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Abstract. N

One of the main' noige sources in current gravitational wave detectors is the thermal
noise of the ‘high-reflectivity coatings on the main interferometer optics. Coating
thermal noise is'dominated by the mechanical loss of the high-refractive index material
within the eoating stacks, Ta;O5 mixed with TiOs. For upgrades to room-temperature
detectors, ammixture of GeOy and TiO; is an interesting alternative candidate coating
material. While the rather low refractive index of GeOs increases with increasing
TiO5 content, a higher TiOy content results in a lower threshold temperature before
heat treatment leads to crystallisation, and potentially to a degradation of optical
properties. Forfuture cryogenic detectors, on the other hand, a higher TiO4 content is
beneficial as the TiOg suppresses the low-temperature mechanical loss peak of GeOs.
Iny this paper, we present the optical properties of coatings — produced by plasma-
assisted ion-beam evaporation — with high TiOs content at 1550 nm, a laser wavelength
considered for cryogenic gravitational-wave detectors, as a function of heat-treatment
temperature. For comparison, the absorption of pure GeO; was also measured.
Furthermore, results at the currently-used wavelength of 1064 nm are presented.
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1. Introduction

The first detection of gravitational waves, a transient signal produced by the merger
of two stellar-mass black holes, was announced in 2016 [1]. Since then, many more
signals have been detected [2, 3] by the Advanced LIGO [4] and Adyanced Virgo [5]
gravitational-wave detectors.

In the frequency range between a few ten and a few hundred Hz, thermal noise of
the highly-reflective mirror coatings is one of the limiting noise sources in gravitational-
wave detectors [6], preventing more signals from weaker or more distant astrophysical
sources being observed. Typically, a highly-reflective coating is made of alternating
layers of high- and low-refractive index materials, where the reflectivity increases with
the refractive index contrast and the number of layers. The amplitude spectral density
of the coating thermal noise (CTN) as a function of frequencyyf is proportional to the
square root of the mirror temperature 7', the coating thickness d, the mechanical loss
¢, and inversely proportional to the laser beam radius on the mirror w [7]:

L
o(f) o g6, ()

assuming for simplicity that the mechanieal losses associated with bulk motion and
shear motion [8] are approximately.equal (Qpuk = Dshear ~ @).

The materials used in the currentAdvaneed LIGO and Advanced Virgo coatings are
SiOs as the low-refractive index material'and a mixture of TiOg and TayO5 (TiO9:TagO5)
as the high refractive index material, deposited on SiOq substrates [9]. In order to reduce
CTN as expressed by Eq. 1, pessiblessolutions include the reduction of d, by increasing
the refractive index contrast while preserving the design reflectivity, and ¢. TiOs:TayOs
dominates CTN as it has/@ méehani¢al loss angle much higher than that of SiO, [9].
Therefore, finding alternativethigh-refractive index materials is a promising way forward
for reducing CTN.

Alternative high-index material options are being explored, such as ZrOy [10],
NboOs [11], HfOg [12];7SiN,[13, 14, 15], mixtures of TiOy with SiOs [16] and many
others. Recent‘studies have shown that the mechanical loss of amorphous thin film
coatings is correlated with the atomic order [17, 18, 19, 20, 21]. Further investigations
on heat-treatment and optimization of coating performance by understanding atomic
structurerand relaxation processes demonstrated that SiO, has a prevalence of corner-
sharing structute and that this characteristic could confer good mechanical properties to
the material [19, 22]. Moreover, several oxides were explored, showing that in particular
GeO, exhibited a local atomic order similar to SiO, and additional post-deposition heat
treatment or high temperature deposition can improve the structural organization up
to the medium-range, resulting in a lower mechanical loss [18, 20, 22, 23, 24, 25].

GeO,, has a significantly lower refractive index (n=1.60 at 1064 nm — see Table 2)
than TiO9:TayO5 (n=2.05 at 1064 nm [26]) making it unsuitable as a replacement for
the high-index material combined with SiO, low-index layers, as a large number of
layers would be required to achieve high reflectivity, which in turn would increase CTN.
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Mixing GeO, with TiOy could be a possible solution as TiO, has a significantly higher
refractive index between 2.3 and 2.5 when produced by ion beam sputtering {27, 28],
and slightly lower — between around 2.0 and 2.25 depending on the éxact deposition
conditions and resulting density [29] — when produced by reactive evaporations Vajente
et al. [28] recently studied the mechanical properties of pure GeOs and mixtures with
27 % and 44 % TiOs, finding promising low CTN for a mixture of 56%"GeQsy and 44 %
TiO, at room temperature.

As a reduction in temperature is also a way to reduce CEN, see Eqn. 1,
cryogenic operation is considered for future gravitational-wave defectors such as the
Einstein Telescope [30] and LIGO Voyager [31]. GeOsfshows a dow-temperature
mechanical loss peak very similar to that of SiOy, which decreaseswith increasing TiO,
content [32], making even higher TiO5 concentrations partigularly interesting for use at
low temperatures. For pure TiO,, a drop in low temperature loss after crystallisation
has been observed [33]. Low-temperature operationimakes SiO, unsuitable as a mirror
substrate material for gravitational-wave detector$ due toran increase in mechanical loss,
and a change to crystalline silicon is considered. This i turn requires a change from
1064 nm to a laser wavelength at which gilicon is transparent, e.g. 1550 nm.

In this paper, we present the optical abserption and refractive index at 1550 nm
of TiO, with a small amount of GeO, mixed\in during deposition and, for comparison,
of pure GeO,. For the context of the eoating quality, we also present results measured
at 1064nm. We find that the optical absorption of both TiO; and GeO, is larger at
1550 nm than at 1064 nm, while.at 1064 nm'it is comparable to other coating materials
of interest [28]. Interestingly, whiléithe absorption of both materials initially decreases
with heat treatment, that of GeO, starts to increase above a certain temperature, while
that of TiOy remains low, beyond.the crystallisation temperature.

2. Coating deposition and _cemposition

The coatings werefdepositedion SiO, substrates (Corning 7979 and 7980), 25.4 mm in
diameter and 3 mm thick, by Helia Photonics using plasma ion-assisted electron beam
evaporation.

As target m@aterialsy TizO5 (99.9% purity) and Ge (99.999 % purity) were used.
Targets were prepared by mixing different ratios of the two materials. Subsequently,
evaporation was carried out using an electron beam in a 25cm® graphite liner at
approximately 2kW heating power, resulting in deposition rates of approximately
3A/ s. During deposition, the process was reactively densified under a partial Ar/Os
atmosphere at 1.4 x 10~*mbar, aided by a 43 A plasma current at 140V and quartz
radiativerheaters, maintaining substrates at 100°C. A starting pressure of 2 x 10~% mbar
wasystandard for these depositions, with the chamber being evacuated by a diffusion
pump and cryocoil.

Due to the different vapour pressures of Ti3O5 and Ge, for three targets with
lower Ti305 content (< 50 %), i.e. Run 1, 2 and 3, the resulting coatings were almost
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Table 1. Measured coating thickness and composition in atomic percentage (at. %)
of the coatings as deposited from the four deposition runs. Coating Run 4‘displayed a
layered structure which is presented as top, middle and bottom layer with the bhottem
being the closest to the substrate.

Run  Layer  thickness (nm) O Ar Ge Ti Si
+3% +02% +0.2% +02% +0:2%
Run 1 533 £ 7 69 0.50 30.5 0.0 0.0
Run 2 584 £+ 10 69 0.40 30.5 0.3 0.0
Run 3 459 £ 5 71 0.70 28.0 0.3 0.0
Run 4 top 29.1£0.3 66 0.3 12.0 214 0.0
middle 562 +6 68 0.5 0.3 31.0 0.5
bottom 54+ 0.5 67 0.3 26.0 7.0 0.5

pure GeO,, while for a high TizO5 of ~ 95%,/4.e. Run 4y an almost pure TiO, layer
was obtained. However, instead of a homogeneous mixture of the two materials, a
layer structure of pure TiO, surrounded by thinlayers containing Ge was created.
The measured composition of the four coating runs produced is presented in Table 1.
Figure 1 shows the atomic concentration distribution for Run 1 as an example of a
pure GeOs deposition and for the layer strueture of Run 4. In order to determine the
composition of each coating of the differentideposition runs, Rutherford backscattering
spectrometry (RBS) [34] was carried out on the as-deposited films using a 4.1 MeV He
beam incident at 10° from the samplemnormal, with the detector placed at a scattering
angle of 170° to optimize the mass resolution of the different elements present. Results
have been obtained by simulat%ns with the ion beam analysis software SIMNRA [35],
which carries out simulations based on a slab description of the sample. The actual
profile likely presents smoother‘transitions from one material to the next, but this is
beyond the resolution,of the technique, which is about 1 x 107 at./cm? in this case.

During deposition “it, was aimed for a thickness of 500nm, set on a quartz
microbalance monitoring /system, with some correctable errors in thickness estimation
of &~ 20% due to combined material density and acoustic impedance considerations.
The measured /hickness is also presented in Table 1 (see Sec. 3 for details on the
measurements).

3. Spectrophotometry measurements

The dielectric function and the thickness of the coatings were measured by
spectrophotometry [36]. Transmission spectra of samples were obtained using an Agilent
Qary 5000 spectrophotometer, covering a wide spectral range from 250 nm to 2000 nm,
including the absorption onset in the near ultra-violet (UV) region. For coating Run 1,
2 and 4, two samples produced in the same run were measured to check the homogeneity
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Figure 1. Atomic percentage composition of the coatings from Run 1 and 4 as
deposited as function of layer depth expressedyin atoms per cm?
with larger Si atomic concentration is the silica substrate.

. The deepest layer,

of the coating thickness and eventually the results were averaged. For Run 3, only one
sample was available. The measured. spectra were analyzed using the SCOUT softwarel
in which three different optical models weréscompared: the Cauchy model [37] in the
transparent region in the Visible-Near-Infrared (vis-NIR) range, the Tauc-Lorentz [38]
and OJL models [39] in the whole range. While these models are used to investigate
different spectral regions, they all'cover the NIR region. Therefore, the combined
information obtained from the different models allowed us to obtain accurate information
on the thickness and refraétive mdex‘at 1064 nm and 1550 nm of the samples. Coating
Runs 1, 2 and 3 have been modeled considering a single thin film on a substrate, while
coating Run 4 has been modeled considering the coating structure shown in Figure 2,
where the total coating issmade of three layers of which the middle one is the thickest
(=~ 90 % of the total thickness) and consists of almost pure TiOs, while the surrounding,
thinner layers consist of mixtures of TiO, and GeO,. Examples of fits to the measured
transmissiondspectra are shown for two examples in Fig 2: A) Coating Run 1 (pure
GeOy, as deposited) and B) coating Run 4 (structure of three layers with TiO; in the
middle, hieat treated at 200°C),

The results obtained for the coating thickness and refractive index at 1064 nm and
1550mm “at,room temperature are summarized in Table 1 and Table 2 respectively,
and the refractive indices for different coating runs are shown in Figure 2.C. While the
refractive indices agree within the error bars, the thickness of samples from the same
run shows some variation. Assuming that the thickness variation between samples from
the same coating run also indicates a non-uniformity within individual samples, this
non-uniformity affects the thickness measurements as follows: the spectrophotometer

I W.Theiss, Hard-and Software, www.wtheisss.com
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Figure 2. A) Example of'spectrophotometer measurements for Run 1 as deposited.
B) Example of spectrophotometer measurements for Run 4 after annealing at 200°C.
C) Refractive jndexsaty1064nm and 1550 nm, for the coatings (as deposited) listed in
table 2, obtained by phetospectrometry. D) Extinction coefficient for the coatings (as
deposited) listeddn table 2 obtained at 1064 nm and 1550 nm , by PCI. Results marked
with #hhave beemobtained at a different time (approximately one year earlier) and
in a differentyPCI setup.

has a light spot_of the order of a few millimeters diameter, covering a relatively large
area of the sample and therefore averaging over a potentially non-uniform area, resulting
in differences\in the fit quality for different samples. For this reasons, we present the
average©f the results from the same coating run.

While for all coating runs, the refractive indices agree within the error bars at
1064 and 1550mm, the refractive index is systematically slightly lower at 1550 nm. The
refractive index of pure GeOs is in agreement with literature values found on similar
coatings [40, 41]. The refractive index of the TiOy layer in the coating Run 4 structure
is. 2.2 at 1064 nm. There is a strong variation in literature for n of amorphous TiO4 thin
films, depending on the deposition procedure and conditions. Our result is in agreement
with other coatings produced by reactive evaporation (n = 2.0 — 2.25, depending on the
exact deposition conditions and resulting density [29]). For ion-beam sputtered coatings
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Table 2. Refractive index (n) obtained from spectrophotometry data, and extinction
coefficient k from absorption measurements via PCI, at 1064 nm and 1550 nm for the
coatings as deposited. Values highlighted by the symbol #) have been obtainedrat<a
different time (approximately one year earlier), in a different PCI setup.

Run n @ 1064nm n @ 1550nm ~ @Q 1064nm ~ @ 1550nm “k @ 1550 nm
#) (x107%)  #) (x1079) (%20.°%)
Run1 1.6040.02 1.60 +0.02 0.81 £ 0.04 1.60 £0.11 1.74+0.2
Run 2  1.58 0.02 1.57 +0.02 0.47+£0.07 3.904#0.07-~22.0£04
Run 3 1.62+0.02 1.61 +0.02 4.60+0.13  3.00£006 2.73+0.08
Run 4 2.2240.02 2.20 £0.02 0.63 £0.16 3.40£0.15 2.8+0.2

which are likely more dense, it is usually higher (n = 2.3 [27}, 2.35 [9], 2.5 [28]).

4. Optical absorption measurements L

Spectrophotometry is not suitable for resolving opticaliabsorption at the level present in
the films investigated here. Therefore, optical absorption measurements were conducted
using photothermal common-path imterferometry (PCI) [42]. This method uses a high-
intensity ‘pump’ laser beam with a waist of @pproximately 40 um at the wavelength of
interest, i.e. 1064 and 1550 nm. The optical absorption heats the sample in the region
hit by the laser beam, resulting in a thermal lens. A second laser beam, which is low
in power and approximately three times larger, crosses the pump beam at the sample
surface and the inner region of the beam acquires a Gouy phase from the thermal lens.
This phase difference relative 10" thesannular outer ring creates an interference pattern
along the optical path. By measuring the change in intensity on a photo detector, the
absorption of an unknown ‘material can be recovered by comparison to a calibration
sample of known absorption.sFor each sample, the absorption was measured at least
in five different regions of the coating and averaged to obtain the results shown. The
error bar results from the standard deviation of the results measured in these different
regions.

4.1. Absorption-ofthe coatings as deposited at 1550 nm and 1064 nm

The extinction coefficient x has been obtained from these absorption measurements,
together with the thickness and refractive index results presented in the previous section,
using the software Tfcalc§. Initially, absorption measurements were performed at 1064
and 1550mm, marked with #) in Table 2 and Figure 2. Approximately one year later,
around, the time of the spectrophotometry measurements (and prior to heat treatment
£ see next section), the measurements were repeated at 1550 nm to check for a possible

8 www.sspectra.com
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time evolution of the absorption. For these repeat measurements, a different PCI setup
was used. Results for  for the different coating runs are shown in Table 2 and Figure 2 D.
For coating Run 4, the absorption is entirely attributed to the largest layer of pure TiQs
and the extinction coefficient values are reported for that layer. This may have led to
an over estimation of the absorption of up to 10 % in addition to the given error bars.

Although values of x at 1550 nm measured at different times anddn’different setups
agree within the errors only for Run 1, the values are very close to each other also for
the other runs but Run 2. This may be due to time evolution: However, except for
Run 1, the more recently obtained results tend to show lower absorptial than the older
measurements, which is the opposite from what one would‘expect: GeO, is known to
absorb water when stored in air, which would increase the absorption. Another possible
explanation for these variations is the non-uniformity of'the coating thickness, which
translates into an uncertainty in absorption results: a§ PCluses a very small laser beam
(~ 80 um diameter), the absorption is measured 4ery accurately at a specific point.
However, the thickness used to analyse the abgorption and calculate x was obtained
by photospectrometry, averaging over a much larger areﬁ, and therefore introducing
additional uncertainty. This is included inthe error bars shown for x in Table 2 obtained
from measurements at different positions.” Finally, a thickness non-uniformity might be
an indicator for variations of other properties, so that any results strongly depend on
the region where the absorption is‘measured.

From looking at the overall trendstand not taking off-trend values into account,
three main conclusions can be drawn from these results:

e For the coatings investigated here, x of GeO, and TiO, is very similar.

e When excluding the unusually high result for Run 2, the level of x at 1064 nm is in
average at around 6 x 107°. This is roughly a factor 4 higher than the absorption
presented in [28]. Howeyer, this absorption value was obtained after heat treatment,
while our 1064 nm_measuréments were obtained before heat treatment. Further
improvement with heat treatment can be expected for our coatings (see Sec. 4.2).

e The absorption at 1550 nm is roughly a factor of 5 higher than at 1064 nm. It is
unknown_if;this.is infrinsic to the material or due to e.g. impurities.

4.2. Absorption as a function of heat treatment temperature at 1550 nm

In the mext step, the samples were heat treated, in air. After initial heat treatments
at 150pand, 200°C, smaller steps of 25°C were used to achieve good resolution for the
optimum heat treatment temperature at which the absorption minimizes.

To avoid exceeding the target temperature, a ramp rate of 1°C/min was used during
heat up. The samples were held at the target temperature for 4 hrs. Afterwards they
were left to cool down naturally. Following each heat treatment step, the absorption
was measured on at least five places across the coating using PCI.

Figure 3 shows the extinction coefficient x of the coatings at 1550 nm as a function
of heat treatment temperature. For all four runs, it can be observed that s initially

Page 8 of 15
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Table 3. Temperature and values of the lowest extinction coefficient measured at
1550 nm after annealing for the four coating runs.

Run Temperature x @ 1550 nm

(°C) (x1079)
Run 1 325 0.68 £0.12
Run 2 275 0.66 £ 0.07
Run 3 250 1.12 +£0.17
Run 4 500 0.45 £+ 0.06 -

oRun 1 oRun 2 oRun 3 oRun 4
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Figure 3. Extinction coefficient measured at 1550 nm as a function of heat treatment
temperature for the four coating runs.

decreases. For coating Runs'1, 2 and 3, a minimum forms after which the absorption
starts increasingsand becomes more scattered across the coating. The minimum of the
extinction coefficient for@ach coating run at the respective heat treatment temperature
can be found in Table 3. For Run 4, mainly consisting of TiO,, x also decreases
significantly, up to atemperature of ~ 250°C. However, other than for the GeO, coatings,
no clear minimum forms, but x remains low and homogeneous across the coating. While
for Run b 3, & reduces by a factor of 2.5 to 3, for Run 4 the lowest absorption is of
about 6x lower than the as deposited value.

While erystallisation and absorption are not necessarily correlated, an increase in
absorption at the onset of crystallisation has been observed for other materials before
[9,43].. Therefore, coating Runs 1, 2 and 3 were expected to show an increase in k at a
higher temperature than Run 4 due to the higher crystallisation temperature of GeO,
compared to TiO,.

In order to investigate a possible coating crystallization, Runs 1, 2 and 4 have been
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Figure 4. Raman measurements of coating Run 1, 2 and 4 after heat treatment at
500°C for Run 1 and 4 and at 325°Cifor Run 2, and of a SiOy substrate for comparison.
Each curve has been normalized to be able to observe all the peaks in the same
plot. The relevant information for this work are the presence of the peaks to confirm
crystallization and the peak positions to define the crystalline phase.

analysed using Raman spectroseopy at their final heat treatment temperature. Results
are shown in Figure 4. [The/measurements of the sample from Run 1 show a large
contribution of the 8iQ» substrate — see SiO, spectrum for comparison. This coating is
confirmed to still be @amoxphous after heat treatment at 500°C as no peaks characteristic
for crystallisationfean be observed. The coating from Run 2 is crystallized as quartz
GeOs [44], a behaviour possibly related to the small contamination of Ti atoms which
might have beén sitesifor crystalline regions. The coating from Run 4 is crystallized as
anatase TiOy astonewould expect [45, 46].

The_optimum heat treatment temperature for the coatings from Runs 1 — 3, which
consist (of almost pure GeO,, is relatively low, and would have been expected to occur
at higher temperatures based on the work by Vajente et al. [28]. However, the optimum
heat treatment temperature for a material depends on the deposition process, and is
also affected by degradation of the films during heat treatment and therefore not always
intrinsie to the material. For Run 4, on the other hand, it was unexpected that the

absorption remained low despite crystallisation, which for TiO5 usually occurs at around
250 — 300°C.

Page 10 of 15
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5. Summary

Coatings produced by plasma-assisted ion-beam evaporation in four different runs,have
been investigated. The composition of the coatings was measured by RBS.»While the
first three runs showed pure GeOs; with a small Ti contamination for Run 2 and 3,
coating Run 4 showed a layered structure with a pure TiO, layer surrounded by thin
layers of a mixture of TiOy and GeOs.

The refractive index at 1064nm and 1550nm, wavelengths of jinterest for
gravitational-wave detectors, of the pure GeOy and pure TiOg layer§ are in agreement
with values found in literature.

The optical absorption at both wavelengths for the as depoésited coatings was
measured in different setups at different times, with appreximately one year between
measurements. The most recently obtained results showed lowér absorption than the
older measurements, in contrast to what is expected due to water absorption of GeO,
when stored in air. The absorption was found tosbe similar within all deposition runs
(with the exception of a very high value at 1064nm found for Run 2), indicating similar
absorption levels for the GeO, and TiOy.components. The absorption was found to be
lower at 1064 nm, where it was in the k = 1075 range for the coatings as deposited, than
at 1550 nm, where it was in the 107° range.

Samples were heat treated in gteéps.and the absorption was measured at 1550 nm,
showing a minimum in & for Runs 1, 2/and 3, at which it decreased by a factor of 2.5 —
3 compared to that of the as deposited coatings. For Run 4, after initially decreasing, s
formed a ‘low-x plateau’ with a slightly decreasing tend towards higher heat treatment
temperatures. The lowest x nieasured was at 4.5 x 1079, which is about six times lower
than for the coating as depositaQ. During the analysis, all the absorption was attributed
to the TiO5 layer. This minimum x corresponds to an absorption of ~ 10 ppm when
used in a highly-reflective eoating stack together with SiOy as the low-index material.
While this is about amjorder of magnitude higher than required for gravitational-wave
detectors, this levellisicomparable to other coatings in the development phase.

Based on the absorption reduction with heat treatment observed at 1550 nm, the
absorption of the coatings at 1064 nm is assumed to be in the low 1076 range after heat
treatment, which(is comparable to the absorption presented in [28].

Raman studies confirmed that coatings from Run 1 (pure GeOz) had not crystallized
after heat treatment at temperatures at which the absorption starts to increase, while
coatings from Run 2 (GeOs with small Ti-contamination) showed signs of crystallisation.
Run 4 (mainly pure TiO,), was fully crystallized, which makes the continuous reduction
in ‘absorption with heat treatment very interesting, in particular in combination with
the previously observed reduction in mechanical loss after crystallisation [33]. Recently,
itshas also been shown that a mixture of TiOy and SiO5 shows excellent mechanical and
optical properties, including low scattering, beyond the crysallisation point. Therefore,
further studies of high-quality TiO, thin films are of significant interest, even beyond
the crystallisation point, for future gravitational-wave detectors.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - CQG-111266.R1

Optical properties of germania and titania 12

Acknowledgments

We are grateful for financial support from STFC (ST/V005634/1, ST/V001736/1),
the University of Glasgow, the Royal Society (RG110331), ETpathfinder, (Interreg
Vlaanderen-Nederland), E-TEST (Interreg Euregio Meuse-Rhine), and,the Province of
Limburg. We thank our colleagues within the LIGO Scientific Collaberation and Virgo
Collaboration and within SUPA for their interest in this work. The worksdone at U.
Montréal was supported by the NSERC, and the FRQNT through.the RQMP. This
article has LIGO Document No. P2300408. NG

References

[1] The LIGO Scientific Collaboration and Virgo Collaboratioms2016 Phys4 Rev. Lett. 116(6) 061102
URL https://1link.aps.org/doi/10.1103/PhysRevliett. 1165061102
[2] LIGO Scientific Collaboration and Virgo Collaboration'2021 Phys. Rev. X 11(2) 021053 URL
https://link.aps.org/doi/10.1103/PhysRevX 11021053
[3] Abbott R, Abbott T D, Acernese F, Ackley K,/Adams Cy Adhikari N, Adhikari R X, Adya
V B, Affeldt C et al. 2021 GWTC-3: Compact binary /¢oalescences observed by LIGO and
Virgo during the second part of the thitd observing run' (Preprint 2111.03606) URL https:
//arxiv.org/abs/2111.03606v2
[4] The LIGO Scientific Collaboration 2015 Classical and Quantum Gravity 32 074001 URL https:
//dx.doi.org/10.1088/0264-9381/82/7/074001
[5] Acernese F, Agathos M, Agatsuma K,»Aisa D, Allemandou N, Allocca A, Amarni J, Astone
P, Balestri G, Ballardin G et al. 2015 Classical and Quantum Gravity 32 024001 URL
https://dx.doi.org/10.1088/0264-9381/32/2/024001
[6] Miller J, Barsotti L, Vitale S, Eritschel P, Evans M and Sigg D 2015 Phys. Rev. D 91(6) 062005
URL https://link.aps.org/doi/10.4103/PhysRevD.91.062005
[7] Harry G M, Gretarsson A M, Saulson P R, Kittelberger S E, Penn S D, Startin W J, Rowan S,
Fejer M M, Crooks D R'M, Cagnoli G, Hough J and Nakagawa N 2002 Classical and Quantum
Gravity 19 897 URL https://dxidoi.org/10.1088/0264-9381/19/5/305
[8] Hong T, Yang H,«Gustafson E K{ Adhikari R X and Chen Y 2013 Phys. Rev. D 87(8) 082001
URL https://linkdaps.org/doi/10.1103/PhysRevD.87.082001
[9] Granata M, Amate Ay Balzarini L, Canepa M, Degallaix J, Forest D, Dolique V, Mereni L, Michel
C, Pinard L, Sassolas By, Teillon J and Cagnoli G 2020 Classical and Quantum Gravity 37 095004
URL httpse//dx.doilorg/10.1088/1361-6382/ab77e9
[10] Larsen B, Ausbeck CyBennet T F, DeSalvo G, DeSalvo R, LeBohec T, Linker S, Mondin M and
Neilson J 2021 Nanomaterials 11 ISSN 2079-4991 URL https://www.mdpi.com/2079-4991/
11/12/3444
[11] Amato A, Cagnoli G, Granata M, Sassolas B, Degallaix J, Forest D, Michel C, Pinard L,
Demos N, ‘Gras S, Evans M, di Michele A and Canepa M 2021 Physical Review D 103 URL
hittps://api.semanticscholar.org/CorpusID: 234354606
[12] Medina J L, Arce J L V, Pizd-Ruiz P, Nedev N R, Farfas M H and Tiznado H 2022 Ceramics
International URL https://api.semanticscholar.org/CorpusID: 247370322
[13] PannHW, Kuo L C, Chang L A, Chao S, Martin I W, Steinlechner J and Fletcher M 2018 Phys.
Rev. D 98(10) 102001 URL https://link.aps.org/doi/10.1103/PhysRevD.98.102001
[14] Steinlechner J, Kriiger C, Martin I W, Bell A, Hough J, Kaufer H, Rowan S, Schnabel R and
Steinlechner S 2017 Phys. Rev. D 96(2) 022007 URL https://link.aps.org/doi/10.1103/
PhysRevD.96.022007

Page 12 of 15


https://link.aps.org/doi/10.1103/PhysRevLett.116.061102
https://link.aps.org/doi/10.1103/PhysRevX.11.021053
2111.03606
https://arxiv.org/abs/2111.03606v2
https://arxiv.org/abs/2111.03606v2
https://dx.doi.org/10.1088/0264-9381/32/7/074001
https://dx.doi.org/10.1088/0264-9381/32/7/074001
https://dx.doi.org/10.1088/0264-9381/32/2/024001
https://link.aps.org/doi/10.1103/PhysRevD.91.062005
https://dx.doi.org/10.1088/0264-9381/19/5/305
https://link.aps.org/doi/10.1103/PhysRevD.87.082001
https://dx.doi.org/10.1088/1361-6382/ab77e9
https://www.mdpi.com/2079-4991/11/12/3444
https://www.mdpi.com/2079-4991/11/12/3444
https://api.semanticscholar.org/CorpusID:234354606
https://api.semanticscholar.org/CorpusID:247370322
https://link.aps.org/doi/10.1103/PhysRevD.98.102001
https://link.aps.org/doi/10.1103/PhysRevD.96.022007
https://link.aps.org/doi/10.1103/PhysRevD.96.022007

Page 13 of 15

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - CQG-111266.R1

Optical properties of germania and titania 13

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[29]

[30]

Granata M et al. 2020 Appl. Opt. 59 A229-A235 URL http://www.osapublishingforg/ao/
abstract.cfm?URI=ao-59-5-A229

McGhee G I, Spagnuolo V, Demos N, Tait S C, Murray P G, Chicoine M, Dabadie P, Gras S;
Hough J, Tandolo G A, Johnston R, Martinez V, Patane O, Rowan S, Schiettekatte F mc,
Smith J R, Terkowski L, Zhang L, Evans M, Martin I W and Steinlechner J 2023"Phys. Rev.
Lett. 131(17) 171401 URL https://link.aps.org/doi/10.1103/PhysRevLett.131. 174401

Amato A, Terreni S, Granata M, Michel C, Sassolas B, Pinard L, Canepa Mrand Cagnoli G 2020
Scientific Reports 10 1670

Yang L, Vajente G, Fazio M, Ananyeva A, Billingsley G, Markosyan “A, Bassiri R, Prasai
K, Fejer M M, Chicoine M, Schiettekatte F' and Menoni C/S 2021_Science Advances
7 eabh1117 (Preprint https://www.science.org/doi/pdf/10.1126/sciady.abh1117) URL
https://www.science.org/doi/abs/10.1126/sciadv.abh11 17

Bassiri R, Evans K, Borisenko K, Fejer M, Hough J, MacLaren I, Martin I; " Route R and Rowan S
2013 Acta Materialia 61 1070-1077 ISSN 1359-6454 URL attps://wuw.sciencedirect.com/
science/article/pii/S1359645412007343

Granata M, Coillet E, Martinez V, Dolique V, Amato Aj CanepaxM, Margueritat J, Martinet C,
Mermet A, Michel C, Pinard L, Sassolas B and Cagnoli.G 2018 Phys. Rev. Mater. 2(5) 053607
URL https://link.aps.org/doi/10.1103/PhysRévyMaterials.2.053607

Hamdan R, Trinastic J P and Cheng H P 2014 The Journal®f Chemical Physics 141 054501
ISSN 0021-9606 (Preprint https://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/1.
4890958/13376898/054501_1_online .pdf) URL httpsé//doi.org/10.1063/1.4890958

Prasai K, Bassiri R, Cheng H P and ‘Fejeth M M 2021 physica status solidi (b) 258
2000519 (Preprint https://onlinelibraryswileguscom/doi/pdf/10.1002/pssb.202000519)
URL https://onlinelibrary.wiléymeon/dod/abs/10.1002/pssb.202000519

Prasai K, Jiang J, Mishkin A, Shyam B,"Angelova S, Birney R, Drabold D A, Fazio M, Gustafson
E K, Harry G, Hoback S, Hough J, Lévesque C, MacLaren I, Markosyan A, Martin I W, Menoni
C S, Murray P G, Penn S;"Reid S, Robie R, Rowan S, Schiettekatte F, Shink R, Turner A,
Vajente G, Cheng H P, Fejer M-MjMehta A and Bassiri R 2019 Phys. Rev. Lett. 123(4) 045501
URL https://link.aps.org/doi/1032103/PhysRevLett.123.045501

Amato A, Terreni S, Granata M, Michel C, Pinard L, Gemme G, Canepa M and Cagnoli G
2019 Journal of Vacuum S%nce and Technology B 37 062913 (Preprint https://pubs.
aip.org/avs/jvb/articleg=pdf/doi/10.1116/1.5122661/13638886/062913_1_online.pdf)
URL https://deiferg/10.1116/1.5122661

Vajente G, Birney R, Ananyeva A, Angelova S, Asselin R, Baloukas B, Bassiri R, Billingsley G,
Fejer M M, GibsomD, Godbout L. J, Gustafson E, Heptonstall A, Hough J, MacFoy S, Markosyan
A, Martin I W, Martinu L, Murray P G, Penn S, Roorda S, Rowan S, Schiettekatte F, Shink
R, Torrie C; Vine D, Reid S and Adhikari R X 2018 Classical and Quantum Gravity 35 075001
URL htgps+//dxhdoed org/10.1088/1361-6382/aaad7c

Amato Af Terréni S¢ Dolique V, Forest D, Gemme G, Granata M, Mereni L, Michel C, Pinard L,
Sassolas B§ Teillon J, Cagnoli G and Canepa M 2019 Journal of Physics: Materials 2 035004
URL https://dx.doi.org/10.1088/2515-7639/ab206e

Flaminio R, Franc J, Michel C, Morgado N, Pinard L. and Sassolas B 2010 Classical and Quantum
Gravity 27084030 URL https://dx.doi.org/10.1088/0264-9381/27/8/084030

Vajente .G, Yang L, Davenport A, Fazio M, Ananyeva A, Zhang L, Billingsley G, Prasai K,
Markosyan A, Bassiri R, Fejer M M, Chicoine M, Schiettekatte F and Menoni C S 2021 Phys. Rewv.
Lelt«127(7) 071101 URL https://link.aps.org/doi/10.1103/PhysRevLett.127.071101

Mergel D, Buschendorf D, Eggert S, Grammes R and Samset B 2000 Thin Solid Films
371 218224 ISSN 0040-6090 URL https://www.sciencedirect.com/science/article/pii/
S0040609000010154

ET Steering Committee Editorial Team 2020 (Preprint ET-0007B-20) URL https://apps.
et-gw.eu/tds/7content=3&r=17245


http://www.osapublishing.org/ao/abstract.cfm?URI=ao-59-5-A229
http://www.osapublishing.org/ao/abstract.cfm?URI=ao-59-5-A229
https://link.aps.org/doi/10.1103/PhysRevLett.131.171401
https://www.science.org/doi/pdf/10.1126/sciadv.abh1117
https://www.science.org/doi/abs/10.1126/sciadv.abh1117
https://www.sciencedirect.com/science/article/pii/S1359645412007343
https://www.sciencedirect.com/science/article/pii/S1359645412007343
https://link.aps.org/doi/10.1103/PhysRevMaterials.2.053607
https://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/1.4890958/13376898/054501_1_online.pdf
https://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/1.4890958/13376898/054501_1_online.pdf
https://doi.org/10.1063/1.4890958
https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssb.202000519
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssb.202000519
https://link.aps.org/doi/10.1103/PhysRevLett.123.045501
https://pubs.aip.org/avs/jvb/article-pdf/doi/10.1116/1.5122661/13638886/062913_1_online.pdf
https://pubs.aip.org/avs/jvb/article-pdf/doi/10.1116/1.5122661/13638886/062913_1_online.pdf
https://doi.org/10.1116/1.5122661
https://dx.doi.org/10.1088/1361-6382/aaad7c
https://dx.doi.org/10.1088/2515-7639/ab206e
https://dx.doi.org/10.1088/0264-9381/27/8/084030
https://link.aps.org/doi/10.1103/PhysRevLett.127.071101
https://www.sciencedirect.com/science/article/pii/S0040609000010154
https://www.sciencedirect.com/science/article/pii/S0040609000010154
ET-0007B-20
https://apps.et-gw.eu/tds/?content=3&r=17245
https://apps.et-gw.eu/tds/?content=3&r=17245

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - CQG-111266.R1

Optical properties of germania and titania 14

[31]

[32]

[33]

[34]

[43]

Adhikari R X, Arai K, Brooks A F, Wipf C, Aguiar O, Altin P, Barr B, Barsotti L, Bassiri R, Bell
A et al. 2020 Classical and Quantum Gravity 37 165003 URL https://dx.doi.org/10.1088/
1361-6382/ab9143

Khadka S, Markosyan A, Prasai K, Dana A, Yang L, Tait S C, Martin I W{ Menoni CS,
Fejer M M and Bassiri R 2023 Classical and Quantum Gravity 40 205002 URL, https:
//dx.doi.org/10.1088/1361-6382/acf2dd

Robie R 2018 Characterisation of the mechanical properties of thin-film mirrer coating materials
for use in future interferometric gravitational wave detectors Ph.D. thesis University of Glasgow
URL https://theses.gla.ac.uk/30645/

1978 Copyright Backscattering Spectrometry ed Chu W K, Mayer J Waand Nicolet M A
(Academic Press) p iv ISBN 978-0-12-173850-1 URL https://wwWw.sciencedirect.com/
science/article/pii/B9780121738501500028

Mayer M 1999 AIP Conference Proceedings 475 541-544 TSSN “0094-243X (Preprint
https://pubs.aip.org/aip/acp/article-pdf/475/1/544/12099238/541_1_online.pdf)
URL https://doi.org/10.1063/1.59188

Stenzel O and Wilbrandt S 2018 In Situ and Ex Situ Specttophotometric Characterization of Single-
and Multilayer-Coatings I: Basics (Cham: Springer International Publishing) pp 177202 ISBN
978-3-319-75325-6 URL https://doi.org/10.1007/978<83-319-75325-6_7

Cushman C,; Smith N, Kaykhaii M, Podraza N and/Linford Mi2016 Vacuum Technology & Coating
7

Tauc J 2012 Amorphous and liquid semiconductors (Springer Science & Business Media)

Musila N, Munji M, Simiyu J, Masika E and Nyenge R 2018 Path of Science 4 3001-3012

Devyatykh G G, Dianov E M, Karpychev N S;,Mazavin S M, Mashinskii V M, Neustruev V B,
Nikolaichik A V, Prokhorov A M,Ritus-A I, Sokolov N I and Yushin A S 1980 Soviet Journal of
Quantum Electronics 10 900 URL https://dx.doi.org/10.1070/QE1980v010n07ABEH010453

Hu Y Z, Zettler J, Chongsawangvirod S, Wang Y Q and Irene E A 1992 Applied Physics Letters
61 1098-1100 ISSN 0003-6951y( Preprint https://pubs.aip.org/aip/apl/article-pdf/61/
9/1098/7790572/1098_1_onlkimepdf) URL https://doi.org/10.1063/1.107680

Alexandrovski A, Fejer M, [Markosiann A and Route R 2009 Photothermal common-path
interferometry (PCI): new_developments Solid State Lasers XVIII: Technology and Devices vol
7193 ed Clarkson W A, Hodgson Niand Shori R K International Society for Optics and Photonics
(SPIE) p 71930D URL https://doi.org/10.1117/12.814813

Abernathy M R, Reidr S, Chalkley E, Bassiri R, Martin I W, Evans K, Fejer M M, Gretarsson
A, Harry G M, Hough J, MacLaren I, Markosyan A, Murray P, Nawrodt R, Penn S, Route
R, Rowan S amdnSeidel, P12011 Classical and Quantum Gravity 28 195017 URL https:
//dx.doi.org/10.1088/0264-9381/28/19/195017

Madon M, Gillet, P, Julien C and Price G D 1991 Physics and Chemistry of Minerals 18 7-18
URL htgps://doimerg/10.1007/BF00199038

Kernazhitsky I, Shymanevska V, Gavrilko T, Naumov V, Fedorenko L, Kshnyakin V and Baran
J 2014 Ukrawnian Journal of Physics 59 246-253

Hsu L'S'and She C'Y 1985 Opt. Lett. 10 638-640 URL https://opg.optica.org/ol/abstract.
cfm?URI=01-10-12-638

Meiser»D, Ye J, Carlson D R and Holland M J 2009 Phys. Rev. Lett. 102(16) 163601 URL
https://1link.aps.org/doi/10.1103/PhysRevLett.102.163601

Purdy T, Peterson R and Regal C 2013 Science (New York, N.Y.) 339 8014

Pitkin<M, Reid S, Rowan S and Hough J 2011 Living Reviews in Relativity 14 URL https:
//doi.org/10.12942%2F1rr-2011-5

Abbott B P et al. (LIGO Scientific) 2009 Rept. Prog. Phys. 72 076901 (Preprint 0711.3041)

Accadia T et al. (VIRGO) 2012 JINST 7 P03012

Lumaca D, Amato A, Bischi M, Cagnoli G, Cesarini E, Fafone V, Granata M, Guidi G, Lorenzini
M, Martelli F, Mereni L, Minenkov Y, Montani M, Nardecchia I, Piergiovanni F, Placidi E and

Page 14 of 15


https://dx.doi.org/10.1088/1361-6382/ab9143
https://dx.doi.org/10.1088/1361-6382/ab9143
https://dx.doi.org/10.1088/1361-6382/acf2dd
https://dx.doi.org/10.1088/1361-6382/acf2dd
https://theses.gla.ac.uk/30645/
https://www.sciencedirect.com/science/article/pii/B9780121738501500028
https://www.sciencedirect.com/science/article/pii/B9780121738501500028
https://pubs.aip.org/aip/acp/article-pdf/475/1/541/12099238/541_1_online.pdf
https://doi.org/10.1063/1.59188
https://doi.org/10.1007/978-3-319-75325-6_7
https://dx.doi.org/10.1070/QE1980v010n07ABEH010453
https://pubs.aip.org/aip/apl/article-pdf/61/9/1098/7790572/1098_1_online.pdf
https://pubs.aip.org/aip/apl/article-pdf/61/9/1098/7790572/1098_1_online.pdf
https://doi.org/10.1063/1.107680
https://doi.org/10.1117/12.814813
https://dx.doi.org/10.1088/0264-9381/28/19/195017
https://dx.doi.org/10.1088/0264-9381/28/19/195017
https://doi.org/10.1007/BF00199038
https://opg.optica.org/ol/abstract.cfm?URI=ol-10-12-638
https://opg.optica.org/ol/abstract.cfm?URI=ol-10-12-638
https://link.aps.org/doi/10.1103/PhysRevLett.102.163601
https://doi.org/10.12942%2Flrr-2011-5
https://doi.org/10.12942%2Flrr-2011-5
0711.3041

Page 15 of 15

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - CQG-111266.R1

Optical properties of germania and titania 15

[53]

[54]

[55]

[63]

Rocchi A 2023 Journal of Alloys and Compounds 930 ISSN 0925-8388

Barta S 1994 Journal of Applied Physics 75 3258-3263 (Preprint https://pubgsaip.org/
aip/jap/article-pdf/75/7/3258/7445878/3258_1_online.pdf) URL Hbtps://dok.org/
10.1063/1.356132

Nowick A S and Berry B S 1972 Academic Press, New York URL https://doi.org/10.1016/
B978-0-12-522650-9.X5001-0

Cesarini E, Lorenzini M, Campagna E, Martelli F, Piergiovanni F, Vetrano'F, Losurdo G and
Cagnoli G 2009 Review of Scientific Instruments 80 053904 (Preprint/https://doi.org/10.
1063/1.3124800) URL https://doi.org/10.1063/1.3124800

Crooks D R M 2002 Mechanical Loss and its Significance in the Test Mass Mirrorsiof Gravitational
Wave Detectors Ph.D. thesis University of Glasgow URL http://théses.gla.ac.uk/http:
//theses.gla.ac.uk/2893/

Amato A, Lumaca D, Cesarini E, Granata M, Lemaitre A, Lorenzini M, Malhaire C, Michel C,
Piergiovanni F, Pinard L, Shcheblanov N and Cagnoli G 20220.Phys. Rev.D 106(8) 082007 URL
https://link.aps.org/doi/10.1103/PhysRevD.106.082007

COMSOL 2012 The Heat Transfer Branch 709-745 ISSN 02608774 URL https://doc.comsol.
com/5.5/doc/com.comsol.help.comsol/COMSOL_ReferenceManual.pdf

Durante O, Giorgio C D, Granata V, Neilson J, Fittipaldi R,*Vecchione A, Carapella G, Chiadini
F, DeSalvo R, Dinelli F, Fiumara V, Pierro V, Pinto I"M#§ Principe M and Bobba F 2021
Nanomaterials 11

Amato A, Magnozzi M, Shcheblanov N, Iiemaitre A, Cagnoli G, Granata M, Michel C, Gemme
G, Pinard L and Canepa M 2023 ACS Applied Optical Materials 1 395-402 (Preprint https:
//doi.org/10.1021/acsaom.2c00077) URLhttpshy//doi.org/10.1021/acsaom.2c00077

Fujiwara H 2007 Spectroscopic ellipsomietry:_prineiples and applications (John Wiley & Sons)

Yam W, Gras S and Evans M 2015 Phys. Rev."D91(4) 042002 URL https://link.aps.org/
doi/10.1103/PhysRevD.91,042002

Gras S and Evans M 2018 Physs Rev. D 98(12) 122001 URL https://link.aps.org/doi/10.
1103/PhysRevD.98.122001


https://pubs.aip.org/aip/jap/article-pdf/75/7/3258/7445878/3258_1_online.pdf
https://pubs.aip.org/aip/jap/article-pdf/75/7/3258/7445878/3258_1_online.pdf
https://doi.org/10.1063/1.356132
https://doi.org/10.1063/1.356132
https://doi.org/10.1016/B978-0-12-522650-9.X5001-0
https://doi.org/10.1016/B978-0-12-522650-9.X5001-0
https://doi.org/10.1063/1.3124800
https://doi.org/10.1063/1.3124800
https://doi.org/10.1063/1.3124800
http://theses.gla.ac.uk/http://theses.gla.ac.uk/2893/
http://theses.gla.ac.uk/http://theses.gla.ac.uk/2893/
https://link.aps.org/doi/10.1103/PhysRevD.106.082007
https://doc.comsol.com/5.5/doc/com.comsol.help.comsol/COMSOL_ReferenceManual.pdf
https://doc.comsol.com/5.5/doc/com.comsol.help.comsol/COMSOL_ReferenceManual.pdf
https://doi.org/10.1021/acsaom.2c00077
https://doi.org/10.1021/acsaom.2c00077
https://doi.org/10.1021/acsaom.2c00077
https://link.aps.org/doi/10.1103/PhysRevD.91.042002
https://link.aps.org/doi/10.1103/PhysRevD.91.042002
https://link.aps.org/doi/10.1103/PhysRevD.98.122001
https://link.aps.org/doi/10.1103/PhysRevD.98.122001

