studied in this work were deposited
in two different ion-beam sputtering (IBS) coating facilities
at the Laboratoire des Matériaux Avances (LMA) onto high-
quality factor (Q) mechanical resonators. We used a commer-
cial Veeco SPECTOR system and a large, custom-developed
facility (called Grand Coater, GC) that is used to deposit the
current mirror coatings for the Advanced LIGO, Advanced
Virgo, and KAGRA gravitational-wave interferometers. Ac-
celerated argon ions were used as sputtering particles while
oxygen was injected into the deposition chambers, for a total
working pressure of the order of 10−4 mbar. In the SPECTOR,
the beam voltage and current were 1.3 kV and 0.6 A, respec-
tively, yielding an average growth rate of 0.24 nm/s, while the
substrates were heated to ∼150 ◦C. Similar conditions were
used in the GC, which uses a proprietary process designed
to optimize film optical properties. Each film for this exper-
iment, except for S-GeNS, was deposited onto an individual
double-paddle-oscillator (DPO) resonator, while S-GeNS was
deposited onto a silicon wafer for use in a clamp-free Gentle
Nodal Suspension (GeNS) system [10] adapted for cryo-
genic measurements [11]. Film thicknesses were measured by
fits of transmission photometric spectra of witness samples
deposited onto SF11 glass substrates. All the films are sum-
marized in Table I. Further physical properties of similar GC
and SPECTOR-grown silica films can be found in Ref. [9].

The films S-1, S-2, GC-1, and S-GeNS are all ≈200 nm
thick. The film S-GeNS was codeposited in the SPECTOR
together with S-2. Except for GC-2, samples were initially
measured as deposited, then the film-laden resonators were
subsequently annealed in air to 500 ◦C for 36 ks, after which
they were measured again. The film S-3, ≈700 nm-thick, was
originally a test deposition, but was used in a separate experi-
ment to determine whether the curvature of the DPO resulting

from the film strain had a significant effect on the internal
friction measurements, as detailed in Sec. IV. For this mea-
surement, the film S-3b was deposited onto the other side of
the DPO after the film S-3 had been measured and annealed.

For GC-2, silica films were deposited on both surfaces of
the DPO, after which the DPO was annealed in air at 900 ◦C
for 36 ks, with 32 ks temperature ramps up and down.

III. RESONATOR MEASUREMENTS

The outline of a DPO, representing its top surface, is
shown in Fig. 1(a). The DPO is fabricated from [100]-oriented
single-crystal silicon wafers using standard microfabrication
techniques [12]. Both the top and bottom surfaces of the wafer
are coated with 800 Å of silicon nitride grown by low-pressure
chemical vapor deposition. The top nitride coating is patterned
into the shape of Fig. 1(a), to act as a mask for the release step,
an etch in a hot potassium hydroxide solution. This etches
the top (100) surface approximately 150 times faster than
any {111} surface [13], creating the beveled sidewalls of the
DPO and bottom edges that extend outward a further 212μm.

FIG. 1. (a) outline of top surface of DPO resonator with various
components labeled. Shaded area represents deposited film. (b) FEM
calculation of mode shape of AS2. Color scale reflects out-of-plane
deflection.

085602-2



INTERNAL FRICTION MEASUREMENTS OF ION BEAM … PHYSICAL REVIEW MATERIALS 10, 085602 (2026)

Exterior corners are composed of {110} and {311} faces [14],
which etch at rates comparable to that at which {100} surfaces
etch; the longer newly released DPOs are kept in the etch bath,
the more material is removed from the corners. A metal film
electrode is deposited onto the wings, leg, and foot—but not
the neck or head—of the back side of the DPO for capacitive
drive and detection. In the case of 900 ◦C-annealed GC-2, to
avoid contamination, the metal film electrode was deposited
after annealing. Finally, the bare DPOs are annealed in high
vacuum conditions at 450 ◦C for 10 ks, a step that has been
shown to improve the quality factor [12].

The gray zone in Fig. 1, an area of approximately
1.2 mm×7 mm, indicates the “neck” area onto which films
were deposited through a shadow mask, generally onto the
wider back face of the DPO. The bottom of the foot of the
DPO, below the dashed line in Fig. 1(a), is clamped in an Invar
sample holder, which is mounted inside the vacuum can of a
3He cryostat that can be cooled to 375 mK.

The GeNS measurement was performed on a 75 mm diam-
eter, 450-μm-thick, [100]-oriented Si wafer. Both DPO and
GeNS measurements are conducted by free ringdown decay,
where the damping is determined from the 1/e decay time τ

of a mode at resonant frequency f as Q−1 = (π f τ )−1.
We excite the ninth resonant mode of the DPO, a tor-

sional mode referred to as the second antisymmetric mode
and abbreviated as AS2 [15,16]. A finite element rendering
of the mode shape of AS2 is shown in Fig. 1(b): the wings
twist about their horizontal axis and the head twists about the
neck in a mechanically balanced manner such that there is
negligible twisting of the leg, concentrating the strain energy
in the neck. The head and wings are 180◦ out of phase with
one another; when one side of the head is moving up, the top
of the wing on the same side is moving down. Modeled as
a lightly damped harmonic oscillator, the (lumped-element)
inertial term is given by the moment of inertia of the head, and
the restoring force is given by the torsion constant of the neck.
The resonant frequency of AS2 can lie between 5.4 kHz and
7 kHz as the moment of inertia of the head depends strongly
on the degree of etching of the corners.

Because of the wide range of AS2 frequencies, the fre-
quency and Q−1 of a bare DPO is measured before film
deposition, except for GC-2. For GC-2, the bare DPO was
measured last, after stripping the silica film from the DPO.
To strip the film, the rest of the DPO surfaces were covered
with a protective coating [17] and the DPO was immersed in
a 25% hydrofluoric acid solution for 300 s. In this way, any
changes to the DPO as a result of the annealing process were
retained and thus accounted for in the background frequency
and quality factor.

For the DPO, in a thin film approximation, changes to
the resonant frequency and damping of the resonator upon
deposition of a film are given by

ffilm-laden − fsub

fsub
= � f

f
= 3Gfilmtfilm

2Gsubtsub
, (1)

Q−1
film-laden = 3Gfilmtfilm

Gsubtsub
Q−1

film + Q−1
sub, (2)

= 2
� f

f
Q−1

film + Q−1
sub, (3)

where the G’s are shear moduli, t’s are thicknesses, “film”
refers to the silica film itself and “sub” refers to the bare
DPO substrate [18]. We use � to represent changes from
the deposition of a film or from annealing, and will use δ to
represent changes in a resonator as a function of temperature.

The GeNS measurement uses a frequency-dependent
dilution factor D [19],

D = 1 − msub

mfilm-laden

(
fsub

ffilm-laden

)2

, (4)

where msub and mfilm-laden are the bare and film-coated wafer
masses, respectively, measured for this work with an analyti-
cal balance. Then,

Q−1
film = 1

D

(
Q−1

film-laden + (D − 1)Q−1
sub

)
. (5)

For this work, we measured the resonance at ∼0.6 kHz, which
falls within the detection band of ground-based gravitational-
wave detectors (∼0.03 − ∼2 kHz). For this mode, D ≈ 1.5 ×
10−3. More details about this data analysis method can be
found elsewhere [9,20].

The DPO measurements and calculations are illustrated in
Fig. 2 using film S-1 as an example, with internal friction
in panel (a) and frequency in panel (b). The internal friction
measurements in Fig. 2(a) are shown both on a log-log scale
and, in the inset, on a linear scale. The Q−1 of AS2 of a
bare resonator is shown as the lowest-lying curve. Despite
being primarily a torsional mode, the Q−1 of AS2 above 50 K
is dominated by thermoelastic loss from residual flexure in
the wings [21]. Below 30 K, Q−1

sub < 2 × 10−8. The deposi-
tion of a film increases the measured Q−1 value, shown by
the middle curve, over the entire temperature range by an
amount 3 × 10−7 � �Q−1 � 6 × 10−7, which at low tem-
peratures represents an increase by one and a half orders of
magnitude. Although at high temperatures Q−1

sub and Q−1
film-laden

appear to converge on a log scale, the linear scale inset shows a
measurable difference.

Figure 2(b) shows the frequencies recorded in the same
measurements. In this example, the frequency of the bare
DPO rises by δ f ≈ 29 Hz between room temperature and
low temperature, for δ f / f |RT-LT ≈ 4.48 × 10−3. To first order,
this follows the rise of the shear modulus in silicon GSi as
δ f / f = 1

2δGSi/GSi. The addition of this film causes an in-
crease in the frequency of approximately � f = 3.1 Hz, for
� f / f ≈ 4.8 × 10−4. The inset to Fig. 2(b) shows that the
low-temperature variation is much stronger for the film-laden
DPO than for the bare DPO; the scaling of the y axis is the
same for both sections of the inset. For the bare DPO, the
relative frequency variation is δ f / f � 2 × 10−9 below 2 K,
and drops by δ f / f ≈ 10−7 between base temperature and
10 K, while the film-laden DPO has a variation δ f / f � 2 ×
10−7 below 2 K and drops by δ f / f ≈ 2 × 10−6 between base
temperature and 10 K.

By inverting Eq. (2), we can extract the internal friction
of the film itself, Q−1

film, represented in the top-most curve
(not shown in linear scaling). Likewise, if the film thick-
ness tfilm is known, then the film shear modulus Gfilm can be
calculated via Eq. (1). In these calculations, Q−1

sub, Q−1
film-laden,

fsub, and ffilm-laden are all functions of temperature, while tsub,
tfilm, and Gsub are considered fixed values. Note that the Q−1

film
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FIG. 2. (a) Q−1 values throughout measurement and analysis for as-deposited film S-1. Inset shows same Q−1
sub and Q−1

film-laden data on linear
scale. Error bars on the inset represent 5% of the Q−1 value and would be smaller or comparable for Q−1

sub. (b) Frequencies for bare and
as-deposited S-1. Inset uses same x-axis temperature scale as main figure and both segments of inset use the same y-axis scaling on the right.

calculation does not depend on precise knowledge of either
Gfilm or tfilm; their product appears in both the frequency shift
and the energy loss scaling of Eq. (2).

To verify that the postannealing measurements primarily
reflect changes to the film and not the underlying substrate,
a bare, measured DPO was put through the same anneal-
ing procedure as the films and measured again before film
deposition. At 500 ◦C, we do not expect significant thermal
growth of silica; an extrapolation of the thermal silica growth
rates measured by Deal predicts well under a nanometer of
growth [22]. The annealed bare DPO did show an increase of
background damping �Q−1 ≈ 7 × 10−9 � Q−1

film-laden, which
would change the Q−1

film calculation by �1%, an amount
smaller than the error bars shown. Because the effect of the
annealing on the part of the substrate covered by the film is
unknown, we did not try to apply a correction to Q−1

sub of the
annealed films.

IV. CURVATURE

The deposition of the film on only one side of the DPO
introduces a stress asymmetry. As the film S-3 was more
than three times thicker than the other films, any effect
of this asymmetry on the internal friction ought to be the
most pronounced in this film. To determine its effect on the
measurement, a second film, S-3b, was deposited on the op-
posite side of the DPO. Because S-3 was deposited on the
wider back of the DPO, in the neck region, the deposition
of S-3b on the narrower top of the DPO was thicker, to
bring the total stress into balance. With a film on only one
side, the DPO’s radius of curvature from the film stress was
−6 m, and when the second film was deposited, this flattened
to a radius of +38 m. In Fig. 3, both Q−1

film-laden and Q−1
film

are shown for as-deposited S-3 by solid blue squares and

for the annealed film by open blue squares. Because Q−1
film

post-annealing is measurably higher than before annealing,
and because the annealed film was already present on the
DPO, S-3b was also annealed (and therefore, S-3 was doubly

FIG. 3. Measured and calculated Q−1 values for S-3 and S-3b:
as-deposited single-sided film, solid blue squares; annealed single-
sided film, open squares; double-sided annealed film S-3 with S-3b,
red circles.
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FIG. 4. Calculated internal friction of films in this work. (a) as-deposited; (b) annealed. (c) Comparison of S-1 and S-2 in both as-deposited
and annealed state. Closed symbols: as-deposited; open symbols, annealed. Gray band in (a) and (b) represents range of internal friction values
found in literature for bulk silica measured at frequencies less than 1 MHz, the red dashed line is their mean; see text for specific references.
For clarity, only select error bars are shown; those at 30 K are representative of those at lower temperatures. Error bars for GC-2, a thicker
sample, are approximately the size of the symbols.

annealed) before measurement. With two films contributing to
the mechanical loss, Q−1

film-laden increases, as Eq. (2) predicts.
These measurements of S-3 and S-3b together are represented
by the red closed circles in Fig. 3. Notably, using the sum
of the thicknesses of S-3 and S-3b for tfilm, Q−1

film calculations
exactly match that of the annealed single-layer film. If the
curvature induced by the single-layer film had contributed
an additional loss mechanism that the uncurving ameliorated,
the Q−1

film calculation of the double film would be expected to
be lower, reflecting the absence of such a mechanism. As the
two calculations give the same results, we conclude that the
curvature does not introduce any such mechanism.

Incidentally, while Q−1
film of S-3 both as-deposited and an-

nealed follow qualitatively the temperature dependence of
S-1 and S-2, the values themselves are lower across the
whole temperature range, suggesting a thickness dependence
to Q−1

film. Although a systematic investigation of thickness de-
pendence is beyond the scope of the present manuscript, it is
a subject for further work.

V. INTERNAL FRICTION AND ANNEALING

Internal friction measurements of our films are compared
to one another, and to that of bulk silica, in Fig. 4. The internal
friction of bulk, fused silica is indicated by the gray band and
dashed red line in Figs. 4(a) and 4(b). The band represents the
maximum and minimum extent of 21 separate measurement
data sets, all for measurement frequencies less than 1 MHz,
reported in eleven publications [23–33], with the red dashed
line representing their mean. There are three features common
to the measurements: First, all measurements show a peak in

which the internal friction has a maximum of ≈10−3, often
referred to as the “main absorption peak” [34]; this will be
discussed in more detail in Sec. VIII. Second, Q−1 falls off
sharply by more than one order of magnitude at tempera-
tures above the main absorption peak. Third, below the main
absorption peak, Q−1 settles to a temperature-independent
plateau value, Q−1

0 ≈ 4 × 10−4; this will be discussed in
Sec. VII. Amongst the different measurements, the spread of
the Q−1

0 is generally less than 35%. The temperature Tmax

of the maximum of the main absorption peak is related to
the measuring frequency ω as ln ω ∝ −1/Tmax, a trend that
has been observed between 46 Hz [31] and 36 GHz [35], and
for the data included here lies between 24 K and 38 K. At
frequencies higher than 1 MHz, the internal friction at the
peak increases [36], but for the data included here there is no
systematic variation of peak height with frequency.

The large difference in internal friction that can result from
film preparation in different deposition chambers is illustrated
in Fig. 4(a), which shows the calculated film internal frictions
Q−1

film of S-1, GC-1, and S-GeNS, all ≈200 nm-thick. Although
the depositions nominally use similar film growth parameters,
the films’ internal friction values are both different from one
another, and from the bulk values, over the entire temperature
range measured. Near 2 K, the internal friction of GC-1 is 70%
higher than that of S-1 and the difference is larger at higher
temperatures. Over the temperature range for which GeNS
measurements were taken, the GeNS data follow a similar
temperature dependence to S-1 but is 30% lower through the
thermoelastic minimum at 123 K [37].

When the films undergo 36 ks of annealing in air at 500 ◦C,
the synthesis history that gives rise to their different internal
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FIG. 5. Internal friction vs temperature for literature thin silica films compared with data presented in this paper. Gray bands represent bulk
measurements, as in Fig. 4. (a) Films that were deposited nominally at room temperature and which did not receive a heat treatment; (b) films
annealed or deposited at temperatures in excess of 500 ◦C. Literature film details are in Table II.

friction values is erased and the annealed films are remarkably
similar to one another, yet still different than bulk, as is shown
in Fig. 4(b). The internal friction of S-1 is slightly higher (by
8%) than before annealing for temperatures less than 30 K,
while the internal friction of GC-1 decreases by ∼40% in the
same temperature range. The postannealed films have internal
frictions within ∼10% of one another. The annealing also
creates the high-temperature Q−1 drop-off which is character-
istic of bulk silica and absent from as-deposited films. This is
clearest in the annealed S-GeNS film, but evident in the other
films as well. The internal friction for temperatures T < 10 K
is still higher than for bulk, and there does not appear to be a
30 K peak.

The sample GC-2, annealed at 900 ◦C, is also shown in
Fig. 4(b). In contrast to the 500 ◦C-annealed films, this film
does show a 30 K peak and high-temperature drop-off that
in both magnitude and temperature matches that of the bulk
samples.

In contrast to the chamber-to-chamber variation seen in
Fig. 4(a), Fig. 4(c) shows that films grown in the same
deposition chamber to the same thickness with the same
parameters—here, S-1 and S-2—do, in fact, have largely iden-
tical internal friction measurements. Their internal frictions
differ by �5% over most of the temperature range. Figure 4(c)
also illustrates the subtle, and reproducible, changes to the
SPECTOR-grown films after the annealing treatment, after
which the films differ by about 8%.

Error bars for T > 30 K are shown for GC-1 and S-GeNS
in Figs. 4(a) and 4(b) and for S-1 in both as-deposited and
annealed in Fig. 4(c). Error bars are calculated using standard

propagation of error and are based on a historical, empirical
DPO Q−1 reproducibility of 5%. Error bars for S-2 are com-
parable to those for S-1 and for visual clarity are not shown.
Error bars for T < 30 K are the same as those at 30 K and
are ≈5%. The primary source of uncertainty at T > 30 K
originates from the thermoelastic increase in Q−1

sub and the
smaller difference between Q−1

sub and Q−1
film-laden, as can be seen

in the inset to Fig. 2.
The as-deposited films shown in Fig. 4(a) differ in several

respects from the uniform behavior of bulk silica. The low-
temperature plateau value for the films is higher than for the
bulk, and they show evidence of a broad and shallow peak
centered near 1 K in addition to the low-temperature plateau.
None of the films show the main absorption peak, although all
show shallower peaks, with the GC-1 peak shifted to 80 K.

Taken together, our measurements reveal several distinct
configurations of amorphous silica: a bulk-like configura-
tion achieved with 900 ◦C annealing, a separate configuration
achieved with 500 ◦C annealing, and at least one other config-
uration representing the as-deposited films.

VI. COMPARISON WITH OTHER THIN FILM
MEASUREMENTS

While bulk silica internal friction measurements are re-
markably consistent with one another, we are aware of four
published low-temperature studies of thin films of silica, al-
most all of which show some departure from bulk internal
friction. We have compared selected data from these papers
to the measurements presented in this paper in Fig. 5, with
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TABLE II. Parameters of literature thin films plotted in Figs. 5(a)
and 5(b).

Paper Ref. tfilm (nm) Method f (kHz) T (◦C)

Kuo et al. [38] 270 IBS 1.9
White and Pohl [39,40] 8.7 e-beam 5.5
White and Pohl [39,40] 39.2 e-beam 5.5
White and Pohl [39,40] 108.5 e-beam 6.3
White and Pohl [39,40] 500 thermal 6.3 1025
Martin et al. [41] 1000 IBS 7.3 600
Granata et al. [11] 2500 IBS 5.9 500

as-deposited films in Fig. 5(a) and heat-treated films in
Fig. 5(b). A summary of the literature films is presented in
Table II.

In the most comprehensive study, White and Pohl used
DPO substrates to measure: a 500-nm thermal oxide, 0.75 nm
and 109 nm films grown by e-beam evaporation, and an e-
beam film originally 2.2 nm-thick and measured after three
subsequent deposition steps to eventually reach an accumu-
lated thickness of 39 nm [39,40]. Of White and Pohl’s e-beam
films, most did not show any sign of the main absorption
peak; the 8.7 nm film is shown in Fig. 5(a) as an example.
The 39.2 nm film is plausibly consistent with such a peak, al-
though the data cut off at 20 K. The Q−1 of White’s 108.5 nm
film rises with rising temperature, with a peak value Q−1 �
5 × 10−3, well above the bulk main absorption peak, reached
at a temperature T � 115 K. White and Pohl’s 500 nm ther-
mal oxide film was grown at 1300 K and is shown in Fig. 5(b).
This film and GC-2 are the only thin films that clearly show a
main absorption peak that aligns with bulk silica, suggesting
that exposure to temperatures at or above 900 ◦C is necessary
for the appearance of the main absorption peak.

Aside from White and Pohl’s measurements, the other lit-
erature thin films were deposited via ion beam sputtering. In
these studies, a single film was measured at several frequen-
cies using different modes of the substrate resonator. Internal
friction measurements capture all the mechanical energy loss
mechanisms that are simultaneously at work, intrinsic as well
as extrinsic. In the cases of the Martin et al. [41] and Kuo
et al. [38], the films were deposited on a singly-clamped
cantilever: in addition to the internal friction of the silica,
each resonant mode will have a different loss associated with
cantilever attachment or clamping. It is reasonable, then, to
consider the lowest Q−1 values as the most representative
of the value for the silica film itself: 7307 Hz in the case of
Martin et al. and 1873 Hz in the case of Kuo et al. Granata
et al. [11] deposited a 2.5-μm film on a silicon wafer for a
GeNS measurement, which introduces negligible suspension
loss; we chose the 5900 Hz data as it is a close frequency
match to our measurements.

Kuo et al. deposited a 270-nm film on a nominally room-
temperature silicon cantilever and did not perform a heat
treatment. This film, shown in Fig. 5(a), shows a high tem-
perature peak very similar to that of GC-1. It is known that
argon sputtered silica films can contain on the order of 0.2%
argon, which effuses out upon annealing [42]. It is plausible
that the peak shown in these two films originates from such

included argon in a similar manner as has been observed with
1% hydrogen [43]; the internal friction of argon films rises
with temperature [44], increasing sharply near the melting
point Tm = 84.35 K [45].

The films of Martin et al. and Granata et al. were heat
treated before measurement. Martin et al. deposited a 1-μm
film at 100 ◦C on a silicon cantilever, which was subsequently
annealed for 24 h at 600 ◦C, while Granata et al.’s film was
annealed at 500 ◦C before measurement. These measurements
are shown in Fig. 5(b). Although Martin identifies peaks at
20 K and 160 K, neither exhibits characteristics of the main
absorption peak, and Q−1

film is notably lower than bulk in the
10–60 K range. Granata et al.’s film is similar to Martin et al.’s
and has slightly lower Q−1

film.
Figure 5 is consistent with our measurements: Although

bulk silica below 1 MHz shows a stable and consistent internal
friction, the mechanical loss in thin film silica is strongly
dependent on deposition conditions and annealing. In some
instances, as-deposited films can develop strong internal fric-
tion peaks near 100 K, which are absent in films annealed near
500 ◦C.

VII. TWO-LEVEL TUNNELING SYSTEMS

The internal friction of bulk silica below 5 K can
be explained via the TLS model. The presence of low-
energy excitations in amorphous solids was first observed in
measurements of specific heat below 1 K and thermal conduc-
tivity below 100 K [46]. The model of these excitations put
forth by Anderson, Halperin, and Varma [6] and by Phillips
[7] supposed that the amorphous structure creates a potential
energy landscape with a population of two-level tunneling
systems (TLSs): atoms, or groups of atoms, that have two
distinct spatial arrangements with similar energies. Any given
TLS could be modeled as an asymmetric double-well poten-
tial, with a barrier height V , asymmetry �, and separation d ,
from which a tunnel splitting �0, an energy splitting E , and a
tunneling parameter λ can be calculated. At the temperatures
of interest, the energy barrier between the wells is too high
for thermal activation, but the wavefunction overlap between
the two wells, described by λ, is such that the atoms can tun-
nel between the configurations. To calculate the macroscopic
properties, it is presumed that the distribution of the parame-
ters of the two-level systems is uniform: P(�,λ) = P d� dλ.

Jäckle showed that these same two-level systems give rise
to two mechanisms of ultrasonic attenuation: resonant and
relaxational [47]. Resonant scattering occurs at the lowest
temperatures and highest frequencies: A phonon of frequency
ν can be absorbed with a TLS with energy splitting E when
E = h̄ν. If h̄ν � kBT , loss from resonant scattering scales as
Q−1

res ∝ ν/T , where h̄ is Planck’s constant, kB is the Boltzmann
constant, and T is the temperature. At the lowest temperatures
of our experiment, Q−1

res < 10−9. The data in this paper are re-
laxational: A strain wave alters the parameters of the TLSs and
throws the occupations out of thermal equilibrium, interacting
with the phonon bath. At very low temperatures, the relax-
ational internal friction scales as T 3, but above a crossover
temperature Tco that depends on the measuring frequency ω

as approximately Tco ≈ 3
√

ω/1000 K for silica (3 mK in DPO
measurements), the internal friction levels off to a constant
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value,

Q−1
0 = Pγ 2

ρv2
, (6)

where ρ is the material density, v is the speed of sound, and γ

is the phonon coupling constant, calculated as a derivative of
� with respect to strain.

It is this plateau region with constant Q−1 that we see in
the bulk silica for T < 5 K. The films in this work have an
additional shallow peak, centered around 800 mK, on top of a
higher TLS plateau, which suggests a larger value of P than
for bulk silica. An examination of the pre- and postanneal
states in Fig. 4(c) shows three distinct regions of changes upon
annealing for S-1 and S-2. At the lowest temperatures, below
800 mK, Q−1

film rises to create a plateau; at present, we do not
have an explanation for this increase. Between the peak and
3 K, the as-deposited and annealed films coincide with one
another, suggesting that the annealing does not change P and
that annealing-related Q−1 changes are the result of non-TLS
mechanisms. Between 3 K and 30 K, Q−1

film is higher in the
annealed film; this will be discussed in Sec. VIII.

VIII. MAIN ABSORPTION PEAK

To model the main absorption peak, Gilroy and Phillips
[26] (and nearly simultaneously, Vacher et al. [48]) took
the asymmetric double-well potential of the TLS model and
extended it to higher temperatures, with thermally activated
jumps between the configurations instead of tunneling. In this
regime, the distributions of the parameters of the double well
potentials are not constants; instead, the model considered
separate distributions g(V ) over barrier heights and f (�) over
asymmetries. In Gilroy and Phillips’s computation, f (�) =
f0 was taken to be constant and g(V ) = V −1

0 e−V/V0 was taken
to be exponential. This leads to an internal friction

Q−1 = γ 2 f0πkBT

MV0
(ωτ0)

kBT
V0 , (7)

where M is the appropriate elastic modulus, V0 is a parameter
from the distribution g(V ), and τ0 is a characteristic time scale
for TLS relaxation, which is taken to be τ0 = 10−13 s. This
calculation does fit the main absorption peak of Gilroy and
Phillips’s 660 kHz measurements on silica (which are among
those contributing to the bulk data of Fig. 4). Much subsequent
work has been devoted to improved distribution functions and
better descriptions of the double well [33,35,49,50].

A further computation in Gilroy and Phillips’s model,
outlined by Topp and Cahill [51], is to convert the high-
temperature Q−1 measurements into a barrier height distribu-
tion g(V ) via

g(V ) f0 = M

πγ 2kB

Q−1(T )

T
(8)

and
V = −kBT ln(ωτ0). (9)

This transformation allows a frequency-independent com-
parison of internal friction measurements, and also allows
comparison to energy scales in computational models, as will
be discussed in Sec. X. The transformation of the data in Fig. 4
via Eqs. (8) and (9) is shown in Fig. 6. A discussion of the

FIG. 6. Barrier Height Distribution for data shown in Fig. 4. Red
line is barrier height distribution from Topp and Cahill [51]. (a) As-
deposited films. (b) after 36 ks anneal at 500 ◦C, except GC-2, which
was annealed at 900 ◦C.

values of γ and the elastic moduli used in these calculations
is in the Appendix.

As would be expected from the internal friction data, the
barrier height distribution for GC-1 is lower in the annealed
state than as-deposited over the full range of barrier height
energies. For S-1, the as-deposited and annealed distributions
have the same value at V = 0.06 eV. Below this, the values
for the annealed film are approximately 10% higher than
for as-deposited. Above, the values for the annealed film are
smaller, with the difference growing with increasing energy, to
approximately 20% of the as-deposited value at V = 0.3 eV.
Results for S-2, not shown, are nearly identical to those for
S-1. As the barrier height transformation incorporates a fre-
quency dependence, the match between S-1 and S-GeNS is
closer than for the internal friction measurements.

IX. SHEAR MODULUS

Shear modulus values are calculated using Eq. (1), with
tsub = 300μm and Gsub = 62 GPa for torsion about a Si [110]
axis. At low temperatures, the absolute calculated shear mod-
ulus values ranged between 28.5 GPa and 30 GPa. However,
owing to the ∼5% uncertainty in the film thickness measure-
ments, the uncertainty in 200 nm films was about 1.4 GPa,
hence film-to-film comparisons are of little value. Shear mod-
ulus values relative to that at low temperatures for each
film are shown for S-1, GC-1, and GC-2 in Fig. 7 together
with that for bulk silica; the films S-2 and S-3 show the
same temperature dependence as S-1 and are not shown in
the figure for the sake of clarity. The error bars for T >

100 K represent the uncertainty in the frequency measure-
ments and are different for each particular measurement, and
do not include the thickness-related uncertainty. Since the
absolute frequency shift upon deposition of a film is propor-
tional to the film thickness but the uncertainties in frequency
measurement are independent of film properties, the error
bars for the doubly-thick GC-2 are smaller than for the other
films [53]. For T < 100 K, such error bars are smaller than
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FIG. 7. Relative change in shear modulus of GC-1, S-1, and
GC-2 in both as-deposited (AD) and annealed (Ann) states, together
with that of bulk silica from McSkimin [52] and Fine [24]. Values
measured relative to low-temperature value. The film GC-2 was only
measured in the 900 ◦C-annealed state. Error bars at T > 100 K
represent error from frequency uncertainties for each measurement.
Such error bars below 100 K, and at all temperatures for GC-2 (which
is a thicker film), are smaller than the plotted symbols.

the plotted symbols. The room-temperature measurement is
subject to the variations in ambient laboratory temperature
and although extrapolations of the frequency versus temper-
ature data provide correction, the error bars given represent
the possible temperature-induced uncertainty.

The films all show a temperature dependence that follows
that of bulk silica [24]: a negative temperature coefficient at
the lowest temperatures, switching to a positive temperature
coefficient at a temperature at or above 60 K. All the 500 ◦C-
annealed films, and the as-deposited SPECTOR films, follow
the temperature dependence of bulk silica at low tempera-
tures, while GC-1 as-deposited and GC-2 annealed-at-900 ◦C
show larger low-temperature changes in shear modulus. The
temperature at which the temperature coefficient transitions
from negative to positive is at a higher temperature for GC-1
than for any of the other films or for bulk silica. We do not
have an explanation for the dramatic apparent drop in the
shear modulus calculation for S-1 between 123 K and room
temperature but suspect an as-yet unidentified measurement
complication.

The changes in shear modulus upon annealing �Gfilm

are opposite to those of internal friction �Q−1
0 : While

GC-1 shows a decrease in Q−1
0 and an increase in Gfilm, the

SPECTOR films all show an increase in Q−1
0 coupled with a

decrease in Gfilm. Values are listed in Table I.

X. MICROSCOPIC MODELS

The calculations by Gilroy and Phillips, and the refine-
ments thereof, do not consider the microscopic origin of the
two-state configurations, but such considerations may be of
use in understanding why the thin film internal frictions are so
different than bulk.

Structurally, bulk silica is composed of a network of tetra-
hedra with silicon atoms at their centers. The silicon atoms are
each bonded to four oxygen atoms, which form the vertices of
these tetrahedra, and each oxygen atom is in turn shared by
two tetrahedra and bound to two silicon atoms; all the bonds
are Si-O. While the tetrahedra are considered mostly rigid,
the angle θ of the Si–O–Si bond, and thus of two adjacent
tetrahedra, can vary in the range 120◦ < θ < 180◦ [54].

The first analysis of the main absorption peak in silica
was given by Anderson and Bömmel, who argued that it was
the result of a structural relaxation in which oxygen atoms
moved laterally across Si–O–Si bonds [55]. Strakna and Sav-
age proposed that some fraction of the Si–O–Si bonds were
elongated, creating two equilibrium positions for the oxygen
atom [56]. While both of these models, in creating two-state
systems, could reproduce the shape of the main absorption
peak, Vukcevich pointed out that they would require bond
angle distributions that were not consistent with what had
been measured [57]. Instead, Vukcevich argued that the main
relaxation is rotation of the tetrahedra, which themselves re-
main otherwise unchanged. Buchenau, Nücker, and Dianoux
subsequently modeled coupled rotations of five silica tetrahe-
dra to explain inelastic neutron scattering results [58].

Computer simulations have sought to identify two level
systems by looking for configurations that are close in energy
with appropriate displacements. Although motivated by the
search for two-level tunneling systems, these computations
search for the systems via classical, thermally-activated dis-
placements, with the presumption that the same continuum of
two-level states explains both the low-temperature anomalies
and features such as the main absorption peak. One of the
first such computations, using up to 600 atoms, searched the
potential energy landscape to find double-well potentials and
found that each double-well potential featured displacements
of several tetrahedra, a predominant motif of which were
chains of several tetrahedra rotating about their edges [59].

The first simulation we are aware of that computed values
for internal friction was conducted by Hamdan et al. [60]
This used a molecular dynamics simulation of 648 atoms run
through a series of temperature ramps and quenches. TLSs
were identified from atomic displacements, and statistics col-
lected about the TLSs gave numerical g(V ) and f (�) curves
from which Q−1 was calculated. This did reproduce the main
absorption peak, although at Q−1 = 1.65 × 10−3 near T =
30 K it was higher than the Q−1 = 1.0 × 10−3 seen in bulk
silica. Individual TLSs were typically found to be extended
structures involving 20 to 60 atoms, spanning a distance be-
tween 10 and 15 Å, with the displacements predominantly
rotations of oxygen bonds.

085602-9



THOMAS H. METCALF et al. PHYSICAL REVIEW MATERIALS 10, 085602 (2026)

An extension of Hamdan et al.’s work by Billman et al.
computed a two-dimensional correlated distribution N (V,�)
of the TLS configurations instead of the separate g(V ) and
f (�), in part to avoid including the unphysical case of � �
2V , which would be barrier-less [61]. The resulting Q−1 cal-
culation did not match as well with the main absorption peak
of bulk silica as Hamdan et al.’s; the largest peak in this
calculation was at 12 K, in line with a peak in IBS silica from
Martin et al. [which we have plotted in Fig. 5(b), although
for a different mode than in Billman et al.’s comparison],
in addition to other peaks and shoulders. Additionally, the
calculation does not show the TLS plateau below 5 K. The
Q−1 curve features were analyzed as three separate phe-
nomena: the 12 K peak representing V < 0.04 eV; a broad
peak that could correspond to the main absorption peak with
0.04 eV < V < 0.1 eV, and a higher-temperature peak with
0.15 eV < V < 0.25 eV.

A more recent computation from Damart and Rodney
computed acoustic dissipation in silica directly as a sum
over TLSs found in molecular dynamics simulations of 3000
atoms [62]. This computation also did not reproduce the main
absorption peak of bulk silica, instead predicting a nonuni-
form dissipation for 10 K < T < 200 K over which generally
10−4 � Q−1 � 10−3 but with eight narrow peaks that have
not been seen in experiment. The computation also did not
have a drop-off in Q−1 above the main absorption peak. In
general it was found that only ∼6% of the identified TLSs
actually contributed substantially to the dissipation, and those
that did all fell within the range |�| < V/3. This work found
three types of TLSs: the first in which a Si atom changes its
tetrahedron, with V > 0.2 eV; the second in which an oxygen
atom changes its coordination, also with high energy barrier;
and the third, typically with V < 0.2 eV, involving extended
structures comprised of three to ten interconnected tetrahedra
that rotate. The third type was found to account for most of
the dissipation.

The films presented in this paper were vapor deposited
onto substrates held far below the glass transition tempera-
ture of silica (1200 ◦C), and as such, in their as-deposited
state, may not have the same interconnected distribution of
tetrahedra that characterizes bulk fused silica. As seen in
Fig. 6, the as-deposited films have an excess of states in the
V > 0.06 eV range. This corresponds to the energy range of
the high-temperature peak in Billman et al.’s computations,
and these TLSs involve 50 to 100 atoms, with up to 10
oxygen atoms undergoing a coordination change. In Damart
and Rodney’s analysis, the high-energy-barrier TLSs involve
coordination and bond changes. Structures that give rise to
these high-energy TLSs may be more prevalent in the unset-
tled, as-deposited film, while the annealing establishes a more
regular network of tetrahedra.

XI. CONCLUSIONS

In contrast to the reproducible internal friction of bulk
fused silica, that of thin films is strongly dependent on the de-
position method, deposition parameters, and thermal history
of the sample. Compared with bulk, as-deposited thin films
have a higher internal friction, which indicates, following
Eq. (6), either a higher density of two-level tunneling systems

P or a higher coupling to acoustic phonons γ . Annealing at
500 ◦C erases many of the differences between the films and
is sufficient to induce the steep drop-off of Q−1 above the
main absorption peak. The main absorption peak itself, how-
ever, appears to require exposure to temperatures of at least
900 ◦C as it is absent or diminished in the thin film samples.
The picture that emerges from computational work is that
the main absorption peak likely arises from the coordinated
rotation of extended structures involving several connected
tetrahedra.
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APPENDIX: ELASTIC CONSTANTS AND THE PHONON
COUPLING CONSTANT γ

The transformations in Sec. VIII require appropriate values
of γ and the elastic modulus. For DPO data, the elastic modu-
lus is the shear modulus. For S-GeNS, finite element modeling
shows that the 613 Hz (0,2) mode (no azimuthal and two radial
nodes) of the GeNS device is 6.6% bulk deformation and
93.4% shear. Measurements of the silica film deposited on the
GeNS device give a Young’s modulus of YGeNS SiO2 = 79 GPa
and a Poisson’s ratio of νGeNS SiO2 = 0.23, which, when com-
bined in the proportion of their deformation energies, give an
effective elastic modulus MGeNS SiO2 = 33.2 GPa.

Published values of γ for silica range from 0.4 to 3.0 [63].
The longitudinal γl and transverse γt values differ: an em-
pirical observation by Berret and Meißner, averaging over 13
different amorphous materials, found (γl/γt )2 = 2.5 [64]. The
most commonly referred-to values are around 1 eV and are
sourced from Doussineau, Matecki, and Schön [65]; however,
Van Cleve, Raychaudhuri, and Pohl note that the source data
for the γt calculation cannot be found in the references [28].
In order to directly compare our measurements with the bulk
barrier heights given by Topp and Cahill, we use the same
value of γt = 0.9 eV, and use γl = √

2.4γt [51]. Because the
deformation of AS2 of the DPO is almost entirely torsional, γt

is used, while for the GeNS device, values of γ are combined
in proportion to their contribution to the deformation energy,
which yields γGeNS SiO2 = 1.04γt = 0.936 eV.
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In the analysis of the barrier height distribution, since we
could not determine γ for each film, we assume the same
value for all films. Therefore, since the calculation of V in
Eq. (9) does not involve γ , the only effect a different value

of γ would have would be to shift all the curves together. In
this analysis, the relative values between the different films are
more important than the absolute value of g(V ) f0, and these
relative values do not change with different values of γ .
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