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The increased laser power of future gravitational-wave detectors will require mirror coatings with optical ab-
sorption below 0.1 ppm per mirror. TiO2-doped GeO2, currently the best high-index material for reducing
room-temperature coating thermal noise, still exhibits ppm-level absorption even after extrinsic contamination
is minimized. Using ab-initio simulations and absorption measurements, we identify oxygen-deficient Ti-rich
environments as the origin of this residual absorption. We find that ordinary structural disorder in the amorphous
network can localize electronic states but does not produce defects capable of absorbing 1064-nm light. In con-
trast, oxygen vacancies in compact Ti-rich environments create localized Ti**—Ti"-like polaron-pair or mixed
Ti-polaron states states with transitions near 1064 nm. Photothermal measurements show increased absorption
after dry/inert annealing, supporting the formation of these reduction-sensitive defects. These results show that
the residual absorption is not an intrinsic limitation of TiO2-doped GeO2, but a process-dependent defect that
may be mitigated through control of oxygen stoichiometry during deposition and annealing.

The sensitivity of interferometric gravitational-wave detec-
tors depends critically on the thermal-noise and optical per-
formance of their mirror coatings [1]. These coatings must
provide extremely high reflectivity while maintaining low
mechanical dissipation and low optical absorption. In Ad-
vanced LIGO and Advanced Virgo, which operate at room
temperature with a laser wavelength of 1064 nm, the high-
reflectivity mirrors are formed from alternating layers of ion-
beam-deposited TiOs-doped TasOs and SiO, in a Bragg
structure [2-5]. In the part of the detection band where the
detectors are most sensitive, approximately 50-300 Hz, the
sensitivity is limited by coating Brownian thermal noise [6, 7].
Reducing this noise while preserving or improving excellent
optical performance is therefore a central requirement for up-
grades of current and future detectors.

This need has motivated the search for alternative high-
index amorphous materials with lower mechanical loss than
TiOz-doped TazOs. Among the candidates, amorphous
TiO3-doped GeO,, paired with SiO5 as the low-index layer,
has emerged as a leading option for room-temperature
gravitational-wave detectors. Previous work showed that
GeOg-based glasses provide a suitable low-mechanical-loss
high-index host, and that Ti incorporation can raise the re-
fractive index while preserving sufficiently low mechanical
loss for Advanced LIGO’s next upgrade (called Advanced
LIGO+ or A+) [8]. Guided by this understanding, TiOs-
doped GeO,/Si0O4 coatings were down-selected for the Ad-
vanced LIGO+ coating Pathfinder process and were shown to
achieve substantially reduced coating thermal noise relative to
the current LIGO coatings [8, 9]. At the same time, however,
optical absorption remains a major concern for A+ upgrade as
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even when extrinsic contamination is reduced, the measured
absorption of TiO2-doped GeOs/Si04 high-reflectivity stacks
at 1064 nm remains at the ppm level, and depends sensitively
on deposition and annealing conditions [10]. Previous PCI
measurements at A = 1064 nm found that a TiO5-doped GeO-
film with Ti/(Ti 4+ Ge) ~ 0.44 and refractive index n = 1.88
had an absorption of 2.3 = 0.1 ppm when normalized to a
quarter-wave optical thickness of 141 nm after annealing at
600 °C and a multilayer TiO2-doped GeO2/SiO- stack fabri-
cated from the same material system showed an absorption of
about 3.1 ppm after annealing [8]. These values show that
TiO3-doped GeOs is already a low-absorption material on an
absolute scale, but also that the remaining absorption is tech-
nologically important. For future detectors, as the detector cir-
culating power continues to increase, coating absorption will
place an increasingly stringent constraints on detector perfor-
mance as the absorbed laser power leads to heating, thermal
lensing, and distortion of the optical mode. Cosmic Explorer
requirements motivate a further reduction toward ~ 0.1 ppm
per mirror [10]. Understanding the origin of this residual ab-
sorption is therefore essential.

Because 1064 nm photons are far below the fundamen-
tal band gap of these oxides, the absorption cannot arise
from ordinary band-to-band transitions or from Urbach tails.
In amorphous oxides, it is expected to originate from lo-
calized states within the gap or near the band edges, often
related to oxygen defects, nonstoichiometric local environ-
ments, hydroxyl-related species, transition-metal impurities,
and Ti-related redox or coordination motifs [11-13]. In TiO5-
doped GeOs, this problem is especially subtle because the ma-
terial does not contain a single well-defined local structure.
Prior studies using grazing-incidence pair distribution func-
tion (GIPDF) measurements, Raman spectroscopy, x-ray pho-
toelectron spectroscopy (XPS), and atomistic modeling have
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already shown that Ti can occupy multiple local bonding envi-
ronments and that the population of these motifs evolves with
composition and annealing [14-16]. It is therefore natural to
ask whether some of these local environments also act as in-
trinsic absorption centers.

Structural models of amorphous TiOs-doped GeOs were
generated using a melt—quench ab-initio molecular dynam-
ics (AIMD) workflow [17]. We began from AIMD-generated
model of amorphous GeO., following the procedure de-
scribed in Ref. [18]. The model contained 360 atoms. To
obtain TiOs-doped GeO-, 40% of the Ge atoms in these par-
ent GeOy models were replaced at random by Ti atoms. This
Ti concentration was chosen to remain close to the compo-
sition identified as optimal for next-generation LIGO coating
applications [8]. The simulation cell was then rescaled to give
an initial density of 3.65 g/cm?®, consistent with the experi-
mental density reported for 40% TiOs-doped GeOs thin films
(3.73 and 3.62 g/cm? for as-deposited and annealed films re-
spectively, Ref. [16]).

The subsequent preparation was carried out in two stages.
Stage 1 was used to optimize the density in the following way.
Each model was equilibrated at 800 K for 1 ps, cooled to 300
K over 2 ps, and then equilibrated at 300 K for 5 ps. Five snap-
shots were taken from the final 300 K trajectory and each was
subjected to simultaneous ionic and cell-volume relaxation us-
ing the conjugate-gradient algorithm. The relaxed densities of
these five snapshots were averaged, yielding 3.77 g/lcm? with
standard deviation of 0.005 g/cm®. The final configuration
from the 300 K AIMD trajectory was then rescaled to this av-
erage density and used as the starting point Stage 2.

In Stage 2, melt—quench cycles were carried out two times.
This repeated melting and quenching was carried out to reduce
memory of the initial substitutional starting structure and to
allow the mixed Ge-Ti—O network to reorganize more fully,
which is important in melt-quench modeling of multicompo-
nent amorphous oxides [19, 20].

In the first melt—quench cycle, the model was equilibrated
at 2000 K for 10 ps, cooled to 300 K over 10 ps, and equili-
brated at 300 K for another 10 ps. In the second melt-quench
cycle, the model was equilibrated once more, now at 2500
K for 50 ps. During the final 10000 steps of this trajectory,
ten snapshots were extracted at intervals of 1000 steps. Each
snapshot was then independently quenched to 300 K over 25
ps using a different random initialization of atomic velocities,
followed by equilibration at 300 K for 10 ps. Finally, each
quenched configuration was relaxed to its local energy min-
imum using the conjugate-gradient algorithm. The resulting
set of relaxed structures was used for all subsequent analyses.
This ensemble-based procedure was adopted because a single
quenched configuration is generally not sufficient to represent
the structural variability of an amorphous network.

All AIMD and electronic-structure calculations were per-
formed using the Vienna ab initio simulation package (VASP)
[21, 22]. Electron-ion interactions were treated using the pro-
jector augmented-wave (PAW) method [23]. The electron ex-
change and correlation were estimated using (a) the Perdew—
Burke-Ernzerhof (PBE) generalized-gradient approximation
[24] for all MD simulations, (b) the PBE+U approach [25]
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FIG. 1. Pair distribution functions (PDF). Top: X-ray total PDF com-
puted from models in this work and x-ray GIPDF measured in Ref
[16]. Bottom: Partial PDF computed from models in this work. To
reduce noise, all computed PDF are smoothed using running window
average of size 6. The positions of first two major peaks in x-ray PDF
of models are marked at 1.78 A and 3.20 A on both plots.

for O-vacancy relaxations in which Uegg = U — J = 4.5
eV is applied to Ti 3d states, partially correcting the PBE
self-interaction error on localized Ti 3d states, helping to sta-
bilize vacancy-induced electron localization, and (c) HSE06
approach [26] for electronic structure calculations on final
structure models. The HSEQ6 is a screened hybrid functional
built on the PBE in which a fraction of short-range PBE ex-
change is replaced by Hartree—Fock exact exchange, generally
improving band gaps and defect-state energetics relative to
PBE while remaining an approximate density-functional treat-
ment. The HSEOQ6 calculations employed the standard exact-
exchange mixing fraction of 25% and a range-separation pa-
rameter of 0.20 A~'. Valence-electron orbitals were expanded
in a plane-wave basis with a kinetic-energy cutoff of 400 eV.
Owing to the large periodic supercells and the absence of
long-range crystalline order, Brillouin-zone sampling was re-
stricted to the I" point. A time step of 1 fs was used and a
periodic boundary condition was used throughout the AIMD
simulations.

The models presented in this work describe the atomic
structure of TiOz-doped GeO coatings well. We conclude
this from extensive calculations of atomic structure features
of the models. These features, summarized below, are aver-
aged over the 10 models and standard errors are given when
appropriate. In Fig. 1, the computed x-ray total PDF from
models are shown and compared with measured x-ray graz-
ing incidence pair distribution functions (GIPDF) for films of
TiOs-doped GeO, (Ti cation ratio = 40%, as-deposited) from
Ref [16]. We see a broad agreement between the two PDF,
including the alignment in the positions of major peaks and
minima. We observe slight discrepancy in peak heights at
3.20 A and 4.4 A, which may be coming from the use of the-
oretical x-ray scattering factors (obtained using Hartree—Fock
wave functions; Ref [27]), presence of Ar atoms in the films
on which x-ray measurements were made [16] and Fourier
transform artifacts from the finite cell sizes.

To identify the correlations giving rise to the major peaks in
total PDF, we also compute the number-density-based partial
PDF (see Equation 8 from Ref [28] for definition). The first
peak in total RDF at 1.78 A comes from Ge-O and Ti-O peaks.
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FIG. 2. Electronic density of states (EDOS) and inverse participation
ratio (IPR) for the stoichiometric amorphous TiGeO2 model show-
ing a clean gap and localized band-edge states. Site-projected EDOS,
showing the O-dominated valence-band edge and cation-derived, pri-
marily Ti-influenced, conduction-band edge.

The second peak in x-ray PDF at 3.20 A comes from cation-
cation correlation. The O-O peak in partial PDF have no no-
ticeable foot-print in x-ray total PDF because of low scattering
cross-sections. It is clear that the models contain no “wrong”
bonds and no bonds below ~1.7 A.

Beyond the agreement with the experimental PDF, the mod-
els capture the average local structure and expected disorder
of amorphous TiOs-doped GeOs. Ge is mostly four- and five-
fold coordinated, Ti is mainly four-, five-, and six-fold coor-
dinated, and O is primarily two- and three-fold coordinated,
with minor under- and over-coordinated populations. The
bond-length and bond-angle distributions are broad, as ex-
pected for amorphous oxide networks [29, 30], and the mod-
els contain the expected mixture of corner-, edge-, and face-
sharing polyhedra. Ti-Ti connections show the largest frac-
tion of edge- and face-sharing motifs, consistent with earlier
TiO5-based amorphous networks in which highly connected
Ti environments are associated with local strain and electronic
localization [31, 32]. These trends agree with previous struc-
tural reports on TiO3-doped GeO, [15, 16, 33]; full coordi-
nation, bond-angle, and polyhedral-connectivity statistics are
given in the Supplementary Information [34].

The electronic density of states (EDOS), defined as
D(E) = N7! Ziv 0(E — E;); where N is size of the basis
set and E; are Kohn—Sham eigenvalues, is plotted in Fig. 2.
A measure of electronic localization, the inverse participation
ratio (IPR), computed for the nth Kohn—Sham state ,,,
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where ¢; are local orbitals, is also plotted in Fig. 2.

The calculated gap is approximately 3.731+0.07 eV. The ex-
perimentally determined value for thin films of 44% TiO2-
doped GeOg is ~3.5 eV [35]. The IPR shows enhanced lo-
calization near the valence- and conduction-band edges, con-
sistent with band-tail localization in an amorphous material.
The projected EDOS shows that the upper valence band is
dominated by O-derived states with strong p character, while
the lower conduction band is mainly cation-derived, with sub-
stantial Ti contribution and dominant d character. Ge also con-
tributes to the conduction manifold, but the lowest unoccupied
states are strongly influenced by Ti. The central result is that
the stoichiometric amorphous models retain a clean electronic

I, = -, (1)

gap. Although the structures contain distorted polyhedra, co-
ordination fluctuations, and broad bond-angle distributions,
these geometric irregularities do not produce deep midgap
states. As the band gap is well above the 1064 nm photon en-
ergy of 1.17 eV, direct band-to-band absorption therefore can-
not explain absorption at this wavelength in the stoichiomet-
ric amorphous network. The clean stoichiometric gap there-
fore provides a useful baseline: the experimentally relevant
sub-gap absorption is unlikely to originate from generic amor-
phous disorder alone.
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FIG. 3. Oxygen-vacancy-induced near-infrared defect states in amor-
phous TiO»-doped GeO,. (a) HSEO6 energy scales comparing
the stoichiometric amorphous gap with the 1064-nm photon en-
ergy and the defect-state separations produced by oxygen vacancies,
(b) Atmosphere dependence of optical absorption in TiO2-doped
GeO; coating measured by photothermal common-path interferom-
etry (PCI) at A = 1064 nm. Points show the measured absorp-
tion after sequential annealing treatments, with numbers indicating
the treatment order, (c) Ti-rich precursor environment before oxy-
gen removal. The selected O atom is coordinated to three nearby Ti
atoms that form a compact local cluster, providing the structural mo-
tif that favors low-energy Ti-derived defect states, (d) the occupied
state (HOMO) associated with the Ti-centered polaron pair, and (e)
the lowest empty state (LUMO) as Ti-derived localized state in the
same compact vacancy environment; their spin-conserving HSE06
separation is Aepsg = 1.0065 eV.

We next examined whether oxygen deficiency in Ti-rich
local environments can introduce electronic states inside the
otherwise clean gap of amorphous TiO3-doped GeO,. Oxy-
gen atoms were removed from Ti-rich environments in ten
amorphous models, the defective structures were relaxed
with PBE+U using several spin initializations, and static
HSEQ6 calculations were performed on the relaxed struc-
tures. The key electronic quantity reported here is the smallest
spin-conserving occupied-to-empty separation in the HSE06
HOMO-window spectrum, denoted Aeygg. This quantity di-
rectly indicates whether localized defect states occur near the
1064-nm photon energy, hv = 1.165 eV.

Neutral oxygen vacancies, V§, consistently produce local-
ized Ti-derived sub-gap states. The neutral-vacancy HSE06
separations span 1.01-1.92 eV, with a mean of 1.49 + 0.04
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TABLE I. HSEO06 electronic signatures and optical allowedness of stoichiometric and oxygen-deficient amorphous TiO2-doped GeO». For
the stoichiometric network, the listed energy is the HSE06 band gap. For vacancy defects, Aensg is the smallest spin-conserving occupied-to-
empty separation in the static HSEO6 HOMO-window spectrum. The column N gives the number of spectra or models included in the average.
Ranges are given in parentheses. The final column gives the orientationally averaged transition strength, Siso, for the lowest spin-conserving
defect-state transition. The strong-overlap V3 row is a subset of neutral-vacancy branches in which the occupied and empty defect states have
substantial overlap within the same Ti-rich cluster. One non-converged neutral branch is excluded from the statistical summary.

Class N HSEQ6 character Energy scale (eV) Allowedness, Siso (A?)
Stoichiometric 10 clean gap E, =3.73+0.07 -

All retained V3 29 Ti-derived states 1.49 £+ 0.04 (1.01-1.92) 6.5 x 107521 x 1072
Compact V§ 6 near-1064 mixed/pair states 1.20 £+ 0.05 (1.01-1.32) up to 1.89 x 1072
Strong-overlap V§ 6 mixed/FM/AFM Ti-cluster states 1.55 £ 0.14 (1.01-1.92) 6.9 x 107321 x 1072
Va 10 single Ti polaron 1.85 £ 0.08 (1.39-2.16) 6.6 x 1075-8.9 x 1073

eV; see Fig. 3 (a) and Table I. This broad range shows that
oxygen removal alone does not determine the defect energy;
the local Ti connectivity around the vacancy is decisive. The
strongest near-1064-nm candidates are neutral vacancies in
compact Ti-rich environments. In these branches, the vacancy
is embedded in a compact Ti cluster and the HSEQ6 spin den-
sity localizes on Ti atoms adjacent to the missing O. Six com-
pact neutral branches yield Aeggg = 1.20 + 0.05 eV, with a
range of 1.01-1.32 eV, bracketing the 1064-nm photon energy.
Representative cases include a mixed Ti-centered state with
Aepsg = 1.10 eV, a Ti-polaron pair with Aegsg = 1.20 eV,
and an antiferromagnetic Ti-centered pair with Aeysg = 1.01
eV. The latter is visualized as a charge-density-overlaid ball-
and-stick model in Fig. 3, (c) to (e). Branches localized on
more open Ti pairs, or vacancies with less compact Ti con-
nectivity, generally shift to larger separations of ~ 1.5-1.9
eV.

The singly positive vacancy, VJ , forms a robust single-Ti-
polaron state. In these calculations, the HSE06 spin density
localizes on one Ti atom adjacent to the vacancy, with a mo-
ment close to 1 . However, the corresponding HSEQ6 sep-
arations average 1.8540.08 eV, substantially above the 1064-
nm photon energy. Thus, VO+ demonstrates Ti*>* polaron for-
mation, but compact neutral vacancies are more plausible di-
rect candidates for 1064-nm optical activity.

To assess whether the defect-state transitions are opti-
cally allowed, we computed HSEO6 optical matrix elements,
D% = (¢|Dqalth,), for each spin-conserving occupied-
to-empty (v — c¢) transition, with « = x,y,z. For
the I'-point amorphous supercells used here, we define the
orientationally averaged transition strength as Sis,(v,¢) =
%Zazx’%z |D2 |*. The optical matrix elements show that
the allowedness of the defect-state transition is strongly con-
figuration dependent. Compact Ti-rich neutral vacancies pro-
vide the relevant near-infrared energy scale, but the transition
strength varies by orders of magnitude depending on whether
the occupied and empty defect states remain strongly local-
ized on separate Ti centers or mix within the same local Ti-
rich cluster. The strongest near-1064-nm case is an antifer-
romagnetic Ti-polaron-pair branch, shown in Fig 3 (c) to (e),

with Aegsp = 1.006 eV and Sigo = 1.89 x 10-2 A”, whereas
other compact branches have much weaker but finite matrix

elements (~ 107°-1073 AQ). Thus compact neutral oxy-
gen vacancies are not merely energetically plausible; selected

Ti-rich polaron-pair configurations also support optically al-
lowed spin-conserving near-infrared transitions.

Absorption measurements provide an experimental con-
straint on this interpretation. Figure 3 shows photothermal
common-path interferometry (PCI) measurements at A =
1064 nm on single-layer ion-beam-sputtered TiOz-doped
GeOs coatings after atmosphere-dependent annealing. The
absorption is strongly process dependent: wet-air or open-air
treatments give low ppm-level absorption, whereas dry or in-
ert annealing can increase the absorption by more than an or-
der of magnitude. This behavior is difficult to reconcile with
absorption from the ideal stoichiometric amorphous network
alone, but is consistent with a reduction-sensitive population
of defect centers. Together with the calculated clean gap of
stoichiometric TiO5-doped GeOs and the near-1064-nm Ti-
derived states produced by neutral oxygen vacancies, the PCI
trend supports oxygen-deficient, Ti-rich local environments as
plausible contributors to the residual sub-gap absorption.

This interpretation is consistent with earlier work on tita-
nium oxides and related Ti-doped wide-gap oxides. In crys-
talline TiO2, excess carriers introduced by photoexcitation
or reducing defects such as oxygen vacancies can self-trap
as small polarons, producing localized charge densities cou-
pled to local Ti—O lattice distortions [36, 37]. A closely re-
lated precedent is Ti:sapphire, where first-principles calcula-
tions attributed residual near-infrared absorption to specific
Ti ion-pair motifs, particularly line-contact antiferromagnet-
ically coupled Ti3T-Ti?* pairs and face-contact Ti*+-Ti3+
pairs [38]. These results support our interpretation of oxygen-
deficient, Ti-rich motifs in amorphous TiO3-doped GeOs as
Ti-polaronic absorption centers, while the absence of compa-
rable deep states in stoichiometric models indicates that such
centers are associated with reduction and oxygen deficiency
rather than ordinary amorphous disorder alone.

In conclusion, the residual 1064-nm absorption in TiOs-
doped GeO, does not appear to be an unavoidable conse-
quence of the stoichiometric amorphous network. The stoi-
chiometric models reproduce the measured structural disorder
yet retain a clean HSEO6 gap, showing that ordinary coordi-
nation disorder, strained polyhedra, and Ti-rich motifs alone
are insufficient to generate deep near-infrared states. Oxy-
gen deficiency changes this picture qualitatively. Neutral va-
cancies in compact Ti-rich environments stabilize localized
Ti-derived polaron-pair or mixed-polaron states with separa-



tions that bracket the 1064-nm photon energy, and selected
strong-overlap configurations have finite, and in some cases
sizable, optical matrix elements. The strong dependence of
the measured absorption on annealing atmosphere is consis-
tent with this reduction-sensitive defect picture. These re-
sults identify oxygen-deficient compact Ti-rich motifs as mi-
croscopic targets for suppressing residual absorption in TiO»-
doped GeO4/Si0O2 mirror coatings.
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Appendix A: Supplementary Information

— 0-Ge-O
1. Coordination Statistics - - O-T|-_O )
2 Ge/Ti-O-Ge/Ti
o)
TABLE II. Distribution of atomic coordination in the TiGeO2 mod- I
els. Percentages are averaged over ten independent models. Bond g
cutoff distance of 2.6 A is used. s
Atom Coordination Percentage (%) m
2 0.14£0.13
3 0.42:0.20 =
Ge 4 80.56+1.08 y y . T T
5 18.47+1.16 60 80 100 320 140 160 180
6 0.42+0.20 6
4 14.38+1.36 FIG. 4. Bond-angle distributions in the amorphous TiO2-doped
Ti 5 55.83£2.51 GeOs models. The O-Ge—O and O-Ti-O distributions describe the
6 27.9242.42 local geometry of Ge- and Ti-centered oxygen polyhedra, while the
7 1.884:0.46 Ge/Ti—-O-Ge/Ti distribution describes inter-polyhedral connections
1 0.42+0.10 through bridging oxygen atoms. The peak positions are similar to
o 2 70.634+0.76 those reported in Ref [29] for a-GeO2and Ref [30] for a-TiO2— but
3 28.46+0.79 with broader distributions reflecting the structural disorder of the
4 0.50+0.11 mixed amorphous network. Bond cutoff distance of 2.6 A is used.

2. Polyhedral Connectivity

TABLE III. Distribution of polyhedral connection motifs for Ge-Ge,
Ge-Ti, and Ti-Ti nearest-neighbor pairs. Values are given as mean
=+ standard deviation. Bond cutoff distance of 2.6 A is used.

. Corner-shared  Edge-shared  Face-shared
Connection Type

(%) (%) (%)
Ge-Ge 90.81+0.80  9.09+0.82 0.10 £ 0.09
Ge-Ti 82.95+1.07 16.80+1.09 0.25+0.09
Ti-Ti 67.85+1.14 31.03+1.14 1.124+0.33

3. Bond Angle Distributions
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