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Ø The optical coatings in the current LIGO mirrors use 
amorphous materials

Ø Reducing thermal noise comes down to reducing 
two-level systems that are intrinsic to amorphous coatings

Ø Some successes are coming from:
§ Choice of coating materials
§ Elevated temperature deposition: mainly in a-Si
§ Post-deposition annealing
§ Doping material/percentage
§ Nano-layering

Overview
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atoms. For Ta2O5, barriers between 60–120 meV involve 30–
70 atoms, and barriers between 120–240 meV are associated
with a large range of 30–100 atoms. In contrast, titania shows
a sharpening of the histogram peak near 30 atoms for barriers
in both the 0–60 meV and 60–120 meV ranges [Fig. 7(a), right
column]. This is evidence of a localized, higher-energy barrier
between 60–120 meV that is more prominent in titania. It is this
type of TLS transition that creates the shoulder in g(V ), leading
to the broadened loss peak at higher temperature compared to
tantala [Fig. 2(a)].

Regarding oxygen rotations, TLS transitions in both Ta2O5
and TiO2 typically involve five O atoms rotating more than
10◦ around a central Ta atom [Fig. 7(b)] with the largest
rotation between 18◦–20◦ [Fig. 7(c)]. A correlation again exists
between barrier height and number of oxygen rotations (r =
0.54 for Ta2O5, r = 0.47 for TiO2) and largest oxygen rotation
angle (r = 0.67 for Ta2O5, r = 0.66 for TiO2), such that larger
barriers are associated with more O atoms being involved with
larger rotation angles. Most low-energy barriers (0–60 meV) in
tantala involve only 3–5 O atoms, whereas titania demonsrates
a wider distribution of oxygen atoms involved. Also, compared
to tantala, titania exhibits larger barriers that involve more O
atoms rotating at larger angles [red bars in Figs. 7(b) and 7(c)],
confirming the analysis of the barrier distributions in Sec. III B.

Finally, the histograms of the Ta/Ti-O bond length changes
are shown in Fig. 7(d). Both tantala and titania show very
similar trends in this case, with most changes in bond length

roughly between 0.12–0.16 Å. A much smaller correlation
associates barrier height with bond-length changes (r = 0.27
for Ta2O5, r = 0.23 for TiO2), indicating the total number
of involved atoms and rotating oxygen atoms are the primary
characteristics determining the barrier heights of the two-level
systems.

This structural analysis of TLS transitions in titania
and tantala reveal that, despite small differences, the two
amorphous oxides support very similar loss mechanisms.
Differences between histograms in Fig. 7 only involve slight
shifts in the typical number atoms involved or size of oxygen
rotation angles, as discussed above, but transitions in the two
amorphous oxides generally share similar structural traits.
These findings indicate that the oxides match well in the
sense that doping one with the other will not qualitatively
change the loss behavior, a conclusion confirmed by the same
low-temperature peak in Q− 1 across all Ti dopings followed
by decay with increasing temperature. Instead of distinctly
different types of structural transitions, our analyses reveal
that TiO2 differs from Ta2O5 by allowing more high-energy
transitions with barriers between 60–240 meV. It is this
difference in barrier frequency that leads to the shift in the
low-temperature peak to 46 K for TiO2.

To provide a final perspective on the two-level systems driv-
ing mechanical loss, Fig. 8 visualizes three typical transitions
in Ta2O5 and TiO2 that highlight the differences between low
and room temperature as well as the prototypical transition

FIG. 8. Configurations of local minima for three sample two-level systems (TLS) for (a) tantala (Ta2O5) (V = 32 meV), (b) Ta2O5

(V = 453 meV), and (c) TiO2 (V = 91 meV). The left column shows the configuration of the first minimum in the transition, the right column
shows the second minimum, and the middle column visualizes their overlap to emphasize the differences between minima. Black arrows
highlight the major oxygen rotations making up each transition. Blue octahedra and red spheres represent the cation and anion of the first
minimum, respectively. Green octahedra and brown spheres represent the cation and the anion of the second minimum.
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Ø Zirconia-doped-Tantala
Insights from structural characterization

Ø Amorphous Si
Vapor deposition simulations

Plan of this talk



Zirconia-doped-Tantala
ØMeasured loss at room temperature decreases with annealing at higher temperatures

ØDoping with Zirconia suppresses crystallization: 

makes higher temperature (up to 900 C*) annealing possible
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Source for both figures: G1800585-v3

*According to G1800585-v3
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Pair Distribution Function (PDF)  
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Ø Pair Distribution Function: 
Average position of atoms

Ø Connecting link between experiments and modeling

Ø Experimentally measured as 
Grazing Incidence Pair Distribution Function (GIPDF)

Figure: 2D Crystal for illustration

Figure source: https://en.wikipedia.org/wiki/Grazing_incidence_diffraction
Figure source: http://www.mesostructures.uni-bayreuth.de/en/research/pair-distribution/index.html



X-Ray GIPDF measurement on 35% Zirconia-doped-Tantala

0 2 4 6 8 10 12
r [Å]

-3

-2

-1

0

1

2

3

4

G
(r

)

As deposited     (1")
300 C annealed (3")
600 C annealed (3")
800 C annealed (3")

Measured PDF of Zirconia-doped-Tantala

6

SLAC National Accelerator Laboratory, October 2017



X-Ray GIPDF measurement on 35% Zirconia-doped-Tantala
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SLAC National Accelerator Laboratory, October 2017
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X-Ray GIPDF measurement on 35% Zirconia-doped-tantala
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X-ray scattering, G(r) or S(q) 
(SSRL, Oct 2017)

2-body Empirical potential,
HP Cheng Group, UF 

Random coordinates
Density= 7.28 gm/cm3

Energy
Minimization

RMC fitting to
X-ray str. factor

N iterationsRandom collection 
of atoms “The model”

Modeling of Zirconia-doped-Tantala

Ø 1064 atoms in all models,
Ø All results are averages over 100 models
Ø Density inferred from potential (Density measurements are underway!!)
Ø Fitting and minimization method: 

FEAR, Pandey, Biswas and Drabold, Scientific Reports 6:33731, 2016
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Models track the changes in experimental PDF very well

Modeling of Zirconia-doped-Tantala
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Modeling of Zirconia-doped-Tantala
Partial pair correlation functions
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Modeling of Zirconia-doped-Tantala
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Low barrier TLSs
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(More recent loss data exists!!)
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Modeling of Zirconia-doped-Tantala

Next steps:

Ø Compute two-level systems and calculate mechanical loss
(Team @ University of Florida is working on it!!)

See if the loss hypothesis holds. 

Ø Search for dopants that can frustrate the two-level dynamics

Ø Continue study how ZrO2 doping inhibits crystallization in Ta2O5-
Initial results from caloric curve analysis consistent with observed 
frustration of crystallization by ZrO2 doping



Vapor deposition simulations

Ø Vapor deposition simulations mimic the coating deposition process

Figures from: Nature Mater. 12, 94 (2013) 
Ø Aim: simulations can identify advantageous materials, dopants, substrate 

temperature, deposition rate
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NATURE MATERIALS | VOL 12 | FEBRUARY 2013 | www.nature.com/naturematerials 95

news & views

display a discontinuity (Fig. 1, right). For 
temperatures lower than TK, the system 
would then visit only the lowest energy basin, 
with a vanishing configurational entropy (the 
logarithm of the number of explored basins). 
This seems to be the case for the model 
glasses of Singh and colleagues, who noticed 
that the predicted TK coincides with the 
optimal deposition temperature. Numerical 
and experimental tests of this result will 
surely come and, if confirmed, would provide 
strong support for the existence of a second-
order thermodynamic transition at TK.

Why is slow cooling significantly less 
efficient than (carefully designed) vapour 
deposition at generating optimal glasses? 
In the bulk of a glass, the movement of 
each particle (be it an atom, molecule or 
polymer) is constrained by the cage formed 
by its neighbours (Fig. 2). Actually, the 
glass’s structure is in effect frozen because 
at the temperature a glass exists, and on the 
typical scales of experimental (or numerical) 
observations, thermal vibrations are on 
average too low in energy to distort the cage 
and open an escape channel for the particle. 

For particles sitting on a free surface, instead, 
their average binding energy is significantly 
lower than it would be in the bulk and thus 
they are not confined in cages but can ‘roll’ 
on the surface without a significant free-
energy cost. This enhanced mobility, which 
propagates within a few particle layers 
below the free surface, allows the particles 
to reach configurations that are more stable 
energetically before they become glassy as 
more particles are deposited on top. Hence, 
the presence of a free surface brings in a 
significant simplification to the complexity of 
the configuration space6 and a reduction of 
the intra-basin energy barriers.

Further study of ultrastable glasses 
in silico may provide answers to questions 
in related fields. For example, will it be 
possible to elucidate the structure of the 
energy landscape close to the bottom, a topic 
connected to the long-debated existence of a 
truly thermodynamic transition underlying 
glass formation? For systems in which 
glass–glass transitions have been observed7, 
can vapour deposition at sufficiently high 
temperature resolve the ambiguities between 

equilibrium (ideal) and kinetically trapped 
glasses? Can strong network-forming 
liquids form even stronger glasses if they are 
vapour-deposited at optimal conditions? The 
debate on liquid–liquid transitions and their 
associated glasses in network-forming liquids 
(for example, water, silica and silicon) would 
benefit tremendously from answers to these 
questions. Also, it is known that crystals do 
not superheat because of surface melting, 
that is, the formation of a liquid layer at the 
gas/solid interface. Do ultrastable glasses 
melt in a similar way? Finally, we recall that 
efforts put into understanding spin and 
structural glasses have provided ideas and 
methodologies for other complex systems; 
for example, solutions to spin models have 
found application in random combinatorial 
problems and data compression8. Similarly, 
the algorithm of Singh and colleagues for 
accessing deep energy states in a complex 
energy landscape may end up making other 
optimization processes fly. ❐

Giorgio Parisi and Francesco Sciortino are at the 
Dipartimento di Fisica, Università di Roma La 
Sapienza, Piazzale A. Moro 2, 00185 Roma, Italy. 
e-mail: giorgio.parisi@roma1.infn.it;  
francesco.sciortino@uniroma1.it
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Figure 1 | The energy landscape of a glass. Schematic of a one-dimensional projection of a potential 
energy landscape that is rugged (that is, with multiple basins and barriers between them; left) and 
temperature dependence of the energy of a glass (right). In equilibrium, a liquid explores basins with 
a characteristic energy depth. Such a depth decreases with decreasing temperature. When a liquid is 
cooled, it goes out of equilibrium at a temperature that depends on the cooling rate. The liquid thus 
remains trapped in the basins that are commonly explored at that temperature; the slower the cooling, 
the lower the energy of the basin where the system will remain trapped. Results from Singh and 
colleagues5 and from ref. 3 suggest that physical vapour deposition can result in an effective method for 
generating glass states that are trapped in the lowest basins of the landscape. The blue curve indicates 
the equilibrium value of the energy (solid line) and expected extrapolations (dashed lines) for two 
ideal cases in which the cooling rate is infinitesimally slow (the dashed line with a kink would imply the 
existence of a truly thermodynamic transition at TK, the finite temperature at which the deepest basins 
of the landscape are explored; see main text for details). Understanding which of the two possible 
extrapolations is correct remains an unsolved problem in glass physics.

Surface
particle

Caged
particle

Explored volume

Figure 2 | Diagram of a vapour-deposited glass 
configuration. Particles in the bulk are caged by 
their neighbours and cannot significantly change 
their local environment within experimentally 
or numerically accessible time scales. Instead, 
particles in layers proximal to the free surface 
can diffuse within a much bigger region (pink) 
and explore the configuration space in search 
for the lowest energy states. Image courtesy of 
Lorenzo Rovigatti.

© 2013 Macmillan Publishers Limited. All rights reserved

Energy Landscape of Amorphous Materials

• Slower cooling liquid reaches lower energy states
– lowest energy states inaccessible from liquid

• Vapor phase deposition accesses lower energies
– simulations* suggest surface “liquid” layer has orders of magnitude 

higher mobility than caged particles in solid
– deposition at high temperature more effective than post-annealing

liquid

figures from Parisi, Nature Mater. 12, 94 (2013) * S. Singh, Nature Mater. 12, 139 (2013)



Amorphous silicon

☛ Ideal test case for vapor deposition simulation
§ Clear evidence of reduction in loss  from experiments:

E-beam deposited a-Si shows large drop in  internal 
friction with high Tsubstrate deposition

§ Single atom type
§ Interatomic potentials for a-Si are more mature

than those for oxides

Figure reference: 
Liu et al, PRL 113, 025503 (2014)
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Why choose a-Si for growth simulation?
deposition temperatures, Ts

annealed 350°C



Amorphous silicon growth simulations
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Amorphous silicon growth simulations
Sweet spot for Tsubstrate: 85% of Tglass?

ARTICLES NATUREMATERIALS DOI: 10.1038/NMAT3521

Periodic boundary conditions are employed in the directions
parallel to the substrate. For comparison, ordinary glasses are
prepared by gradual cooling of the liquid at constant volume using
molecular dynamics simulations. Those simulations are carried out
at cooling rates in the range 3.33⇥10�3–3.33⇥10�8. Unless other-
wise specified, all quantities reported here are provided in reduced
Lennard-Jones units (seeMethods for details). The potential-energy
landscapes corresponding to the vapour-deposited and ordinary
glasses are sampled by minimization of the potential energy. The
resulting energy-minimum configurations, generally referred to
as inherent structures, serve as surrogates for the configuration
space explored by the system at any given temperature5,10,11. To
facilitate comparison of vapour-deposited and ordinary glasses,
after preparation at a given Ts, all vapour-deposited glasses are
cooled to a temperature of T = 0.05.

Energetic features
Figure 1a shows the temperature-dependent average inherent-
structure energy of ordinary glasses prepared at different cooling
rates. As originally shown in ref. 5, at high temperatures (T > 1.0)
and at low temperatures (T < 0.3), those energies do not change
significantly with temperature. Between T = 1.0 and T = 0.3–0.4,
the energies decrease progressively. Slower cooling rates lead to
lower inherent-structure energies. Figure 1b shows the potential
energy per particle for the ordinary glass (blue squares) prepared at a
cooling rate of 3.33⇥10�7. Consistent with previous studies5, a glass
transition is observed at a temperature of 0.43 (as determined by the
intersection of linear extrapolations of the supercooled-liquid and
glassy-regime potential energies).

Figure 1b also shows the potential energy per particle for vapour-
deposited glasses prepared at different substrate temperatures. For
substrate temperatures above 0.45, the potential energy of glasses
prepared by deposition is in agreement with values obtained by
cooling the liquid. For substrate temperatures between 0.322 and
0.45, the deposited glasses have energies that lie on the extrapolated
supercooled liquid line. These vapour-deposited glasses exhibit the
energy that one would expect from an equilibrium supercooled
liquid, down to temperatures that are well below the glass-transition
temperature of ordinary glasses, in accordance with experimental
results12. In what follows, we refer to materials whose potential en-
ergy is lower than that of an ordinary glass at the same temperature
as stable glasses. Below a substrate temperature of Ts = 0.3, the
potential energy increases monotonically as Ts decreases and even-
tually surpasses that of the ordinary glass (below Ts = 0.23). The
inset in Fig. 1b shows the inherent-structure energy of the vapour-
deposited glasses prepared at different substrate temperatures, eval-
uated at T = 0.05. The lowest-energy stable glasses are obtained at
Ts = 0.3; their inherent-structure energy is much lower than that of
ordinary glasses. By extrapolating the inherent-structure energy of
ordinary glasses (from Fig. 1a) down to the values that are observed
in stable glasses, we estimate that the cooling rate necessary to attain
such low energies would have to be 19 orders of magnitude slower
than previously reported (which are typically of the order of 10�6).

Consistent with experimental observations on vapour-deposited
glasses2, there is an optimal substrate temperature at which the
lowest inherent-structure energies are observed. Experiments on
a variety of organic molecules indicate that the optimal substrate
temperature is approximately 80–85% of the experimental glass-
transition temperature2,12,13. In our simulations, the optimal
substrate temperature corresponds to 80–85% of the experimental
glass-transition temperature of metallic binary glasses (for binary
Ni–P alloys Tg = 620K, which in reduced units corresponds to
Tg ⇡0.35; ref. 14). Experiments also indicate that vapour-deposited
glasses are stable only when deposited at substrate temperatures in
the range between ⇠65 and ⇠95% of Tg (ref. 15), consistent with
our results shown in Fig. 1b.
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Figure 1 | Inherent-structure energy and potential energy of ordinary
glasses prepared at different cooling rates and of vapour-deposited
glasses prepared at different substrate temperatures. a, Average
inherent-structure energy per particle for ordinary glasses prepared by
cooling the liquid at different rates. Each point represents an average over
100 inherent structures. Except for the slowest cooling-rate run, all data
were collected from cooling runs from T= 2.0 to T= 0.04. For the slowest
cooling rate, a configuration at T= 0.55 was taken from the run with a
cooling rate of 3.33⇥ 10�7 and then cooled down to T= 0.05 at a cooling
rate of 3.33⇥ 10�8. In all cases, each point represents an average over 10
independent cooling trajectories. b, Potential energy per particle for an
ordinary glass prepared at a cooling rate of 3.33⇥ 10�7, shown as blue
squares. The dashed lines are a guide to the eye along the
supercooled-liquid and glassy regimes. The red circles represent the
potential energy per particle of vapour-deposited glasses prepared at the
substrate temperature Ts indicated in the x axis. The glass with the lowest
energy corresponds to an optimal substrate temperature of 0.3. The inset
shows the inherent-structure energy of vapour-deposited glasses as a
function of the substrate temperature Ts at which they were prepared; a
minimum is again observed for Ts = 0.3.

The stable glasses shown in Fig. 1b could also be viewed as
ordinary glasses that have been subjected to prolonged ageing.
To estimate just how long, we calculate a characteristic time for
structural relaxation (the so-called alpha relaxation time, or ⌧↵) for
the equilibrium supercooled liquid atTs =0.322, and we compare it
with that of the liquid at a temperatureT =0.43, which corresponds
to the simulated Tg of the ordinary glass. We use Ts =0.322 because
it is the lowest substrate temperature for which the energy of the
stable glasses remains close to the extrapolated equilibrium liquid
line. To estimate ⌧↵ , we use a Vogel–Tammann–Fulcher equation
with parameters determined from relaxation times calculated at
temperatures above Tg in the range from T = 0.45 to T = 1.5.
Alpha relaxation times are extracted from the van Hove correlation
function (see Supplementary Information). On the basis of this

140 NATUREMATERIALS | VOL 12 | FEBRUARY 2013 | www.nature.com/naturematerials

© 2013 Macmillan Publishers Limited. All rights reserved

Source: Nature Materials 12.2 (2013)
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Next steps: growth simulations
Ø Employ more accurate potential: Machine-learning based potentials 

are now available which are accurate as first principle calculations but 
scale ~N in computational cost (Bartók, Kermode, Bernstein and 
Csányi, arXiv:1805.01568) 

Ø Characterize models: voids, density profile, rings distribution, two-
level systems and mechanical loss

Ø Extend the simulations to oxides
To model doping, substrate temperatures, mechanical loss and 
identify lower loss coatings
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Summary
§ X-ray scattering experiments have shown clear trends of changes in short and medium range 

order in the coatings with annealing.

§ We have computer models of coatings that capture the changes seen in samples with annealing.

§ Models indicate that strained M-O-M bonds are being eliminated because of annealing. We are 
awaiting further results from two-level system calculations

§ Preliminary results from vapor deposition simulations of a-Si show that we can model the 
dependence of mechanical loss on substrate temperature. 

§ More works are being done to translate this knowledge into predicting the unknown:
better dopants, ideal substrate temperature etc.
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Postdoctoral Scholar, Stanford LIGO Group 

Research plan and milestones (focus on Year 1) 
 
1. Simulated thin film growth using LAMMPS, 6-9 months, ~15-30 runs.  
a. Simulate growth of amorphous silicon  

Generate amorphous samples using MD simulations with Tersoff potentials. 
Goal: Benchmark MD method and growth model, including deposition rates, substrate temperature Ts, 
projectile energy, and cooling rate (probably less sensitive to low Ts)  
Requirements: The MD unit cell should not be very large. In the x-y plane, the size should be chosen such that 
if made into a cubic box, it should contain not much more than 1000 atoms. The growth direction (the z 
direction), should have a thickness of 5-30 nm. The density profile as function of z should be obtained. 
Outputs: Energy and structure vs. Ts, rate of deposition, projectile energy, and cooling rates. Compare with 
experiments whenever data is available. Outputs should also include cubic boxes taken at different heights (i.e. 
different density).  

b. Calculate loss curve, 3 months  
(Optional. This may need help from students in Cheng’s group). We need to look into the readiness of dealing 
with the Tersoff potential for the two-level systems. 

c. Set up simulated growth of tantala (Ta2O5) and silica, 3 months 
 

2. Involvement in experiments, ongoing, time commitment is flexible depending on needs of simulations.  
a. Complete training on material characterization equipment  

Complete training for GI-PDF X-ray diffraction experiments, by becoming a user at SSRL, and training with 
staff scientists at beamline 10-2.  Also, training on TEM and sample preparation techniques is advantageous.  

b. Assist with beam-time at SSRL, scheduled 3 times per year   
We generally have 3 beam-time sessions per year (as is standard for all users), each lasting 3-4 days. As part of 
the team comprising of beamline scientists and collaborators within the LIGO Scientific Collaboration, we will 
plan and carry out our experiments on a variety of metal-oxide thin films.  Data analysis and interpretation of 
the short and medium range order will form the basis for comparison to TEM data and MD simulations. 

c. TEM and sample preparation  
Fluctuation Electron Microscopy will provide detailed medium range order data. It will be possible to assist in 
sample preparation using a FEI Helios 600i Focused Ion Beam and collect data on a FEI Titan TEM.  Data 
interpretation is challenging for medium range order, and will require comparison with GI-PDF data and MD 
simulations.  
 

3. Bringing together modelling and experiment, ongoing throughout postdoc  
The goal of our collaborative effort (between Florida and Stanford) is to bring together the theoretical and 
experimental results.  As such, this postdoc position plays an important part in identifying and implementing the 
most promising ways of achieving our goal.  The research is largely exploratory, with each step strongly 
dependent on previous outcomes; results in one area will influence choices made in others.  An overview of 
how the various research elements interact is shown in the following figure: 
 

	
Interactions between the research components of the Center. Blue lines indicate theoretical results, red experimental. 

	

validate structure modelling
MD simulation structural characterization

Film deposition

Predict:
low Ts mat’ls
advantageous dopants
optimum rate, energy,

temperature, … 

interpret scattering data

Loss measurement
empirical optimization

correlate structural features
vs loss spectra

Optical measurements


