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Brownian thermal noise associated with highly reflective coatings is a fundamental limit for several pre-
cision experiments, including gravitational-wave detectors. Research is currently ongoing to find coatings
with low thermal noise that also fulfill strict optical requirements such as low absorption and scatter. We
report on the optical and mechanical properties of ion-beam-sputtered magnesium fluoride thin films and
we discuss the application of such coatings in current and future gravitational-wave detectors.
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I. INTRODUCTION

Brownian thermal noise in highly reflective coatings
[1,2] is a fundamental limitation for precision experiments
such as interferometric gravitational-wave detectors [3],
optomechanical resonators [4], and frequency standards
[5]. As measured with a laser beam, its power spectral
density can be written as [6]

S ∝ kBT
2π f

d
w2 ϕc, (1)

where kB is the Boltzmann constant, f is the frequency, T
is the temperature, d is the coating thickness, w is the laser-
beam radius at which the intensity drops by 1/e2, and ϕc is
the coating loss angle. The latter quantifies the dissipation
of mechanical energy in the coating and is in turn a func-
tion of frequency and temperature, ϕc(f , T). Thermally
induced fluctuations of coated surfaces can thus be reduced
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by increasing the beam radius, by decreasing the temper-
ature, or by choosing coating materials that minimize the
dϕc term in Eq. (1).

High-reflection coatings are usually Bragg reflectors of
alternating layers of high and low refractive indices nH and
nL, respectively. For the same coating transmissivity, the
thickness of the layers and the number of layer pairs are a
monotonically decreasing function of the refractive index
contrast C = nH/nL. Thus, the higher the contrast C, the
lower is the high-reflection coating thickness d and hence
the coating thermal noise.

The high-reflection coatings of the Advanced LIGO
[7], Advanced Virgo [8], and KAGRA [9] gravitational-
wave detectors are thickness-optimized stacks [10] of ion-
beam-sputtered (IBS) layers of tantalum pentoxide (Ta2O5,
also known as tantala, high index) and silicon dioxide
(SiO2, silica, low index), produced by the Laboratoire des
Matériaux Avancés (LMA) [11,12]. Following a procedure
developed by the LMA to reduce their optical absorption
and loss angle [13], the high-index layers of Advanced
LIGO and Advanced Virgo also contain a significant
amount of titanium dioxide (TiO2, titania) [14]. Despite
the superb optical and mechanical properties of their
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current coatings [12,14,15], coating thermal noise remains
a severe limitation for further sensitivity improvement in
current gravitational-wave detectors. Thus, in the past two
decades, a considerable research effort has been committed
to finding alternative coating materials featuring extremely
low mechanical and optical losses (absorption, scatter) at
the same time [16,17].

The motivation to find alternative coating materials is
even stronger for cryogenic gravitational-wave detectors,
either present or future, such as KAGRA, the Einstein
Telescope [18,19], and Cosmic Explorer [20]. Although,
to date, the low-temperature behavior of the loss angles
of tantala and titania-tantala coatings is still matter of
debate [21–24], the coating loss angle of silica has been
conclusively shown to considerably increase below 30 K
[25,26].

Because of their low refractive index [27–39], fluo-
ride coatings represent an interesting option for decreasing
the thickness and hence the thermal noise of the high-
reflection coatings of gravitational-wave detectors. Fur-
thermore, because of their potentially low mechanical loss
at low temperature [40], fluorides could be a valid option
especially for use at cryogenic temperatures. So far, how-
ever, fluoride coatings have never been considered for
implementation in gravitational-wave detectors, so that a
specifically oriented characterization of their properties is
needed.

As a first step toward the development of coatings with
low losses, in this paper we report on the optical and
mechanical properties of IBS magnesium fluoride (MgF2)
thin films measured at ambient temperature and we discuss
their use in gravitational-wave detectors in place of their
current low-index silica layers. As postdeposition anneal-
ing is a standard procedure to decrease the coating loss
angle and the optical absorption, we take special care to
characterize its effect on the coating properties.

II. METHODS

A. Samples

Approximately 200-nm-thick layers of IBS MgF2 are
deposited on different substrates: (i) silicon wafers (∅ 75
mm, t = 0.5 mm) for optical characterization, ion-beam
analysis, and x-ray diffraction measurements; and (ii)
fused-silica disks (∅ 50 mm, t = 1 mm) for mechanical
characterization. Prior to deposition, the fused-silica disks
are annealed in air at 900◦C for 10 h to release their internal
stress due to manufacturing and minimize their intrinsic
loss angle ϕ0 [41].

The coatings are deposited by the Laser Zentrum Han-
nover [42] via IBS. Prior to deposition, the base pressure
inside the coater vacuum chamber is 5 × 10−6 mbar. The
total pressure during the coating process is 2 × 10−4 mbar,
with 54 sccm of noble gases (mainly Xe) and gases con-
taining fluorine injected into the chamber. The energy and

FIG. 1. A schematic view of the IBS system used to produce
MgF2 thin films, where θ = 38◦.

current of the sputtering ions are 0.9 keV and 0.2 A,
respectively, for an average coating deposition rate of 0.1
nm/s. Figure 1 schematically illustrates the layout of the
ion-beam source, the sputtering target, and the rotating
substrate holder inside the coater vacuum chamber.

All samples are treated together in a first coating run.
Then, in order to cancel out the coating-induced curvature
that would affect their mode frequencies, the fused-silica
disks undergo a second coating run on their other side,
under identical conditions.

In order to minimize coating mechanical loss ϕc and
optical absorption α, coated samples are thermally treated.
The annealing treatments are performed in an Ar atmo-
sphere, at overpressure with respect to the environment, to
avoid surface oxidation. We test different soaking tempera-
tures Ta and, with the fused-silica disks only, also different
times �ta. More specifically, disk A undergoes a series
of treatments of increasing soaking temperature, each one
of the same duration, while disk B undergoes a series of
treatments of increasing time, each one performed at the
same soaking temperature. The parameters used for the
annealing runs of the fused-silica disks are summarized in
Tables I and II.

In between the measurements, all samples are stored
under primary vacuum (10−2–10−1 mbar) to mitigate oxi-
dation from air exposure.

TABLE I. The soaking temperature Ta and time �ta of the
annealing treatments applied to fused-silica disk A. Heating and
cooling ramps of 100◦C/h are used.

Treatment

1 2 3 4 5

Ta (◦C) 120 200 285 311 373
�ta (h) 10 10 10 10 10
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TABLE II. The soaking temperature Ta and time �ta of the
annealing treatments applied to fused-silica disk B. Heating and
cooling ramps of 100◦C/h are used.

Treatment

1 2 3 4

Ta (◦C) 285 285 285 285
�ta (h) 10 20 30 64
Cumulative time (h) 10 30 60 124

B. Structure and chemical composition

In order to determine the microscopic structure of the
coating samples, as well as their change upon annealing,
we perform a series of grazing-incidence x-ray diffraction
(GI-XRD) measurements with a Philips MRD diffractome-
ter, equipped with a Cu tube operated at 40 kV and 40 mA.
The probe beam is collimated and partially monochroma-
tized to the Cu Kα line by a parabolic multilayer mirror,
whereas the detector is equipped with a parallel-plate
collimator to define the angular acceptance.

Rutherford backscattering spectrometry (RBS) and elas-
tic recoil detection with time-of-flight detection (ERD
TOF) [43] are used to determine the composition of the
coating samples, after deposition and after the different
annealing steps. RBS measurements are carried out using
4He beams: at 2 MeV in order to rely on the Rutherford
cross section of O and F and at 3.7 MeV to better resolve
the different elements. The beam is incident at an angle of
7◦ from the normal and the detector is placed at a scattering
angle of 170◦. For ERD TOF, a 50-MeV Cu beam is inci-
dent at 15◦ from the sample surface and the TOF camera is
at 30◦ from the beam axis.

C. Optical properties

We use two J. A. Woollam spectroscopic ellipsometers
to measure the coating optical properties and thickness,
covering complementary spectral regions from the ultra-
violet to the infrared: a VASE for the (0.73–6.53)-eV
photon-energy range [corresponding to a (190–1700)-nm
wavelength range] and a M-2000 for the (0.74–5.06)-eV
range (245–1680 nm). The coated Si wafers are mea-
sured in reflection and their complex reflectance ratio is
characterized by measuring its amplitude component �

and phase difference � [44]. To maximize the response
of the instruments, (�, �) spectra are acquired at differ-
ent incidence angles (θ = 50◦, 55◦, and 60◦) close to the
coating Brewster angle. The coating refractive index and
thickness are derived by fitting the spectra with realistic
optical models [44]. The optical response of the bare Si
wafers has been characterized with prior dedicated mea-
surements. Further details about our ellipsometric analysis
are available elsewhere [15].

We use photothermal deflection [45] to measure the
coating optical absorption at λ = 1064 nm with an accu-
racy of less than 1 part per million (ppm).

D. Mechanical properties

Two nominally identical fused-silica disks, labeled A
and B, are used for the characterization of the coating
mechanical properties. We measure their mass with an
analytical balance, before and after each treatment (coat-
ing deposition, annealing runs) and their diameter with a
caliper. We then use the measured coated area, the coating
thickness from ellipsometric measurements, and the mass
values to calculate the coating density ρ.

We use the ring-down method [46] to measure the fre-
quency f and ring-down time τ of the first vibrational
modes of each fused-silica disk, before and after the
coating deposition, and calculate the coating loss angle

ϕc = ϕ + (D − 1)ϕ0

D
, (2)

where ϕ0 = (π f0τ0)
−1 is the measured loss angle of the

bare substrate and ϕ = (π f τ)−1 is the measured loss angle
of the coated disk. D is the frequency-dependent measured
dilution factor [47],

D = 1 − m0

m

(
f0
f

)2

, (3)

where m0 and m are the disk mass as measured before and
after the coating deposition, respectively.

We measure modes from approximately 2.5 to approx-
imately 39 kHz for each fused-silica disk, in a frequency
band that partially overlaps with the detection band of
ground-based gravitational-wave detectors (10–104 Hz).
In order to avoid systematic damping from suspension
and ambient pressure, we use two clamp-free in-vacuum
Gentle Nodal Suspension (GeNS) systems [48], shown in
Fig. 2. This kind of system is currently the preferred solu-
tion of the Virgo and LIGO Collaborations for performing
internal friction measurements [14,49].

The fused-silica disks are first measured at the LMA
before and after coating deposition and then measured,
annealed, and measured again at the Università degli Studi
di Urbino Carlo Bo (UniUrb). After deposition, the coat-
ing Young’s modulus Y and Poisson ratio ν are estimated
by fitting finite-element simulations to the measured dilu-
tion factor via least-squares numerical regression, where
we use values of the substrate thickness previously deter-
mined by fitting the measured mode frequencies with a
specific subset of simulations [14]. Further details about
our GeNS systems, the finite-element simulations, and the
data analysis are available elsewhere [14,50].
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FIG. 2. The GeNS systems used at UniUrb (top) and at the
LMA (bottom) to measure the mechanical properties of the thin
films.

III. RESULTS

A. Structure and chemical composition

The GI-XRD diffractograms of the coating samples are
shown in Fig. 3, where it can be seen that diffraction peaks
at about 27◦, 40◦, 44◦, and 68◦ are already present in the
as-deposited coating. Those peaks fairly match the 2θ val-
ues expected for a crystalline tetragonal structure (JCPDS
70-2269) [32,34,37]. Other peaks between 50◦ and 60◦ are
mainly due to the background signal of the silicon sub-
strate. The change of the coating peaks is minimal for
the annealed samples, as they become just slightly higher
and narrower. The presence of a polycrystalline phase in
the coatings is particularly relevant for gravitational-wave
detectors, since it is usually a source of scattered light and
hence of optical loss and noise.

The results of the RBS measurements are listed in
Table III. The relative atomic concentrations and the den-
sity ρ are deduced from SIMNRA simulations [51] of the
RBS spectrum acquired on each sample. The Mg:F con-
centration ratio is compatible with 0.5 for all samples,
before and after annealing, within the measurement uncer-
tainty. In addition, all samples contain 3%–5% O and
0.4%–0.5% H and are contaminated by the sputtering gas
(0.5%–0.8% Xe) and by Mo from the sputtering source
grids. The Mo content increases from about 0.4% at the
substrate interface to 0.7% near the surface. All the sam-
ples also contain traces of Cu, Ar, and Ta (< 0.1%).
The areal atomic density found with RBS can be divided
by the layer thickness measured via spectroscopic ellip-
sometry (206 nm), to find a coating density ρ close to
3.0 g/cm3 for all samples. According to our analysis, the
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FIG. 3. GI-XRD diffractograms of the IBS MgF2 thin films
on silicon wafers, acquired before and after annealing at differ-
ent soaking temperatures Ta. The diffraction peaks at about 27◦,
40◦, 44◦, and 68◦ match fairly well with the 2θ values expected
for a crystalline tetragonal structure (JCPDS 70-2269, vertical
dashed lines) [32,34,37], while the peaks between 50◦ and 60◦
are mainly due to the background signal of the silicon substrate.

sample annealed at Ta = 500◦C also features a 3.7-nm-
thick top layer of MgO, assuming an MgO bulk density
of 3.85 g/cm3; hence, this sample apparently suffers from
some surface degradation due to oxidation.

B. Optical properties

By way of example, Fig. 4 shows (�, �) spectra of
the as-deposited coatings, acquired at an incidence angle
θ = 60◦. As the band gap of crystalline magnesium fluo-
ride is 10.8 eV [52], we initially expect the MgF2 coatings
to be transparent in the energy region probed by our ellip-
someters. Instead, preliminary measurements show that
some optical absorption in the ultraviolet region has to
be taken into account, in order to explain the observed
degradation of data quality above 5.7 eV, where the signal-
to-noise ratio is drastically reduced, and to correctly fit
our data. Such absorption could be explained by the pres-
ence of color centers [32,33], as well as by the observed
0.5%–0.7% Mo contamination or the O-related centers due
to the 5% O in the samples. We then use a two-pole func-
tion and a Tauc-Lorentz oscillator for the optical model
of the thin films, which better reproduces the data and
simultaneously fits all the measured spectra with the same
accuracy. In particular, the pole in the ultraviolet region
takes into account absorption at higher photon energies,
which affects the real part of the dielectric function in the
measurement region, and the pole in the infrared region
allows the refractive index to have an inflection point.
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TABLE III. The relative atomic concentrations (%) and the density ρ of the IBS MgF2 thin films, before and after annealing at
different soaking temperatures Ta, deduced from SIMNRA simulations [51] of the RBS spectrum acquired on each sample. The Mg:F
ratio is in at./at. and the density is calculated by assuming a layer thickness of 206 nm for all samples, as measured via spectroscopic
ellipsometry on as-deposited samples.

Mg F O H Ar Cu Moa Xe Ta Al Mg:F ρ (g/cm3)

As deposited 32.2 63 3 0.4 0.04 0.05 0.53 0.52 0.01 0.6 0.51 2.96 ± 0.05
200◦C 31.5 62 5 0.5 0.04 0.05 0.53 0.71 0.01 0.51 2.97 ± 0.05
300◦C 31.1 62 5 0.5 0.04 0.05 0.60 0.69 0.01 0.5 0.50 3.00 ± 0.05
400◦C 30.8 62 5 0.5 0.08 0.05 0.56 0.60 0.01 0.49 2.98 ± 0.05
500◦Cb 30.4 63 5 0.4 0.04 0.05 0.61 0.84 0.01 0.48 2.83 ± 0.05

aThe Mo concentration decreases with depth in all samples, from about 0.7% at the surface to about 0.45% at the substrate interface;
average values are shown.
bThe sample annealed at Ta = 500◦C features an MgO surface layer that is approximately 4 nm thick.

The Tauc-Lorentz model describes the optical absorption
but the exact energy of the oscillator cannot be accurately
determined, due to the poor data quality in the ultraviolet
region. However, for the same reason, the data for E > 5.7
eV have a negligible influence on the fit algorithm and the
results are compatible with those obtained by fitting the
data up to 5.5 eV and extrapolating the values to higher
photon energies.

Figure 5 shows the dispersion law and the extinc-
tion curve derived from our analysis of the as-deposited
coating data and Table IV lists our results against those
that we find in the literature concerning IBS MgF2 thin
films [27,31,32,35,36]. The values at E = 1.17 eV and
E = 0.80 eV are particularly relevant, since those pho-
ton energies correspond to 1064 and 1550 nm, respec-
tively, which are the operational laser wavelengths of
current and future gravitational-wave detectors [7–9,18].
The refractive-index values are n = 1.405 ± 0.005 at 1064
nm and n = 1.401 ± 0.005 at 1550 nm. For comparison,

the refractive index at 1064 nm of the IBS silica coatings
of present detectors is n = 1.47 ± 0.01 before annealing
[14]. Extinction at 6.4 eV (193 nm) is considerably higher
than the value reported in the literature [35,36], due to the
high absorption that we observe in the ultraviolet region of
the spectra.

Figure 6 shows the extinction coefficient k obtained
from the photothermal-deflection measurements of opti-
cal absorption at 1064 nm, as a function of the annealing
temperature Ta. We assume that loss by light scatter is
negligible. We obtain k = 1.1 × 10−4 before treatment,
which is about 3 orders of magnitude larger than that
of the as-deposited silica layers of current gravitational-
wave detectors. Although we expect the extinction to be
approximately of the same order of magnitude at longer
wavelengths, work is currently ongoing to upgrade our
apparatus in order to perform sensitive measurements
also at 1550 and possibly 2000 nm, which are relevant
wavelengths for future detectors [18,20].
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FIG. 4. Measured ellipsometric spectra of the IBS MgF2 thin films, acquired at an incidence angle θ = 60◦.
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FIG. 5. The refractive index n and extinction coefficient k
of the as-deposited IBS MgF2 thin films as a function of the
photon energy, derived from ellipsometric measurements. The
relevant values for present and future gravitational-wave detec-
tors are 0.80 and 1.17 eV, corresponding to a laser wavelength
of 1550 and 1064 nm, respectively. For energy values smaller
than approximately 3.5 eV, the extinction is smaller than the
sensitivity of the ellipsometers (k < 10−3).

The first annealing step at Ta = 200◦C decreases the
extinction by 27% but subsequent treatments at higher
temperature considerably increase it. Thus, the anneal-
ing temperature for minimum extinction due to optical
absorption is between 200 and 300◦C.

C. Mechanical properties

The main features of fused-silica disks A and B used for
the measurements are presented in Table V.

Besides the fact of providing a cross-check of the results,
the use of two independent GeNS systems allows us to
identify and correct for a systematic effect due to the
sample temperature, as described in the following.

By definition, the measured dilution factor D is very sen-
sitive to variations of frequencies and masses. As shown
by Fig. 7, �D/D can be as high as approximately 15% if
�f /f and �m/m are both of the order of 0.01%. Indeed,
the frequency ratio in Eq. (3) depends on the Young’s mod-
ulus of the sample, which is in turn temperature dependent.
For temperatures close to or higher than 300 K and in
a limited temperature range, the relative variation of the
sample Young’s modulus with temperature is a constant
[53], η = (dY/dT)/Y, whereas the sample mode frequen-
cies are proportional to the square root of the Young’s
modulus, f ∝ √

Y [54]. Thus we expect that

ln
f (T)

f (T0)
= η

2
(T − T0) , (4)

where f (T) is the mode frequency at temperature T. Our
GeNS system at the LMA is installed in a cleanroom, TA
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FIG. 6. The extinction coefficient k1064 of the IBS MgF2 thin
films as a function of the annealing temperature Ta, obtained
from photothermal-deflection measurements of optical absorp-
tion performed at 1064 nm (Ta = 0◦C denotes as-deposited
coatings).

where the temperature is stabilized to (21.9 ± 0.5)◦C,
while our GeNS system at UniUrb is in a room without
temperature control. Each setup has a temperature probe
in its vacuum tank: right under the GeNS copper base
plate at the LMA and on a twin suspended sample [55]
at UniUrb (visible in the foreground of Fig. 2). In order to
measure the change of resonant frequencies with temper-
ature, we install heating strips around the vacuum tank of
the GeNS system at UniUrb and slowly heat a fused-silica
bare disk, monitoring the frequency of its first mode. That
bare disk is nominally identical to disks A and B, from
their same batch. Afterward, we also apply the same pro-
cedure to coated disk B. Figure 8 shows the results of those
measurements. We obtain η = (1.50 ± 0.01) × 10−4 ◦C−1

for the bare disk and η = (1.58 ± 0.01) × 10−4 ◦C−1 for
coated disk B, by linearly fitting the data on a semilogarit-
mic scale. We then use these values to perform a correction

TABLE V. The coated fused-silica disks used to characterize
the coating mechanical properties: diameter ∅, substrate thick-
ness d0, mass m0 before coating, mass m after coating, and
coating thickness d on each side.

A B

∅ (mm) 49.77 ± 0.03 49.92 ± 0.01
d0 (mm) 1.09 ± 0.01 1.08 ± 0.01
m0 (g) 4.6158 ± 0.0001 4.6348 ± 0.0001
m (g) 4.6180 ± 0.0001 4.6369 ± 0.0004
d (nm) 206 ± 2 206 ± 2

FIG. 7. The relative error �D/D on the dilution factor as a
function of the relative errors �f /f and �m/m on the fre-
quency and mass, respectively, for disk B (f0 = 2681.062 Hz,
f = 2682.759 Hz). For more details, see Eq. (3) and Table V.

of the measured mode frequencies by an amount

�f = η

2
(T − T0) f (T0) (5)

for the data for both fused-silica disks, A and B. This cor-
rection is critical whenever mode frequencies are measured
in a system where the temperature may drift.

Figure 9 shows the dilution factor and loss angles of
fused-silica disks A and B, as measured at the LMA. In
the (2.5–39)-kHz frequency band, the mechanical loss of
the as-deposited IBS MgF2 coatings ranges from about
5.5 × 10−4 to 7.5 × 10−4 rad, that is, 20–30 times higher
than that of the as-deposited silica layers of current
gravitational-wave detectors [14]. This excess loss might
be partly explained by the polycrystalline phase of the
MgF2 coatings.
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FIG. 8. Variation of the mode frequency f (T) as a function of
the sample temperature T, for a fused-silica bare disk and coated
disk B.
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FIG. 9. The characterization of the loss angles of fused-silica disks A (left column) and B (right column), as a function of the
frequency. Top row: the measured loss angles before and after deposition of the IBS MgF2 thin films (ϕ0 and ϕ, respectively). Middle
row: a comparison between the measured and least-squares best-fit simulated dilution factors D. Bottom row: the coating loss angle ϕc
of the as-deposited IBS MgF2 thin films; the best-fit power-law model of Eq. (6) is also shown (dashed line). For more details, see Eq.
(2).

For comparison, Kinbara et al. measured a coating loss
angle of 3.5 × 10−4 to 5 × 10−4 rad at 30 Hz on thermally
evaporated MgF2 thin films [56,57]. Such different values

could be explained by the different frequency of their mea-
surement and possibly also by the different nature of their
thin films, grown with a different technique.
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TABLE VI. The measured mechanical properties of the as-
deposited IBS MgF2 thin films: the Young’s modulus Y, the Pois-
son ratio ν, and the best-fit parameters of the power-law model
of Eq. (6) used to describe the observed frequency-dependent
behavior of the coating loss angle.

Y (GPa) ν a (10−4 rad) b

Disk A 115 ± 3 0.28 ± 0.02 6.4 ± 0.1 0.09 ± 0.02
Disk B 115 ± 3 0.26 ± 0.02 5.9 ± 0.2 0.10 ± 0.03

In order to describe the observed frequency-dependent
behavior of the coating loss angle, we fit a power-law
model [41,58,59],

ϕc(f ) = a
(

f
10 kHz

)b

, (6)

to our data via least-squares linear regression. Table VI
lists the best-fit parameters (a, b) for each measured fused-
silica disk, together with the best-fit estimations of the
coating Young’s modulus Y and the Poisson ratio ν

obtained via the dilution-factor fitting procedure described
in Sec. II D. By taking the average of the results obtained
with the two coated disks A and B, we obtain Y = 115 GPa
and ν = 0.27. Kinbara et al. [56,57] obtained Y = 70 GPa
and Y = 150 GPa by applying the resonant method to two
different substrates, but could not identify the reason for
such a discrepancy. Our results fall within that range.

For the as-deposited samples, we obtain a density ρ of
2.7 ± 0.2 g/cm3 from the coating mass and thickness ellip-
sometric measurements, a value fairly close to, but lower
than, that of 2.96 g/cm3 obtained via RBS. Similarly to the
coating sample annealed at 500◦C, which has the lowest

density as measured through RBS (ρ = 2.83 g/cm3), this
might be explained by the fact that the samples used for
the characterization of the coating mechanical properties
suffer from some surface oxidation, despite their storage
under primary vacuum.

Figure 10 shows the effect of the postdeposition anneal-
ing treatments on the average coating loss angle of disks
A and B, calculated from several exemplary modes at
different frequencies. For this data, acquired without tem-
perature stabilization at UniUrb, we apply the frequency
correction described by Eq. (5). As we increase the anneal-
ing temperature up to Ta = 311◦C, the average coating loss
of disk A monotonically decreases from the initial value
of (5.9 ± 0.7) × 10−4 rad to (2.0 ± 1.3) × 10−4 rad. After
treatment at Ta = 373◦C, however, its average coating loss
increases to (8.4 ± 3.6) × 10−4 rad. Such a substantial
increase might be explained by the appearance of cracks
on the coating surface, observed on disk A with an optical
microscope and shown on Fig. 11, likely due to the fact
that the SiO2 substrate and the MgF2 coatings have dif-
ferent thermal expansion coefficients. Similar cracks have
previously been observed by Kinbara et al. and ascribed to
the relaxation of accumulated stress [56,57]. Regardless,
the annealing temperature for the minimum coating loss
angle ϕc is around Ta = 311◦C.

Concerning the annealing time, in order to avoid the
formation of cracks, we use a soaking temperature Ta =
285◦C for our tests. The average coating loss angle of disk
B decreases after each step until the cumulative time of
treatment amounts to 30 h, when it is (3.5 ± 1.4) × 10−4

rad. However, the change in coating loss between the step
of 10 h and those of longer cumulative soaking time is neg-
ligible, when compared to the measurement uncertainty.
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FIG. 10. The coating loss angle ϕc of the IBS MgF2 thin films, as a function of the annealing temperature Ta for a soaking time
�ta = 10 h (left) and of the cumulative soaking time at temperature Ta = 285◦C (right). For more details, see Tables I and II (Ta = 0◦C
denotes as-deposited coatings).
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FIG. 11. Cracks at the surface of the IBS MgF2 thin films on
disk A, observed after annealing at Ta = 373◦C.

Thus, in summary, we find that a soaking time longer than
10 h has no effect on the average value of the coating loss
angle, for Ta = 285◦C.

IV. CONCLUSIONS

In the framework of a research activity devoted to find-
ing low-noise coating materials for present and future
gravitational-wave detectors [16], we characterize the opti-
cal and mechanical properties of a set of IBS MgF2 thin
films. We choose fluoride coatings because of their low
refractive index nL, with the aim of minimizing the over-
all high-reflection coating thickness d in Eq. (1). As a
reminder, d is a monotonically decreasing function of
the refractive index contrast C = nH/nL. Furthermore,
because of their potentially low mechanical loss at low
temperature [40], fluorides could be a valid option for use
in cryogenic detectors.

Indeed, the IBS MgF2 thin films feature a 4% lower
refractive index than that of the IBS silica layers of cur-
rent detectors [14], at 1064 nm. However, their optical
absorption and ambient-temperature loss angle turn out
to be considerably higher, likely because they are par-
tially polycrystalline. In order to minimize such losses, the
coating samples are thermally treated with an increasing
soaking temperature and time. A soaking temperature of
Ta = 285◦C avoids the formation of cracks and minimizes
the value of the coating loss angle, while the lowest optical
absorption occurs after thermal treatment at Ta = 200◦C.
As a consequence, the optimal soaking temperature for our
set of samples proves to be between 200 and 300◦C, where
both the coating optical absorption and average loss angle
are close to their minimum values. Soaking times longer
than 10 h have a negligible effect on the average value of
the coating loss angle.

However, regardless of the effects of annealing, the
implementation of IBS MgF2 thin films in gravitational-
wave detectors would require their optical absorption to

be reduced drastically, by at least by 3 orders of magni-
tude. Similarly, their ambient-temperature loss angle also
proves to be too large by at least one order of magnitude.
A lower optical absorption and loss angle could possibly
be achieved by changing the coating growth conditions
[14], as well as by reducing the amount of impurities. As
shown in Table IV, for instance, Bosch et al. and Ques-
nel et al. have demonstrated that IBS MgF2 thin films
of significantly lower extinction and refractive index can
be produced [31,32]. The polycrystalline phase of the as-
deposited coatings, which is usually the source of scattered
light, might in principle also be avoided by using different
growth conditions.

The optimization of the growth parameters, together
with the measurement of the low-temperature mechanical
loss angle and of optical absorption at longer wavelengths,
will be the object of future studies.
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