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Abstract

The purpose of the present research was to identify and examine materials demonstrating a
previously undiscovered property of coherent poly propagation (CPP). The materials were
amorphous silicates as natural precious opals. CPP enabled three-dimensional photonic
control over mono and polychromatic visible light wavelengths. CPP caused coherent dif-
fraction of incident poly and monochromatic light. Apart from the iconic play-of-color of pre-
cious opal, CPP specimens demonstrated diffractive photonic demultiplexing and/or
upconversion and/or downconversion of incident light with strong photonic coherence such
that the shape of the incident light source was propagated over three dimensions over multi-
ple visible frequencies. CPP events manifested as each specimen was rocked under the
incident light. Additionally, the specimens demonstrated atypical control over internally
reflected and transmitted light. The specimens applied axial rotational symmetry over

the incident light. Amorphous materials would be expected to exert no symmetry control.
CPP and rotational properties occurred in isolation from exogenous thermal, photonic and
electrical influences. Furthermore, several non-destructive analytical instruments were
employed, such as: spectrophotometer, polariscope and refractometer. The analytical
methods revealed unusual behaviors of these specimens. The application of materials dem-
onstrating three-dimensional photonic control will have far-reaching implications for many
industries, including: photonic wavelength demultiplexing, fiber optics, imaging, microscopy,
projections, security, cryptography, computers and communications.

Introduction

Natural precious opals are comprised, mostly, of nano-sized silicate spheres and adsorbed
H,O0. A silicate matrix (Si0,:H,0) has variably sized spheres with no play-of-color [1]. In this
matrix are embedded pseudo-crystalline zones (PCZs) with uniformly sized, highly ordered
spheres of variable overall dimensions [1,2]. PCZ boundaries, depths and orientations vary.
Each PCZ diffracts incident light independently of the other PCZs, causing opal’s iconic play-
of-color. Precious opal is like an amorphous sea of non-uniform hydrated silicate nano-
spheres, embedded with islands of PCZs [1,3-6].
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Opal has been a template for many years for photonic control materials. Strides have been
made towards two-dimensional (2-d) photonic control [7-11]. Additionally, research for a
material that allows three-dimensional (3-d) photonic control has been ongoing for many
years [12-15]. The present research has identified several specimens that demonstrated 3-d
photonic control over the visible spectrum.

The purpose of the present research was to identify and examine eight specimens of pre-
cious opal that allowed three-dimensional visible light photonic control via the previously
unidentified property of coherent poly propagation (CPP) [16,17]. CPP allowed this researcher
to exert a specialized form of photonic demultiplexing [18,19]. The specimens diffracted
incoming visible light and accurately propagated the shapes of incident photon sources over
some or all of each diffracted frequency, behaving as a new form of demultiplexing photonic
waveguide (Figs 1 and 2). The propagated shapes were able to be manually moved on the
curved surfaces of the three dimensional specimens. Also, the research specimens exerted a
previously unknown photonic rotational symmetry operation.

The development of CPP materials may have applications in many fields. The symmetry
operation may allow a photonic means to generate computational yes/no or one/zero signals
based on the orientation of the image which contrasts to the current methods which are elec-
tron limited. Security, communications, cryptography and imaging may be affected by new
methods, such as: multiple simultaneous wavelength transmissions (simulpathing) of tamper
sensitive data, non-repudiation through selective wavelength masking and water-marking of
image transmissions by adding or deleting specific wavelengths. Projections and defense may
be affected by the ability to create real-time false ghost projections of high value assets, such as:
military planes in-flight, drones, ground-based and other assets. Computers may be affected
by the simultaneous calculation/verification of critical data in a multi-optical processor envi-
ronment, corresponding to a photonic version of the multi-electron-based processor systems
currently deployed. Microscopy may be affected by enabling real-time simultaneous imaging
over multiple wavelengths without the time-delay and computational vulnerability of current
image processing. The CPP property and symmetry operation may affect fiber optics. Current
photonic wavelength demultiplexing requires poly-frequency photons be transitioned to and
diffracted by intermediate materials where the fiber optic system loses photon density and sig-
nal integrity. The CPP property may be developed to be deployed in-line to lessen such loss via

h.

Fig 1. Graphical depiction of CPP and PPOI with axial rotation. a. incident light, b. proximal side, c. distal side, d.
incident PPOI, e. rotated transmitted PPOIL, f. rotated reflected PPOI, g. rotated transmitted CPP, h. rotated reflected
CPP. Dotted lines depict photon flow and demarcation between proximal (top) and distal (underside) sides.

https://doi.org/10.1371/journal.pone.0223715.9001
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Fig 2. Close-up photographic primer to help readers identify CPP and PPOI events discussed in this article. a.
incident PPOIL, b. rotated reflected PPOI, c. rotated transmitted PPOI, d. rotated reflected CPP, e. rotated transmitted
CPP, f. photonic glass borders of macroscopic play-of-color zones. The incident light for Fig. b, ¢, and e are a cluster of
twelve fiber optic cables, three each in red, yellow, green and blue. The incident light for Fig. a and d are a lamp with
multiple rows of three white light LEDs. Fig c and d show the distal side and fig a, b, c and e show the proximal side.
CPP and PPOI events assume the incident shape, but at axially rotated orientations after the incident PPOL Generally,
the CPP property propagates multiple events in a specimen. While CPP events sometimes propagate the incident
colors, they also upconvert and/or downconvert incident colors across the visible spectrum. Conversion also occurs as
CPP events glide over the surface of a specimen while rotated under the incident light. Contrast and saturation have
been enhanced for these photos to facilitate visual identification of the photonic properties. In the research, Fig. c and d
are specimen 2, Fig. a and b are specimen 4 and Fig. e is specimen 7.

https://doi.org/10.1371/journal.pone.0223715.g002

the creation of multi-cast capable fiber switches and routers that do not require an electron
conversion step. Furthermore, application of CPP to fiber optic cables may enable rotational
shifting of transmitted fiber optic data with wavelength alteration. As stated, further develop-
ment of CPP materials with 3-d photonic control will have far-reaching, positive and disrup-
tive implications for many industries and fields, such as: photonic wavelength demultiplexing,
fiber optics, imaging, microscopy, projections, security, cryptography, computers and commu-
nications [18,19,20-35].

Materials and methods
General

The present research examined eight specimens of naturally occurring, untreated precious
opal (Table 1) from two geographical regions. Five of the specimens (3, 5, 6, 7 and 8) originated
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from mines in the Welo region of Ethiopia (11° 20’ N, 40° 00’ E) and three of the specimens (1,
2 and 4) originated from mines in the Magdalena region of Mexico (20° 55' N, 103° 57" W).
All specimens were obtained by the author via retail purchases in the USA. The author was not
involved in the mining process for any of the specimens. It is not possible to provide further
specific geographical coordinates for the mines because the Welo Ethiopia and Magdalena
Mexico areas have numerous mines operated by various sized operators. Identifying the spe-
cific mines from which each specimen originated may not be possible because there are likely
to be no consistent chemical differences between the various mines in each of the two areas.
Even so, determination would require additional funding, substantial numbers of specimens
and destructive testing.

Untreated specimens were not dyed, coated, heated, infused, sealed, irradiated, or made in
a laboratory. All specimens were shaped into cabochons with one specimen partially faceted.
None of the specimens emitted alpha or beta particles in detectable levels and the only chemi-
cals they were exposed to were H,O(l) and ambient air. In various light sources, the specimens
displayed mild to intense play-of-color and contra luz. Seven specimens were colorless trans-
parent and one specimen was orange transparent. The specimens were viewed from the same
side onto which the light was initially incident (proximal) and from the side opposite to the
one impacted by the incident light (distal).

Hydration

To maximize reproducibility, this research kept each specimen at maximum hydration [1,4]
prior to conducting each step in analysis. Changes in internal hydration levels could have
affected the measured and computed values [36,37]. Hence, before each research step, each
specimen was submerged in individual containers of purified H,O(l) for at least twenty four
hours and then dried with a Kim-Wipe until dry to the touch (a few seconds). Between analy-
ses, each specimen was re-submerged in H,O(l).

Ambient incident photonic and electronic control

Since this research focused on photonic interactions and control, each phase of the present
research was considered to be photonically and electronically sensitive [1,4]. Hence, extrane-
ous photons and electrons in the laboratory were severely minimized to maximize the reliabil-
ity/repeatability of observations and enhance the detection of properties which may be
sensitive to, or affected by, stray photons. Minimal ambient light in the laboratory was estab-
lished by closing all doors, closing all window coverings, covering windows with light blocking
materials, shutting off or covering all undesired nearby photon sources and conducting obser-
vations after astronomical twilight. Yet, observations did not occur under conditions of total
darkness because one closed door was not covered with light-blocking materials and three
LED lights from switches of in-use laboratory equipment in the room were blocked, not extin-
guished. The door and LEDs were located indirectly and at least three meters from the experi-
mental set-up. Minimal ambient light was defined as a density of photons that was too low to
register on the colorimeter in any visible frequency (Table 1). All electrical cables or potential
sources of static electricity were either disconnected, grounded or damped magnetically [4].
In addition to ambient light control, steps were taken to ensure that experiment observa-
tions were limited to responses due to the internal properties of the specimens and not due to
other surfaces, reflections or some other exogenous source [1,4]. Hence, for macroscopic
observations, each specimen was examined while held aloft in an articulating, photonically
unresponsive holder at approximately 35 mm above a photonically unresponsive surface of
neutral light beige color. For microscopic observations, each specimen was examined on a
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Table 1. Materials and equipment.

Materials and Equipment
Laser

Laser

Laser

Laser

Laser

Long wave ultraviolet (LWUYV)
Mid wave ultraviolet (MWUYV)
Short wave ultraviolet (SWUV)
Polychromatic light source, LED

Polychromatic and monochromatic light
source, fiber optic

Polychromatic light source, compact
fluorescent

Polychromatic light source, halogen
Microscope

Camera, microscope

Camera, macro

Colorimeter

Infrared (IR) thermal imager
Mass balance
Spectrophotometer
Refractometer

Thermal conduction analyzer
Dichroscope

Polariscope

Description

650 nm, <5 mW, constant wave

593.5 nm, <5 mW, constant wave

532 nm, <5 mW, constant wave

450 nm, <5 mW, constant wave

405 nm, <5 mW, constant wave

375 nm, visible light quartz filter, 6 W Hg fluorescent bulb
307 nm, visible light quartz filter, 6 W Hg fluorescent bulb
254 nm, visible light quartz filter, 6 W Hg fluorescent bulb

6500 K (2000-6500 K), CRI > 90, 14 W, IR and UV filters, TaoTronics
Elune LED desk lamp, model TTDL02

6000 K, CRI =90, 75 W, DMX, Chinly

5500 K, CRI = 90, 23 W, full spectrum, generic articulated arm desk
lamp

3200 K, CRI = 100, 15 W, microscope stage light
Amscope, model SM-2TYY, magnification 4-180
Amscope, 10 MP, model MW1000-ck

Nikon Coolpix L820

Sekonic C-700-U, MPN 401-702, CMOS linear image sensor, A = 380-
780 nm

Range: -50-380 °C

GemPro digital, range: 0.025-125.000 g
Single beam, range: A = 320-1100 nm
Sinotech digital, range: 1.300-2.100
Presidium

Calcite

Tabletop model

https://doi.org/10.1371/journal.pone.0223715.t001

photonically unresponsive white microscopy plate. All lamps, holders, materials and clothing
were tested to ensure that none were photonically responsive to any of the wavelengths being
utilized. Not photonically responsive meant that each component of the set-up had minimal
reflectivity and did not display, or cause any specimens to display, photonic reactivity to any of
the wavelengths applied (e.g. no color change, fluorescence, phosphorescence, or reflected

colors).

Incident light sources

A series of sixteen different photon sources were made incident upon each specimen, includ-
ing: four visible light polychromatic, four monochromatic visible light sources, three ultravio-
let (UV) frequencies and five visible light laser frequencies (Table 1) (Fig 3). The purpose of
these exposures was to identify and examine the photonic properties and behaviors of each
research specimen relative to the CPP property. Each of the non-laser visible light sources was
analyzed via colorimetry (Fig 4). However, a colorimetric scan of the blue fiber optic light
source was not possible because the colorimetric temperature of the blue light exceeded the
analytical capability of the colorimeter. Observations with most of the photon sources were
conducted by varying the photonic angles of incidence, relative to the specimen and viewer.
Only laser sources were observed with the specimens in a fixed position relative to the incident
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Fig 3. Diagrams of visible light bulb configurations (not to scale). a. CFL, white, b. LED, white, c. Fiber optic, white,
d. Fiber optic, quad-chromatic, e. Fiber optic, blue, f. Fiber optic, green, g. Fiber optic, yellow, h. Fiber optic, red.

https://doi.org/10.1371/journal.pone.0223715.g003

TLEL

lasers via careful aim of the incident photonic point of impact (PPOI) (Fig 1). The specimens
were observed macroscopically and microscopically while exposed to each photon source.
Of the visible light sources, six of them were fiber optic cables (Table 1) (Fig 3). The fiber
optic research set-up consisted of clusters of fiber optic cables that transmitted two polychro-
matic and four monochromatic light sources. A cluster of three cables of unfiltered polychro-
matic light was made incident on each specimen. Using the same light source, four clusters,
each of three cables were prepared with the transmissive ends of each of the four clusters of
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Fig 4. Colorimetric scans of almost all of the visible light sources. The colorimetric scan of blue fiber optic was outside
of instrumentation limits. a. CFL white, b. LED white, c. fiber optic white, d. fiber optic quad-chromatic, e. fiber optic
green, f. fiber optic yellow, g. fiber optic red.

https://doi.org/10.1371/journal.pone.0223715.g004
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Fig 5. Diagram of laser direction and interactions. a. Coherent laser traversal of body (visible path), b. Distal
coherent exit of laser (transmission), c. Body glow, texture, color.

https://doi.org/10.1371/journal.pone.0223715.9005

three cables dyed monochromatically with archival quality, acid free pigment inks (one cluster
each of blue, green, yellow and red). One other polychromatic source was a twelve cable bun-
dle of all four of the monochromatic fiber optic clusters. Thus, a range of six mono and poly-
chromatic fiber optic clusters was made incident on each specimen. A series of five laser
sources were made incident upon each of the specimens (Table 1) (Fig 3). Because the external
housing diameters of each laser was less than 10 mm, each laser was small enough to be held in
a laser lamp holder. The holder allowed each laser to be applied with the needed motionless-
ness. To further avoid misalignments and/or vibrations, each laser was activated via a remote
on/off switch. Further minimization of vibration was accomplished with anti-vibration insula-
tion and halted movement in the building. Each laser was aligned to intersect with each speci-
men long-wise (Fig 5).

A series of three UV photon sources were made incident on each of the specimens
(Table 1) [1,4,5]. Because the external housing of each of the UV source lamps was comparable
to a large flashlight, each lamp was too large to be secured in a standard laser lamp holder.
Since vibration was not a significant concern with these light sources, each lamp was secured
to a ring-stand with clamps and hand-held. Examination of the specimens occurred with the
UV sources kept stationary (ring-stand) while the specimens were made mobile in an articu-
lated holder and while the specimens were kept stationary while the UV sources were made
mobile (hand-held).

Spectrophotometer

Solid-state spectrophotometric analytical scans were conducted on each of the specimens over
320 to 1100 nm (Table 1). Each specimen had four spectrophotometric scans, with the speci-
men placed in a series of four different orientations for each scan: top to bottom, bottom to
top, side to side narrow-wise, and side to side long-wise (Fig 6). For each specimen, the top
was the dome, the bottom was the flat side opposite the top, and narrow-wise to long-wise
were profile views of the specimens that were perpendicular to each other. These analyses
showed the levels of photonic absorption of each specimen when exposed to a range of the
spectrophotometric wavelengths.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223715 October 17, 2019 8/37


https://doi.org/10.1371/journal.pone.0223715.g005
https://doi.org/10.1371/journal.pone.0223715

@ PLOS|ONE

3-dimensional photonic control over visible light

v
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1A

Fig 6. Diagram of spectrophotometric scan directions. a. top to bottom, b. bottom to top, c. side-to-side narrow, d.
side-to-side long.

https://doi.org/10.1371/journal.pone.0223715.g006

Refractive index

Refractive index (RI) analysis was conducted on each specimen (Table 1). RI is a common test
to help identify the material composition of minerals [1,5,6,38,39]. In addition to confirming
the mineral species of the specimens, RI was used to try and ascertain whether the PCZs of any
of the specimens would alter the specimen RI response to more closely resemble that for crys-
talline silicates.

Thermal conductivity

The thermal conductivity of each specimen was tested (Table 1). Thermal conductivity is a
common test to discern between many types of minerals [1,38,40]. Thermal conductivity
examines how quickly the surface temperature of a specimen can be changed by a focused
input of heat. The Presidium tester uses a hand-held wand which holds two probes. One probe
applies heat and the other probe measures the temperature change. The wand is pressed onto
the surface of the specimen for about five seconds. A sweeping hand shows where the thermal
conductivity value for the specimen falls in relation to an overlapping series of ranges relative
to known types of minerals. Each specimen was held in a non-conductive holder and analyzed
at several places along the surface. In addition to confirming the mineral species of the speci-
mens, thermal conductivity helped to ascertain whether PCZs made the thermal conductivity
of any of the specimens more closely resemble the thermal conductivity of crystalline forms of
silicates.

Dichroscope

The dichroscope was used to analyze potential anisotropic differences in the paths that various
frequencies of light traveled through each of the specimens (Table 1). As typical for dichro-
scopic analyses, each specimen was analyzed while held at different angles of view above a
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non-reflective white microscopy plate. The analysis light was a white light LED flashlight
[1,41].

Polariscope

The polariscope was used to analyze aspects of the photonic control character of each speci-
men (Table 1). Each specimen was observed while the polarized plates were rotated to maxi-
mum and minimum occlusion. Observations occurred while each specimen was rotated 360°.
An isotropic single refractive (SR) material usually shows as brightly illuminated throughout a
360° revolution. An isotropic anomalous double refractive (ADR) material usually displays a
dark X-like or band-shaped isogyre figure that appears and disappears or flows across the spec-
imen every 90° revolution. ADR for opal requires a portion of its structure to be either crystal-
line or strained. A double refractive (DR) material can appear the same as an ADR material,
except that a DR material will usually darken when switching between crossed and aligned
polarizers [1,6,38,41-44].

Results and discussion
Mass and hydration

A lack of adsorption uniformity and constancy makes determining the mass, density and
specific gravity of opal challenging [4,5,42]. Variable sizes and assemblages of the silicate
nanospheres of opals results in great porosity diversity. These pores allow each opal speci-
men to adsorb/desorb H,O(l) to varying depths. Hydration levels for each opal specimen
vary from 6 to 20% by volume and can be higher. Each opal specimen can adsorb/desorb a
volume of water that is distinct from one another. The nanosphere character of each speci-
men, combined with environmental factors (e.g. external H,0O(g) density and temperature),
affect dehydration rates [1,4,5,38,40]. Precious opals, without H,O(1) contact, will have sub-
maximum hydration due to evaporation rates and down to sub-surface levels that will vary
from one specimen to another [36,37]. It is impossible, with current instrumentation, to
determine the time necessary for a particular specimen to reach minimum hydration. Gem-
ologists note more than a year of careful dehydration can be required for opals to reach
stable, minimum hydration and less than a day of soaking in H,O(l) to reach maximum
hydration. Amorphous silicates swell and shrink in positive correlation with internal hydra-
tion levels [43]. Once it is no longer at maximum or minimum hydration, accurate determi-
nations of mass, density, volume and specific gravity are only transitorily valid for opal
[4,5,42]. Hence, for the present research, each specimen was examined after being allowed to
reach maximum hydration.

Determinations of mass, minimum/maximum hydration levels, density, volume and spe-
cific gravity (SG) were completed for each specimen (Table 2). All specimen values were within
the ranges expected for precious opal [1,4,5,45,46]. The hydrated versus dehydrated differences
in mass ranged from minimal for specimens 1, 2, 4 and 8 to notable for specimens 3, 5, 6 and
7, most notably for specimen 5. A comparison of the density, specific gravity and mass values
for each specimen at maximum hydration show that specimens 3, 4 and 8 have the most
unique combinations of these data. Specimens 3 and 5 became hazy translucent white if more
than a few minutes elapsed without immersion in H,O(l), which is understandable given their
maximum hydration levels (Table 2). Hydration-related changes in appearance did not appear
to be significantly related to the CPP property (S1 Text General Observations). There was
insufficient evidence to draw conclusions regarding CPP in relation to the data of Table 2.
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Table 2. Measured, calculated and observed, basic data.

Analysis (Units)
Material type

Dimensions
(mm)

Shape

Clarity
Visible response,
poly A light
Body color, poly
A light

Mass (g),
dehydrated

Mass (g),
hydrated

% H,O0, full
hydration

H,O0 density (g/
mL), 21.4°C

Specific gravity
Density (g/mL)

Volume (mL)

Specimen 1
Precious opal
81x74x39

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.252
0.259
2.70

0.9978822

1.0974576
1.0997868
0.2355002

Specimen 2
Precious opal
79x57x4.8

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.248
0.250
0.80

0.9978822

1.0964912
1.0988183
0.2275171

https://doi.org/10.1371/journal.pone.0223715.t1002

Specimen 3
Precious opal
10.5x8.6x3.5

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.367
0.419
12.41

0.9978822

1.0883117
1.0906214
0.3841846

CPP

Each of the specimens manifested the CPP property repeatedly (Figs 1 and 2) over a period of
three years. CPP was displayed under benign conditions that did not require the addition of
exogenous thermal, electronic or photonic energy. CPP specimens propagated a variety of
incident light shapes and colors (Fig 3) without the CPP events being limited by PCZs or the

Specimen 4
Precious opal
81x6.4x3.7

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.215
0.218
1.38

0.9978822

1.1978022
1.2003443
0.1816146

Specimen 5
Precious opal
14.4x10.5x3.5

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.370
0.482
23.24

0.9978822

1.0321199
1.0343104
0.4660110

Specimen 6
Precious opal
11.9x8.8x4.4

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.432
0.487
11.29

0.9978822

1.0274262
1.0296067
0.4729962

Specimen 7
Precious opal
10.6x10.1x 8.6

Octahedral
cabochon

Transparent

+ play-of-color
+ contra luz
Orange
0.496
0.540
8.15

0.9978822

1.0285714
1.0307544
0.5238882

Specimen 8
Precious opal
12.4x9.3x6.8

Oval cabochon
Transparent
+ play-of-color
+ contra luz
Colorless
0.882
0.900
2.00

0.9978822

1.0123735
1.0145220
0.8871173

amorphous matrices. A typical PCZ diffracted light independently of the other zones (play-of-
color) [1,6]. A fully illuminated PCZ, had, essentially, an on/off photonic response, whereby it
displayed play-of-color over the full PCZ. In contrast, a CPP event displayed across and flowed
over multiple PCZs. Furthermore, some CPP events were color invariant and some displayed
transition of color over the visible spectrum as a specimen and/or light source were rotated rel-
ative to the viewer. (S1-S8 Figs).

Symmetry

The specimens displayed a previously undocumented photonic rotational symmetry. For a
typical amorphous material, incident PPOI would match the transmitted PPOI or reflect off
the bottom of the specimen to generate a specular mirror image of incident PPOI [19]. How-
ever, the research specimens rotated the incident light axially before it was reflected off of or
passed through the distal side of a CPP specimen. The specimens rotated axially the incident
PPOI for transmitted PPOI, reflected PPOI and the CPP property (Fig 1). Rotation of incident
light by opal was not documented as having been observed prior to this research.

Polychromatic light sources

As described, a series of five polychromatic, visible light sources was made incident upon each
of the specimens (Table 1), including: compact fluorescent (CFL), LED, fiber optic polychro-
matic and fiber optic monochromatic. Each source had a unique colorimetric profile (Fig 4).
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The application of multiple colorimetrically different light sources provided a means to con-
duct comparative analyses of the CPP and other photonic responses of each of the specimens.
Further, each source had a different physical bulb shape (Fig 3). Thus, the detection of CPP,
PPOL, rotational symmetry and other photonic properties was simplified.

CFL

A polychromatic daylight CFL was made incident on each specimen (Table 1) (Fig 3). The
specimen responses were varied (Fig 7). All specimens were transparent. Seven of the speci-
mens displayed some level of CPP. Only specimen 4 did not display CPP. Specimen 3 dis-
played contra luz CPP. The other seven specimens did not display contra luz CPP. Specimens
2,3, 7 and 8 displayed transition of color of CPP events. All specimens displayed non-CPP
play-of-color. Seven specimens displayed some level of non-CPP contra luz. Only specimen 5
displayed no non-CPP contra luz. Although the incident light was white, the reflected PPOI
was white for specimens 1, 3 and 8, yellow for specimens 4 and 6, pinkish yellow for specimens
2 and 3 and orange for specimen 7 (S1 Text Compact Fluorescent Light).

LED

A 22 cm long lamp with three rows of eleven polychromatic LED bulbs was made incident on
each specimen (Table 1). Specimen responses were varied (Fig 8). The pattern of the LED

.
-
s
o
e
I
yor
v

Fig 7. Photographs of all specimens under CFL polychromatic light. Two photos per specimen, one each showing
play-of-color (left) and contra luz (right).

https://doi.org/10.1371/journal.pone.0223715.9007
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Fig 8. Photographs of all specimens under LED polychromatic light. Three photos per specimen.
https://doi.org/10.1371/journal.pone.0223715.9008

bulbs made the rotation of the incident light more readily identifiable (Fig 3). All specimens
were transparent. Seven of the specimens displayed some level of CPP. Only specimen 3 did
not display CPP. Specimens 2, 3 and 4 displayed contra luz CPP. Specimens 1, 5, 6, 7 and 8 did
not display contra luz CPP. Specimens 2, 3, 4, 6, 7 and 8 displayed transition of color of CPP
events. Only specimens 1 and 5 did not display transition of color of CPP events. All specimens
displayed non-CPP play-of-color. Specimens 1, 2, 3, 4 and 6 displayed some level of non-CPP
contra luz. Specimens 5, 7 and 8 did not display non-CPP contra luz. Although the incident
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light was white, the reflected PPOI was white for specimens 1, 7 and 8, yellow for specimens 3,
4 and 6, pinkish yellow for specimen 2 and no response for specimen 5 (S1 Text LED).

Fiber optic

Two different clusters of fiber optic cables, illuminated with a daylight halogen light source,
were made incident on each specimen (Table 1). One observation was conducted with a set of
cables that were not dyed and another observation was conducted with a set that was dyed
quadchromatically. The patterns and/or colors of the cables made the CPP property more
readily identifiable (Fig 3).

The first type of cluster was undyed polychromatic fiber optic cables. Specimen responses
were varied (Fig 9). All specimens were transparent. Specimens 6 and 8 had mild haze. Seven
specimens displayed some level of CPP. Only specimen 3 did not display CPP. Specimens 2
and 4 displayed contra luz CPP. Specimens 1, 3, 5, 6, 7 and 8 did not display contra luz CPP.
Specimens 2, 3, 4, 6 and 7 displayed transition of color of CPP events. Only specimens 1, 5 and
8 did not display transition of color of CPP events. All specimens displayed non-CPP play-of-
color. Specimens 1, 2, 3 and 4 displayed some level of non-CPP contra luz. Specimens 5, 6, 7
and 8 did not display non-CPP contra luz. Although the incident light was white, specimens 1,
3, 4 and 7 displayed white reflected PPOI, specimens 2, 5 and 6 displayed red reflected PPOI
and specimen 8 displayed green reflected PPOI (S1 Text Fiber Optic Cluster, Polychromatic).

The second type of cluster was dyed quadchromatically via the combination of four mono-
chromatic clusters of three fiber optic cables (Table 1) (Fig 10). Each cluster was dyed one of
four colors (red, yellow, green and blue). Applying quadchromatic light was a means to exam-
ine the photonic responses of each specimen to a combination of the four monochromatic
fiber optic wavelengths. All specimens were transparent. Seven specimens displayed some level
of CPP. Only specimen 1 did not display CPP. Specimens 2 and 4 displayed contra luz CPP.
Specimens 1, 3, 5, 6, 7 and 8 did not display contra luz CPP. Specimens 2, 4, 5, 6, 7 and 8
showed positive CPP color transformations. Only specimens 1 and 3 showed negative CPP
color transformations. Specimens 1, 2, 3, 5, 6 and 7 displayed non-CPP play-of-color. Speci-
mens 4 and 8 did not display non-CPP play-of-color. Specimens 1 and 2 displayed some level
of non-CPP contra luz. Specimens 3, 4, 5, 6, 7 and 8 did not display non-CPP contra luz. The
reflected PPOI matched all four incident PPOI colors for each of the specimens (S1 Text Fiber
Optic Cluster, Quadchromatic).

Monochromatic light sources

In visible light, a series of monochromatic light sources were made incident on each specimen,
including;: four fiber optic clusters, five lasers and three UV sources (Tables 1, 3 and 4). Differ-
ences in incident chromaticity affected the presence, strength and character of each of the
observed photonic properties for each specimen. Applying light from clusters of monochro-
matic and polychromatic fiber optics provided a means to conduct comparative analyses of the
photonic responses of the specimens (Fig 3) (S1 Text Fiber Optic Cluster, Monochromatic).
Applying laser light provided a means to examine the photonic responses of the specimens
under uni-directional mono-frequency photonic sources. Applying UV light provided a
means to examine the visible light photonic responses of the specimens under non-visible pho-
tonic sources.

Fiber optic

Under the monochromatic fiber optic sources, the photonic responses changed as the light
source was changed between blue, green, yellow and red. The specimens displayed a range of
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Fig 9. Photographs of all specimens under white fiber optic polychromatic light. Three photos per specimen.
https://doi.org/10.1371/journal.pone.0223715.9009

photonic properties, including upconversion, downconversion, play-of-color, contra luz, CPP,
and contra luz CPP.

Blue fiber optic light was made incident on each specimen (Fig 11). Each specimen was pos-
itive for CPP at varying levels. Specimens 1, 4 and 6 were negative for non-CPP play-of-color.
Specimens 2, 3, 5, 7 and 8 were strongly positive for non-CPP play-of-color. CPP events
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Fig 10. Photographs of all specimens under quadchromatic fiber optic polychromatic light. Three photos per
specimen.

https://doi.org/10.1371/journal.pone.0223715.g010

included from one to three colors, with mild to strong color saturation, with tiny to moderate
spread and with varying amounts of blur.

Green fiber optic light was made incident on each specimen (Fig 12). Each specimen was
positive for CPP at varying levels. Only specimen 1 was negative for non-CPP play-of-color.
Specimens 2, 3, 4, 5, 6, 7 and 8 were varyingly positive for non-CPP play-of-color. CPP events
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Table 3. Summary of laser photonic responses.

Laser Analysis
650 nm

593.5 nm

532 nm

450 nm

405 nm

Specimen 1

+ visible path
- transmission
+ smooth glow

+ visible path
+ transmission
+ grainy glow
+ visible path
- transmission
+ smooth glow

+ visible path
+ transmission
+ smooth glow

+ visible path
+ transmission
+ smooth glow

Specimen 2
- visible path
- transmission
+ grainy glow
- visible path
- transmission
+ grainy glow
+ visible path
- transmission
+ grainy glow
+ visible path
+ transmission
+ smooth glow
4-ray star
+ visible path

+ transmission
+ smooth glow

https://doi.org/10.1371/journal.pone.0223715.t003

Specimen 3

+ visible path
+ transmission
+ smooth glow

+ visible path
+ transmission
+ grainy glow
+ visible path
+ transmission
+ smooth glow

+ visible path
- transmission
+ smooth glow

+ visible path
+ transmission
+ smooth glow

Specimen 4

+ partial visible path

- transmission
+ smooth glow

+ visible path
- transmission
+ grainy glow
+ visible path
+ transmission
+ smooth glow

+ visible path
+ transmission
- smooth glow

+ visible path
+ transmission
+ smooth glow

Specimen 5

+ visible path
- transmission
+ smooth glow

+ visible path

- transmission
+ grainy glow

- visible path

- transmission
+ smooth glow
- visible path

- transmission
+ smooth glow

- visible path
- transmission
+ smooth glow

Specimen 6

+ visible path
- transmission
+ smooth glow

+ visible path

- transmission
+ grainy glow

+ visible path

- transmission
+ smooth glow
- visible path

- transmission
+ smooth glow

- visible path
- transmission
+ smooth glow

Specimen 7

+ visible path

- transmission
+ grainy glow
+ visible path
+ transmission
+ grainy glow
+ visible path

- transmission
+ grainy glow
- visible path

- transmission
+ smooth glow

- visible path
- transmission
+ smooth glow

Specimen 8

+ visible path
- transmission
+ grainy glow
+ visible path
- transmission
+ grainy glow
+ visible path
- transmission
+ grainy glow
- visible path

- transmission
+ smooth glow

+ visible path
- transmission
+ smooth glow

included from one to four colors, with mild to strong color saturation, with tiny to moderate
spread and with varying amounts of blur.

moderate spread and with varying amounts of blur.

and with varying amounts of blur.

Yellow fiber optic light was made incident on each specimen (Fig 13). Each specimen was
positive for CPP at varying levels. Only specimen 4 was only very slightly positive for non-CPP
play-of-color. Seven specimens were strongly positive for non-CPP play-of-color. CPP events
included from three to four colors, with mild to strong color saturation, with very small to

Red fiber optic light was made incident on each specimen (Fig 14). Seven specimens were
positive for CPP at varying levels. Only specimen 3 was negative for CPP. Only specimens 3
and 7 were strongly positive for non-CPP play-of-color. Specimen 7 showed only a few CPP
events, but those events included the widest range of CPP colors. CPP events included from
one to four colors, with mild to strong color saturation, with minimal to very strong spread

Laser

The laser-specimen interactions did not trigger the CPP property. The present research exam-
ined three aspects of laser-specimen interactions (Fig 5). First, path of traversing through.
Each specimen was observed to examine each incident laser light as it traversed through and
across the interior of each specimen. Second, passing through intact. Each specimen was
observed to examine the extent to which each laser light passed coherently through and out
the body of each specimen. This observation was made by watching for light on a white board

Table 4. Summary of UV photonic responses.

uv Specimen 1 | Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8
Analysis
375nm | Smooth Smooth Smooth purple | Smooth purple, Yellow, red & green | Smooth purple, | Yellow, red & green | Smooth purple,
purple purple black, gray, white play-of-color pink, black play-of-color green, blue
307 nm | Colorless Colorless Smooth purple, | Smooth orange, Smooth orange Smooth purple, | Smooth orange Smooth orange
orange colorless orange
254nm | Black Greenish Greenish black | Greenish black Greenish black Black, gray, white | Greenish black Smooth blackish
black violet, white

https://doi.org/10.1371/journal.pone.0223715.t1004
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Fig 11. Photographs of all specimens under blue fiber optic monochromatic light. Three photos per specimen.

https://doi.org/10.1371/journal.pone.0223715.9011

set up approximately 12 cm away from the side of each specimen that was distal from the inci-
dent PPOL. Third, body glow. Each specimen was observed for the presence, brightness, color
and texture of body glow due to each incident laser light.

A 650 nm laser (Table 3) displayed visible, coherent paths through specimens 1, 3, 4, 5, 6, 7
and 8. The laser did not display a visible path while traversing specimen 2. The coherent path
for specimen 4 was only present on the side proximal to the incident PPOI. The path for
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Fig 12. Photographs of all specimens under green fiber optic mono-chromatic light. Three photos per specimen.

https://doi.org/10.1371/journal.pone.0223715.9012

specimen 5 was particularly strong. Specimen 6 displayed a wedge shaped path that was
broader at incident PPOI and narrower towards the distal side. Each specimen, in which the
traversing laser path was visible, displayed a path that was somewhat wider than the incident
PPOI column. Second, only specimen 3 transmitted coherent laser light out of the distal side.
Even so, it passed only a very small, weak dot, relative to the incident laser light column. All
other specimens experienced total internal reflection, such that each specimen blocked
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Fig 13. Photographs of all specimens under yellow fiber optic monochromatic light. Three photos per specimen.

https://doi.org/10.1371/journal.pone.0223715.g013

coherent laser light from transmitting through the distal side. Third, all of the specimens dis-
played body glow. The laser caused a smooth body glow of portions of specimens 1, 3, 4, 5 and
6. The non-glowing areas completely absorbed the incident laser and appeared black. Speci-
men 4 displayed a particularly strong smooth glow. The laser caused a grainy body glow of
specimens 2, 7 and 8. Specimens 2 and 7 had strong grainy glows, whereas specimen 8 had
only a mild grainy glow. Specimen 2 exhibited the most unique responses to the 650 nm laser.
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Fig 14. Photographs of all specimens under red fiber optic monochromatic light. Three photos per specimen.

https://doi.org/10.1371/journal.pone.0223715.9014

A 593.5 nm laser (Table 3) displayed visible, coherent paths through specimens 1, 3, 4, 5, 6,
7 and 8. The paths for specimens 1, 4 and 8 were of mild strength. The path for specimen 5 was
particularly strong, but was wider than the paths of the other specimens. The path for speci-
men 6 showed diminishing strength towards the distal side. The laser did not display a visible
path while traversing specimen 2. Each specimen, in which the traversing laser path was visi-
ble, displayed a path that was somewhat wider than the incident PPOI column. Second,
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specimens 1, 3 and 7 transmitted coherent laser light out of the distal side. Even so, the lasing
dot for specimen 3 was diffuse and the lasing dots for specimens 1 and 7 were very small and
weak, relative to the incident laser light column. Specimens 2, 4, 5, 6 and 8 experienced total
internal reflection, such that each specimen blocked coherent laser light from transmitting
through the distal side. Third, the laser caused all specimens to display strongly grainy body
glow textures. Specimens 2 and 6 exhibited the most unique responses to the 593.5 nm laser.

A 532 nm laser (Table 3) displayed visible, coherent paths through specimens 1, 2, 3, 4, 6, 7
and 8. The path through specimen 2 was of mild strength. Specimen 6 displayed a wedge
shaped path that became narrower towards the distal side. The laser did not display a visible
path while traversing specimen 5. Each specimen, in which the traversing laser path was visi-
ble, displayed a path that was somewhat wider than the incident PPOI column. Second, speci-
mens 3 and 4 transmitted coherent laser light out of the distal side. The exit dot for specimen 3
was diffuse and the exit dot for specimen 4 was very small, relative to the incident laser light
column. Specimens 1, 2, 5, 6, 7 and 8 experienced total internal reflection, such that each speci-
men blocked coherent laser light from transmitting through the distal side. Third, the laser
caused a smooth body glow of specimens 1, 3, 4, 5 and 6. Specimen 5 displayed smooth glow
over only one third of the specimen on the incident side and was black over two thirds of the
distal side. The laser caused specimens 2, 7 and 8 to display a grainy glow. Specimen 7 dis-
played only mildly grainy texture. Of note, specimen 6 reflected, particularly strongly, the inci-
dent PPOI. Specimens 5 and 6 exhibited the most unique responses to the 532 nm laser.

A 450 nm laser (Table 3) displayed visible, coherent paths through specimens 1, 2, 3 and 4.
The paths through specimens 1, 2 and 4 were of mild strength and were especially mild for
specimens 2 and 4. The laser did not display a visible path while traversing specimens 5, 6, 7
and 8. Each specimen, in which the traversing laser path was visible, displayed a path that was
at least slightly wider than the incident PPOI column. Second, specimens 1, 2 and 4 transmit-
ted coherent laser light out of the distal side. The exit dots for specimens 2 and 4 were very
small, relative to the incident laser light column. Specimens 3, 5, 6, 7 and 8 experienced total
internal reflection, such that each specimen blocked coherent laser light from transmitting
through the distal side. Third, the laser caused a smooth body glow of specimens 1, 2, 3, 5, 6, 7
and 8. Specimen 1 displayed only a very mild smooth glow. Specimens 5, 6, 7 and 8 displayed
smooth glow over only one third of the specimen on the incident side and black over two
thirds of the distal side. The laser was almost completely absorbed by specimen 4, such that the
specimen was almost entirely black with only a very slight smooth purple glow. Of note, this
laser caused specimen 2 to display a four-ray star, which was previously unknown to occur in
opals in response to lasers. Specimens 5, 6, 7 and 8 appeared translucent in response to this
laser. Specimens 2 and 4 exhibited the most unique responses to the 450 nm laser.

A 405 nm laser (Table 3) displayed visible, coherent paths through specimens 1, 2, 3, 4 and
8. Yet, the paths through specimens 1, 2 and 8 were barely visible. The laser did not display a
visible path while traversing specimens 5, 6 and 7. Each specimen, in which the traversing laser
path was visible, displayed a path that was somewhat wider than the incident PPOI column.
Second, specimens 1, 2, 3 and 4 transmitted coherent laser light out of the distal side. The exit
dot for specimen 1 was very small, relative to the incident laser light column. Specimens 5, 6, 7
and 8 experienced total internal reflection, such that each specimen blocked coherent laser
light from transmitting through the distal side. Third, the laser caused a smooth body glow of
all specimens. Specimens 5 and 6 displayed smooth purple glow over only one third of the
specimen on the incident side and was slightly purplish black over two thirds of the distal side.
Specimen 7 exhibited partial total absorption with black over one third of the specimen on the
incident side and downconversion to green over two thirds of the distal side. Specimen 8
exhibited downconversion by displaying a smooth green dot at incident PPOI and a smooth
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purple body glow over its remainder. While specimens 5 and 6 were interesting, specimens 7
and 8 exhibited the most unique responses to the 405 nm laser.

Uv

Three mono-frequency UV sources were made incident on each specimen (Table 1). UV-spec-
imen interactions were observed to research the CPP property as well as other photonic prop-
erties of the specimens. These observations were made while freely changing the relative
positions of the viewer, specimens and light sources. None of the specimens displayed CPP or
reflected PPOI in response to UV light. Even so, play-of-color was observed in response to UV
light, which had not been documented previously.

UV light of 375 nm (Table 4) caused specimens 1, 2, 3 and 8 to exhibit smooth purple violet
colors that ranged in strength from mildest for specimen 1 to strongest for specimen 3. Speci-
mens 4 and 6 exhibited black that faded, distally, into gray and white with a smooth purple
violet zone. All specimens exhibited Stokes downconversion. Specimens 5 and 7 exhibited
downconversion via play-of-color, showing zones of multiple colors that included yellow,
green and red. Specimen 8 exhibited downconversion via central smooth purple violet with an
outer rim of blue and green. Specimen 6 exhibited black and downconversion via smooth pink
and purple. The photonic responses of specimens 5 and 7 with 375 nm UV had not been
reported previously. Specimens 5, 7 and 8 exhibited the most unique responses.

UV light of 307 nm (Table 4) caused specimens 1 and 2 to become colorless and transpar-
ent. Specimens 3 and 6 exhibited smooth purplish orange. Specimen 4 became mostly colorless
with one thin zone of smooth orange. Specimens 5, 7 and 8 exhibited smooth orange. Speci-
men 7 displayed very deep orange. Specimens 1, 2 and 4 exhibited the most unique responses.

UV light of 254 nm (Table 4) caused specimens 2, 3, 4, 5 and 7 to exhibit smooth greenish
black. Specimens 1 exhibited only black. Specimen 8 exhibited smooth blackish purple violet
with a zone of white on one end. Specimen 6 exhibited black that faded into gray and then
white. Specimen 1 displayed the most unique responses.

Spectrophotometry

Spectrophotometric scans, over four orientations (Fig 6), were conducted on each specimen
(Tables 1 and 5) to research the nature of CPP and to test whether the photonic absorption
properties of each specimen were internally uniform or directionally sensitive. Each specimen

Table 5. Comparison summary of select instrumentation analyses.

Analysis Method Specimenl Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8
Spectrophotometer Typical Some variations, | Not typical at | Some variations, | Not typical at Scans 1 and 2 Not typical at Not typical at
especially at any A especially at any A were not typical any A any A
higher A lower and atany A
higher A
Refractive Index 1.420 1.380 1.395 1.380 1.432 1.459 1.362 1.365
Thermal Typical Typical Typical Typical Typical Typical Typical Typical
Conductivity
Dichroscope Monochroic Monochroic Monochroic Monochroic Monochroic Monochroic Monochroic Monochroic
colorless body | colorless body, | colorless body, | colorless body, | colorless body, | colorless body, | colorless body, | colorless body,
Dichroic contra | Dichroic contra | Dichroic contra | Dichroic contra | Dichroic contra | Dichroic contra | Dichroic contra
luz luz luz luz luz luz luz
Polariscope Isotropic Isotropic singly | Isotropic singly | Isotropic singly | Isotropic singly | Isotropic singly | Isotropic singly | Isotropic singly
singly refractive ADR | refractive ADR | refractive ADR refractive refractive ADR refractive refractive
refractive
ADR
https://doi.org/10.1371/journal.pone.0223715.t005
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was a non-crystalline silicate with PCZs and visibly uniform color. Hence, each specimen was
expected to have an overall non-uniform distribution of molecular structure that did not affect
photonic flow. Therefore, it was tested whether properties of these specimens spectrophoto-
metrically interfered with photonic absorption with orientation sensitivity. For most of the
specimens, the solid-state spectrophotometric scans showed significant analytical differences
from scan to scan (Figs 15-22). Although each scan showed a generally negative correlation
with absorption wavelength, some of the scans were very complex. The spectrophotometric
scans showed that varying wavelengths of light were absorbed by specimens that should have
been almost entirely photonically non-absorptive over visible light because the specimens were
either colorless, hazy white or orange. A comparison of the four scans of each specimen
revealed that the photonic absorption by these uniformly colored amorphous silicate materials
could be affected by specimen orientation. (S1 Text Spectrophotometer).

Refractive index

Refractive index (RI) analysis was conducted on each specimen. RI identified each specimen as
non-crystalline opal silicate [1,5,6,38,39] (Tables 1 and 5). Thus, the total volume, alignment
and dispersion of PCZs in these precious opal specimens were not sufficient to cause a signifi-
cant change in RI from that of amorphous opal.
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Thermal conductivity analysis identified each specimen as a non-crystalline silicate [1,4,38,40]
(Tables 1 and 5). Even so, there were slight differences in readings between each specimen.
Thus indicating that the total volume, alignment and dispersion of PCZs in these precious opal
specimens resulted in some minor variability but were not sufficient to cause a significant

change in thermal conductivity from that of amorphous opal.

Dichroscope

A dichroscopic analysis was conducted on each specimen (Tables 1 and 5). This test showed

that each specimen was, as expected, synchromatic [1,4,41]. Surprisingly, seven of the speci-

mens displayed contra luz when viewed through the dichroscope. Only specimen 1 had no
dichroscopic contra luz response. When using the dichroscope to view each specimen in areas
actively displaying contra luz, asynchromatic dichroism was observed. Dichroscopic observa-

tions of the contra luz property had not been documented previously.

Polariscope

A polariscopic analysis was conducted on each specimen (Tables 1 and 5). As expected, the
polariscopic examinations showed that each of the specimens was isotropic. Specimens 5, 7
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and 8 were SR. Specimens 1, 2, 3, 4 and 6 were ADR. As expected for each ADR specimen, the
orientation of the X-like isogyre figure did not change as each specimen was rotated [42]. ADR
was confirmed because no specimens darkened when switching between crossed and aligned
polarizers. SR/ADR was confirmed because significant crystallinity was not supported via RI
or thermal conductivity (S1 Text Polariscope).

General

Specimen 1 was the only specimen in which only a portion of the specimen (about half) was
precious contra luz opal and the other portion was common opal (no play-of-color and no
contra luz). CPP events appeared in the precious opal portion. CPP events did not appear in
the common opal portion. Reflected and transmitted PPOI appeared in the common opal por-
tion. Hence, CPP seems to be a property related to ordered microspheres.

Specimens 1 and 4 were the only specimens that displayed asterism. This property mani-
fested under monochromatic fiber optic light. Asterism is a rare property for natural opal that
had not been previously documented to occur under monochromatic light.

Specimen 2 displayed a particularly unusual CPP event. This event may have been related
to having the strongest CPP and non-CPP contra luz responses under all light sources. In par-
ticular, under green fiber optic light, a significant portion of specimen 2 responded as a unified

PLOS ONE | https://doi.org/10.1371/journal.pone.0223715 October 17, 2019 26/37


https://doi.org/10.1371/journal.pone.0223715.g017
https://doi.org/10.1371/journal.pone.0223715

@ PLOS|ONE

3-dimensional photonic control over visible light

08

064

Ansuhsnce
o
=

032

024

016

Specimen 4
A : : 7 Scan
H : 2Scen
! ' 3 scen
o ¢ ' 4 Scen
St ;
' A
N T o !
N : o N
: e {Ee S
H R SRy
y s -
. \'\\ -
: T - - -
! e e S —
: e o RG] ~
: R i SRR i
; e s
: =Foss
. -\"%-\__j
: f
e A {
= s g T ]
% ' o S . 4
1 S e
== ——m— i
DB e e B g e o T L L L S e T e s e S S O e I e b i
390 4§3 546 624 780 858 Q6 1014 1,092

702
Wavzlzngth(rem)

Fig 18. Spectrophotometric scans of specimen 4. a. top to bottom, b. bottom to top, c. side-to-side narrow, d. side-to-side long.

https://doi.org/10.1371/journal.pone.0223715.9018

prismatic contra luz, with many CPP events, displaying red closest to the incident PPOI and
then progressing through orange, yellow, green, blue and finally violet was most distal from
the incident PPOL. This CPP contra luz response contradicts the common thought that pre-
cious opal is comprised of randomly oriented islands of PCZs that lack the ability to exert pho-
tonic control over a large, macroscopic volume [1,3-6].

Specimen 3 had unique property changes that resulted from it being especially sensitive to
changes in internal H,O levels. While starting out as transparent, specimen 3 started to
become hazy translucent white after only about five minutes of air exposure (e.g. removed
from H,O(l) immersion). This haze response was similar to that demonstrated by specimen 5.
Non-CPP play-of-color was minimal at full hydration and became moderately strong after a
few minutes of air exposure. Also, the increased haze caused CPP and non-CPP play-of-color
events to be more readily visible due to increased contrast.

For specimen 3, the colors of non-CPP play-of-color were highly dependent on the angle of
incidence. Regardless of the light source, mostly reds/oranges displayed when the angle of inci-
dence approached the perpendicular relative to the viewer, which changed to mostly greens/
blues when the angle of incidence approached the horizontal relative to the viewer (S9). Fur-
thermore, the proximal side of this specimen was significantly flatter than those of the other
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specimens. Hence, the reflected PPOI propagated had a wider angle, which interfered with the
visibility of the reflected PPOI from the incident side.

Specimens 4, 5 and 6 had an unusual haze response to incident light. Each of these speci-
mens formed a mild haze proximal to the incident PPOI for incident monochromatic fiber
optic light sources. In contrast, other specimens that formed haze and other haze-inducing
light sources on specimens 4, 5 and 6, formed it proximal to the reflected PPOL.

Specimen 5 demonstrated sensitivity to changes in internal H,O levels. This specimen was
completely transparent when fully hydrated and started to become hazy translucent white after
about four minutes of air exposure. This haze response was similar to that demonstrated by
specimen 3. Even so, hydration-related changes in transparency did not appear to affect CPP
or non-CPP play-of-color events for this specimen.

Specimens 5, 6 and 7 demonstrated unusual reflected PPOI events. Reflected PPOI was red
orange, not the white reflected PPOI displayed by most of the other specimens. These unusual
events were observed under each of the four monochromatic fiber optic sources.

Specimen 6 was unique among the test specimens because of the visible indications that
resulted from it being somewhat sensitive to changes in internal H,O levels. While there was
no haze response, after a few days of exposure to air, specimen 6 started to respond differently
to incident light. For example, under the quad-cluster fiber optic incident light, the specimen
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did not propagate all four incident wavelengths for transmitted or reflected PPOL. Yet, hydra-
tion-related changes did not appear to affect CPP events.

Specimen 7 had property changes that resulted from it being somewhat sensitive to changes
in internal H,O levels. While there was no haze response, after many days of exposure to air,
specimen 7 started to respond differently to incident light. For example, under the quad-clus-
ter fiber optics incident light, the specimen did not always propagate incident blue. Instead,
the blue incident light was often downconverted to red orange. Furthermore, a portion of the
incident blue light was diffused into the large internal photonic glass borders, making them
more visible.

Specimen 8 was the only specimen with sub-surface crazing. Crazing is an internal and/or
surface stress fracturing process that results from thermal, hydration, vibration and/or pho-
tonic fluctuations [5,43]. Some CPP events were observed in reflections off of the internal
planes of crazing and overlapping the crazed areas. Crazing did not appear to be a boundary to
prevent CPP events. Yet, photonic properties did not always flow past the lines of crazing with-
out distortion.

Early in this research, from certain angles of incidence, the CPP events were observed to
align with the oval curvature of the exterior of specimen 8, with differentiated CPP events
arranged similarly to the numbers around a clock. The rotations, shapes and polychroic
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configurations of the CPP events displayed by this specimen made it one of the easiest to
observe among the test specimens. However, many months of testing have witnessed progres-
sive crazing. Crazing caused an increase in internal fractures and tiny surface flakes to dislodge
from the specimen. Even with these physical issues, the specimen continued to display CPP
events. However, the CPP events no longer assumed a clock-like formation and a decrease in
the strength of clarity, coherence or polychroism developed.

Conclusions

The present research identified and examined silicate materials, made of natural precious opal,
that exhibited a previously undiscovered property of CPP. CPP enabled three-dimensional
photonic control over visible wavelengths via demultiplexed diffraction, upconversion and/or
downconversion of incident light with photonic coherence. The shape of the incident light
source was propagated over three dimensions over multiple visible light frequencies. CPP
events remained visible as each specimen was spatially manipulated under each incident visible
light. Additionally, the specimens applied an unexpected axial rotational symmetry over the
incident light. CPP and rotational properties were studied in isolation from exogenous ther-
mal, photonic and electrical influences.
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This research demonstrated 3-d photonic control via the CPP property. 3-d control was
achieved with multiple specimens of natural opal. Observations of CPP occurred when the
specimens and/or light sources were rotated relative to the viewer and over a variety of poly
and monochromatic light sources (S1-S8 Figs).

CPP and other photonic properties were displayed. The photonic behaviors of each speci-
men were at least partially different from each of the others. The photonic control demon-
strated by the specimens, particularly regarding CPP and PPOI rotation, contradicts common
thought that precious opal is comprised of randomly oriented islands of pseudo-crystallinity
which lack the ability to photonically behave in concert over a macroscopic volume (S1 Text
General Observations) [1,3-6].

CPP was most prominent as a reflective property and much less prominent as a transmis-
sive property. Therefore, CPP events were most strongly and frequently observed proximally
rather than distally (Fig 1). CPP events visibly glided and rotated over proximal or distal sur-
faces as the specimens were moved or rotated relative to the incident lights and viewer.

Changes in the wavelength character of the incident light sources caused changes in the
presence, strength and character of specimen photonic responses. Each of the photonic prop-
erties of each specimen was affected by the different incident light sources. The CPP materials
propagated the shape of the incident photon source in multiple copies over multiple diffracted
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wavelengths. Furthermore, each CPP specimen displayed photonic diffraction, upconversion
and/or downconversion properties that varied when different mono and polychromatic light
sources were applied. The CPP materials upconverted and downconverted incident mono-
chromatic and polychromatic fiber optic light to generate polychromatic CPP events (S1-S8
Figs).

The specimens found to be the most unusual for each laser source were: specimen 2 for 650
nm laser, specimens 2 and 6 for 593.5 nm laser, specimens 5 and 6 for 532 nm laser, specimens
2 and 4 for 450 nm laser and specimens 7 and 8 for 405 nm laser (Table 3). The specimens
found to be most unusual for each UV source were: specimens 5 and 7 for 375 nm photons,
specimens 1, 2 and 4 for 307 nm photons and specimen 1 for 254 nm photons (Table 4). Speci-
men 3 was the only specimen that did not distinguish itself photonically for any of the mono-
frequency examinations. Specimen 2 was the specimen that was most often identified as
unusual in these mono-frequency examinations. Specimen 3 had mostly mildly positive CPP
and specimen 2 had mostly moderately positive CPP. Hence, it may be possible to identify or
anticipate the CPP property from the unusual interaction of a specimen with particular visible
laser and/or UV wavelengths. While none of the specimens displayed CPP in response to UV
light, play-of-color in response to UV light was observed for two specimens, which had not
been documented previously.

Incident, reflected and transmitted PPOI were observed for almost all specimens (Fig 1).
Incident PPOI almost always assumed the same shape, color(s) and orientation as the photon
source. Transmitted PPOI was the most subject to distortion. While reflected and transmitted
PPOI virtually always assumed the same shape as the photon source, they did not always prop-
agate the incident color(s). Almost all reflected and transmitted PPOI displayed an axial rota-
tion of 180° of the incident PPOI for all light sources (S1 Text General Observations). Axial
rotation was more easily observable for asymmetrical light sources (Fig 3). A specular internal
reflection off of the bottom of a specimen could not have caused the observed PPOI rotation
[19]. Rotation occurred prior to incident PPOI reaching the distal side of the specimen since
transmitted PPOI had also been rotated axially. Since opal is, overall, non-crystalline, this
unexpected symmetry operation requires further study.

Specimen 3 was particularly sensitive to the angle of incident PPOI, relative to the viewer
(S9 Fig). Regardless of the incident light chromaticity, specimen 3 had virtually the same
angle-dependent response. Hence, specimen 3 upconverted and/or downconverted incident
light often and reliably. When incident light was about 90° relative to the viewer, CPP and
play-of-color events were mostly large visible wavelengths and when the incident light was at
any other angle, CPP and non-CPP events were mostly small visible wavelengths (S1 Text
General Observations). Specimens 3 and 5 had the highest maximum hydration percentages of
the specimens, which did not correlate to the presence or strength of photonic properties.

The more complex spectrophotometric scans were likely to be scans of active PCZs that
were caught in the act of displaying contra luz, play-of-color or CPP (S1-S8 Tables). The scan
differences indicated that spectrophotometric results depended on the light path and orienta-
tion of a specimen, even when there were no visible intra-specimen differences in color tones
or clarity. The spectrophotometric scans that displayed particularly strong peak systems (speci-
mens 3, 5, 6, 7 and 8) gave insight into active play-of-color, contra luz or CPP events that was
undocumented previously.

Polariscopically revealed strain and isogyre figures indicated that most of the present
research specimens had uncommon microsphere organizations. Even so, all of the specimens
were isotropic. Yet, the specimens that demonstrated the strongest presence of CPP were not
strongly correlated to displaying the most unusual polariscopic responses.
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Thermal conductivity and refractive index analyses confirmed the mineral species of the
specimens to be natural precious opal. Hence, the specimens did not have sufficient PCZs to
cause either test to indicate significant crystalline silicate composition. With increased instru-
mentation sensitivity, the slight differences in thermal conductivity readings among the speci-
mens may be a future method to identify CPP materials.

Dichroscopy confirmed no dichroism, as expected. However, an asynchromatic response,
showing dichroism of seven of the specimens when viewed through active contra luz events.
This dichroscopic contra luz response had not been documented previously.

All of the specimens allowed 3-d photonic control to various extents. This research demon-
strated that 3-d photonic output can be controlled by altering the relative angle of the speci-
men to incident light to viewer and by altering the chromaticity of incident light. As each
specimen was rocked and rotated, relative to each of the incident light sources and viewer,
intact CPP events were manifested (S1 Text General Observations). Some of these CPP events
maintained the same chromaticity while gliding over the specimen and other CPP events
changed colors as the relative angles changed. Yet, in all CPP and PPOI events, the shape of
the original incident light was propagated with axial rotation. CPP and PPOI events were
phenomenologically distinct properties and did not appear to be predictive or causative of
each other.

Future research must identify means to analyze the specimens without shifting the micro-
spheroids of the CPP specimens. A primary goal will be to manufacture materials that display
refinements of the CPP property for 3-d photonic control.

Supporting information

S1 Fig. Photograph of specimen 1 under eight visible light sources. a. CFL polychromatic, b.
LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic polychro-
matic, e. blue fiber optic monochromatic, f. green fiber optic monochromatic, g. yellow fiber
optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.

(EPS)

S2 Fig. Photograph of specimen 2 under eight visible light sources. a. CFL polychromatic, b.
LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic polychro-
matic, e. blue fiber optic monochromatic, f. green fiber optic monochromatic, g. yellow fiber
optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.

(EPS)

S3 Fig. Photograph of specimen 3 under eight visible light sources. a. CFL polychromatic, b.
LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic polychro-
matic, e. blue fiber optic monochromatic, f. green fiber optic monochromatic, g. yellow fiber
optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.

(EPS)

S4 Fig. Photograph of specimen 4 under eight visible light sources. a. CFL polychromatic, b.
LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic polychro-
matic, e. blue fiber optic monochromatic, f. green fiber optic monochromatic, g. yellow fiber
optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.

(EPS)

S5 Fig. Photograph of specimen 5 under eight visible light sources. a. CFL polychromatic,
b. LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic
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polychromatic, e. blue fiber optic monochromatic, £. green fiber optic monochromatic, g. yel-
low fiber optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.
(EPS)

S6 Fig. Photograph of specimen 6 under eight visible light sources. a. CFL polychromatic,
b. LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic poly-
chromatic, e. blue fiber optic monochromatic, £. green fiber optic monochromatic, g. yellow
fiber optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.
(EPS)

S7 Fig. Photograph of specimen 7 under eight visible light sources. a. CFL polychromatic, b.
LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic polychro-
matic, e. blue fiber optic monochromatic, f. green fiber optic monochromatic, g. yellow fiber
optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.

(EPS)

S8 Fig. Photograph of specimen 8 under eight visible light sources. a. CFL polychromatic, b.
LED polychromatic, c. white fiber optic polychromatic, d. quadchromatic fiber optic polychro-
matic, e. blue fiber optic monochromatic, f. green fiber optic monochromatic, g. yellow fiber
optic monochromatic, h. red fiber optic monochromatic. Three photos per specimen.

(EPS)

S9 Fig. Photographs of specimen 3 showing that its play-of-color palette is extremely sensi-
tive to the angle of incident PPOI. Both photos were taken under a CFL white light. PPOI
rotational symmetry is clearly visible in the left photo.

(EPS)

S1 Table. Raw spectrophotometric data table for Specimen 1. Spreadsheet generated graph
at bottom of table.
(PDF)

$2 Table. Raw spectrophotometric data table for Specimen 2. Spreadsheet generated graph
at bottom of table.
(PDF)

$3 Table. Raw spectrophotometric data table for Specimen 3. Spreadsheet generated graph
at bottom of table.
(PDF)

$4 Table. Raw spectrophotometric data table for Specimen 4. Spreadsheet generated graph
at bottom of table.
(PDF)

S5 Table. Raw spectrophotometric data table for Specimen 5. Spreadsheet generated graph
at bottom of table.
(PDF)

S6 Table. Raw spectrophotometric data table for Specimen 6. Spreadsheet generated graph
at bottom of table.
(PDF)

S7 Table. Raw spectrophotometric data table for Specimen 7. Spreadsheet generated graph
at bottom of table.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0223715 October 17, 2019 34/37


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s016
https://doi.org/10.1371/journal.pone.0223715

@ PLOS | O N E 3-dimensional photonic control over visible light

S8 Table. Raw spectrophotometric data table for Specimen 8. Spreadsheet generated graph
at bottom of table.
(PDF)

S1 Text. Extended experimentation details for all specimens. Details regarding: General
observations, compact fluorescent light, LED, fiber optic cluster, spectrophotometer and polar-
iscope.

(DOC)

Author Contributions
Conceptualization: Michelle R. Stem.
Data curation: Michelle R. Stem.

Formal analysis: Michelle R. Stem.
Funding acquisition: Michelle R. Stem.
Investigation: Michelle R. Stem.
Methodology: Michelle R. Stem.

Project administration: Michelle R. Stem.
Resources: Michelle R. Stem.

Software: Michelle R. Stem.

Supervision: Michelle R. Stem.
Validation: Michelle R. Stem.
Visualization: Michelle R. Stem.

Writing - original draft: Michelle R. Stem.

Writing - review & editing: Michelle R. Stem.

References

1. Stem MR. Interactions of low-power photons with natural opals—PBG materials, photonic control, natu-
ral metamaterials, spontaneous laser emissions, and band-gap boundary responses. Mat. Sci. & Eng.
B. 2012; 177; 11: 797-804. https://doi.org/10.1016/j.mseb.2012.03.031

2. RastogiV, Melle S, Calderon OG, Garcia AA, Marquez M, Velev OD, et al. Synthesis of light-diffracting
assemblies from microspheres and nanoparticles in droplets on a superhydrophobic surface. Adv. Mat.
2008; 20; 22: 4263—4268. https://doi.org/10.1002/adma.200703008

3. Graetsch H, Gies H, Topalovi¢ . NMR, XRD and IR study on microcrystalline opals. Phys. and Chem.
of Miner. 1994; 21; 3: 166—175. https://doi.org/10.1007/BF00203147

4. Stem MR. Updated advances in micrographic analyses of select photonically responsive natural sili-
cates. Presented at 10th International Conference and Exhibition on Lasers, Optics & Photonics. Key-
note. Los Angeles, California, USA. 26—28 November 2019.

5. Schumann W. Gemstones of the world, 5th ed. Sterling Publishing, New York, 2013; pp. 166—169.
ISBN: 978-1-4549-0953-8.

6. LiF. Study of stress measurement using polariscope. Thesis for Doctor of Philosophy in Mechanical
Engineering, Georgia Institute of Technology. 2010. http://hdl.handle.net/1853/34762.

7. ChowE, Lin SY, Johnson SG, Villeneuve PR, Joannopoulos JD, Wendt JR, et al. Three-dimensional
control of light in a two-dimensional photonic crystal slab. Nat. 2000; 407: 983-986. https://doi.org/10.
1038/35039583 PMID: 11069173

PLOS ONE | https://doi.org/10.1371/journal.pone.0223715 October 17, 2019 35/37


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223715.s018
https://doi.org/10.1016/j.mseb.2012.03.031
https://doi.org/10.1002/adma.200703008
https://doi.org/10.1007/BF00203147
http://hdl.handle.net/1853/34762
https://doi.org/10.1038/35039583
https://doi.org/10.1038/35039583
http://www.ncbi.nlm.nih.gov/pubmed/11069173
https://doi.org/10.1371/journal.pone.0223715

@ PLOS|ONE

3-dimensional photonic control over visible light

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Inoue T, Asano T, Noda S. Spectral control of near-field thermal radiation via photonic band engineering
of two-dimensional photonic crystal slabs. Opt. Exp. 2018; 26; 24: 32074-32082. https://doi.org/10.
1364/0OE.26.032074 PMID: 30650786

Jing P, Wu J, Lin L. Patterned optical trapping with two-dimensional photonic crystals. ACS Photonics.
2014; 1:398-402. https://doi.org/10.1021/ph500041m

Papaioannou M, Plum E, Valente J, Rogers ETF, Zheludev NI. Two-dimensional control of light with
light on metasurfaces. Light: Sci. & Appl. 2016; 5: e16070. https://doi.org/10.1038/Isa.2016.70 PMID:
30167161

Wu S, Buckley S, Jones AM, Ross JS, Ghimire NJ, Yan J, Mandrus DG, et al. Control of two-dimen-
sional excitonic light emission via photonic crystal. 2D Mat. 2014; 1; 1: 011001. https://doi.org/10.1088/
2053-1583/1/1/011001

Ishizaki K, Noda S. Manipulation of photons at the surface of three-dimensional photonic crystals. Nat.
2009; 460: 367-370. hitps://doi.org/10.1038/nature08190 PMID: 19606144

Arpin KA, Losego MD, Cloud AN, Ning H, Mallek J, Sergeant NP, et al. Three-dimensional self-assem-
bled photonic crystals with high temperature stability for thermal emission modification. Nat. Commun.
2013; 4:2630. https://doi.org/10.1038/ncomms3630 PMID: 24129680

Shir D, Nelson EC, Chen YC, Brzezinski A, Liao H, Braun PV, et al. Three dimensional silicon photonic
crystals fabricated by two photon phase mask lithography. Appl. Phys. Lett. 2009; 94; 1: 011101.
https://doi.org/10.1063/1.3036955

Dong J-W, Chen X-D, Zhu H, Wang Y, Zhang X. Valley photonic crystals for control of spin and topol-
ogy. Nat. Mat. 2017; 16: 298-302. https://doi.org/10.1038/nmat4807 PMID: 27893722

Stem MR. Coherent poly-propagation of diffracted white light in a natural silicate. Presented at Materials
Science & Technology 2017. Ceramic-based Optical Materials and Advanced Processing Symposium.
Pittsburgh, Pennsylvania, USA. 8—12 October 2017.

Stem MR. Updated advances in coherent poly-propagation of diffracted white light in a natural silicate.
Presented at Materials Science & Technology 2018. Ceramic-based Optical Materials and Advanced
Processing Symposium. Columbus, Ohio, USA. 14—18 October 2018.

Martinez A, Marti J, Bravo-Abadj J, Sanchez-Dehesa J. Wavelength demultiplexing structure based on
coupled-cavity waveguides in photonic crystals. Fiber and Integr. Opt. 2003; 22: 151—-160. https://doi.
org/10.1080/01468030390111959

Jiang W, Jianga Y, Gua L, Chena X, Chena RT. Photonic crystal devices for wavelength-division-multi-
plexing and optical modulation. Presented at Active and Passive Optical Components for WDM Com-
munications V. Proc. of SPIE V6014, 60140F, USA. 2005.

Almeida VR, Barrios CA, Panepucci RR, Lipson M. All-optical control of light on a silicon chip. Nat.
2004; 431: 1081-1084. https://doi.org/10.1038/nature02921 PMID: 15510144

Yang J, Ghimire |, Wu PC, Gurung S, Arndt C, et al. Photonic crystal fiber metalens. Nanophotonics.
2019; 8; 3: 443—-449. hitps://doi.org/10.1515/nanoph-2018-0204

Zhang L, Lou J, Tong L. Micro/nanofiber optical sensors. Photonic Sens. 2011; 1; 1: 31—-42. https://doi.
0rg/10.1007/s13320-010-0022-z

Forli A, Vecchia D, Binini N, Succol F, Bovetti S, Moretti C, et al. Two-photon bidirectional control and
imaging of neuronal excitability with high spatial resolution in vivo. Cell Rep. 2018; 22; 11: 3087-3098.
https://doi.org/10.1016/j.celrep.2018.02.063 PMID: 29539433

Caselli N, Intonti F, La China F, Riboli F, Gerardino A, Bao W, et al. Ultra-subwavelength phase-sensi-
tive nano-imaging of localized photonic modes. Light: Sci. & Appl. 2015; 4: e326. https://doi.org/10.
1038/Isa.2015.99

Aharoni D, Khakh BS, Silva AJ, Golshani P. All the light that we can see: a new era in miniaturized
microscopy. Nat. Methods. 2019; 16: 11-13. https://doi.org/10.1038/s41592-018-0266-x PMID:
30573833

Aspuru-Guzik A, Walther P. Photonic quantum simulators. Nat. Phys. 2012; 8: 285-291. https://doi.
org/10.1038/nphys2253

Qiang X, Zhou X, Wang J, Wilkes CM, Loke T, O’Gara S, et al. Large-scale silicon quantum photonics
implementing arbitrary two-qubit processing. Nat. Photonics. 2018; 12: 534-539. https://doi.org/10.
1038/541566-018-0236-y

Wang X, Zhou L, Li R, Xie J, Lu L, Wu K, et al. Continuously tunable ultra-thin silicon waveguide optical
delay line. Optica. 2017; 4; 5: 507-515. https://doi.org/10.1364/OPTICA.4.000507

McKenna TP, Nanzer JA, Clark TR Jr. Photonic millimeter-wave system for high-capacity wireless com-
munications. Johns Hopkins APL Technical Dig. 2015; 33; 1: 57—67. https://doi.org/10.1109/MWSYM.
2015.7166991

PLOS ONE | https://doi.org/10.1371/journal.pone.0223715 October 17, 2019 36/37


https://doi.org/10.1364/OE.26.032074
https://doi.org/10.1364/OE.26.032074
http://www.ncbi.nlm.nih.gov/pubmed/30650786
https://doi.org/10.1021/ph500041m
https://doi.org/10.1038/lsa.2016.70
http://www.ncbi.nlm.nih.gov/pubmed/30167161
https://doi.org/10.1088/2053-1583/1/1/011001
https://doi.org/10.1088/2053-1583/1/1/011001
https://doi.org/10.1038/nature08190
http://www.ncbi.nlm.nih.gov/pubmed/19606144
https://doi.org/10.1038/ncomms3630
http://www.ncbi.nlm.nih.gov/pubmed/24129680
https://doi.org/10.1063/1.3036955
https://doi.org/10.1038/nmat4807
http://www.ncbi.nlm.nih.gov/pubmed/27893722
https://doi.org/10.1080/01468030390111959
https://doi.org/10.1080/01468030390111959
https://doi.org/10.1038/nature02921
http://www.ncbi.nlm.nih.gov/pubmed/15510144
https://doi.org/10.1515/nanoph-2018-0204
https://doi.org/10.1007/s13320-010-0022-z
https://doi.org/10.1007/s13320-010-0022-z
https://doi.org/10.1016/j.celrep.2018.02.063
http://www.ncbi.nlm.nih.gov/pubmed/29539433
https://doi.org/10.1038/lsa.2015.99
https://doi.org/10.1038/lsa.2015.99
https://doi.org/10.1038/s41592-018-0266-x
http://www.ncbi.nlm.nih.gov/pubmed/30573833
https://doi.org/10.1038/nphys2253
https://doi.org/10.1038/nphys2253
https://doi.org/10.1038/s41566-018-0236-y
https://doi.org/10.1038/s41566-018-0236-y
https://doi.org/10.1364/OPTICA.4.000507
https://doi.org/10.1109/MWSYM.2015.7166991
https://doi.org/10.1109/MWSYM.2015.7166991
https://doi.org/10.1371/journal.pone.0223715

@ PLOS|ONE

3-dimensional photonic control over visible light

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

Martins ER, Li J, Liu YK, Depauw V, Chen Z, Zhou J, et al. Deterministic quasi-random nanostructures
for photon control. Nat. Commun. 2013; 4: 2665. https://doi.org/10.1038/ncomms3665 PMID:
24154558

Li Z, Kim M-H, Wang C, Han Z, Shrestha S, Overvig AC, et al. Controlling propagation and coupling of
waveguide modes using phase-gradient metasurfaces. Nat. Nanotechnol. 2017; 12: 675-683. https://
doi.org/10.1038/nnano0.2017.50 PMID: 28416817

Magden ES, Li N, Raval M, Poulton CV, Ruocco A, Singh N, et al. Transmissive silicon photonic dichroic
filters with spectrally selective waveguides. Nat. Commun. 2018; 9: 3009. https://doi.org/10.1038/
s41467-018-05287-1 PMID: 30068975

Xing H, LiJ, Shi Y, Guo J, Wei J. Thermally driven photonic actuator based on silica opal photonic crys-
tal with liquid crystal elastomer. ACS Appl. Mat. Interfaces. 2016; 8: 14. https://doi.org/10.1021/acsami.
6b01033 PMID: 26996608

Hou J, Li M, Song Y. Recent advances in colloidal photonic crystal sensors: materials, structures and
analysis methods. Nanotoday. 2018; 22: 132—144. https://doi.org/10.1016/j.nantod.2018.08.008

Fedyanin AA, Aktsipetrov OA, Kurdyukov DA, Golubev VG, Inoue M. Nonlinear diffraction and second-
harmonic generation enhancement in silicon-opal photonic crystals. Appl. Phys. Lett. 2005; 87:
151111, https://doi.org/10.1063/1.2077836

Smallwood A, Thomas PS, Ray AS, Simon P. TMA and SEM characterization of the thermal dehydra-
tion of Australian sedimentary opal. J. of Therm. Anal. and Calorim. 2007; 88; 1: 185—188. https://doi.
org/10.1007/s10973-006-8136-7

Rapin W, Chauvire B, Gabriel TSJ, McAdam AC, Ehimann BL, Hardgrove C, et al. In situ analysis of
opal in gale crater. Mars, JGR Planets 2018 123 8 1955-1972. https://doi.org/10.1029/2017JE005483

Koivula JI, Kammerling RC. "Opalite": plastic imitation opal with true play-of-color. Gems & Gemol.
1989; 25; 1: 30-34.

Kepinska M, Starczewska A, Duka P. Method of determining dispersion dependence of refractive index
of nanospheres building opals. Opt. Mater. 2017; 73: 437—440. https://doi.org/10.1016/j.optmat.2017.
08.036

Albrecht JD, Knipp PA, Reinecke TL. Thermal conductivity of opals and related composites. Phys. Rev.
B. 2001; 63: 134308. https://doi.org/10.1103/PhysRevB.63.134303

Hughes RW. Pleochroism in faceted gems: an introduction. Gems & Gemol. 2014; 50; 3: 216-227.

Mastropasqua R, Nubile M, Salgari N, Lanzini M, Calienno R, Mattei PA, et al. Interference figures of
polarimetric interferometry analysis of the human corneal stroma. PLOS ONE. 2017; 12; 6: e0178397.
https://doi.org/10.1371/journal.pone.0178397 PMID: 28570631

Some methods of locating the optic axis in quartz. The Marconi Review Editor: Dowsett HM, M.1.E.E.,
F., Inst. P., Assistant Editor: Walker LEQ, A.R.C., Marconi’s Wireless Telegraph Company Ltd., Electra
House, Victoria Embankment, London, W.C. September—October 1936; 62: 1—7.

Lequime M, Amra C. Anomalous refraction of a low divergence monochromatic light beam in a transpar-
ent slab. Opt. Lett. 2018; 43; 7: 1419-1422. https://doi.org/10.1364/0OL.43.001419 PMID: 29600994

Sosnowska |, Buchenau U, Reichenauer G, Graetsch H, Ibel K, Frick B. Structure and dynamics of the
opal silica-water system. Physica B: Condens. Matter. 1997; 234—236: 455—457. https://doi.org/10.
1016/S0921-4526(96)01009-5

Eckert J, Gourdon O; Jacob DE, Meral C, Monteiro PJM, Vogel SC, et al. Ordering of water in opals
with different microstructures. Eur. J. of Mineral. 2015; 27; 2: 203-213. https://doi.org/10.1127/ejm/
2015/0027-2428

PLOS ONE | https://doi.org/10.1371/journal.pone.0223715 October 17, 2019 37/37


https://doi.org/10.1038/ncomms3665
http://www.ncbi.nlm.nih.gov/pubmed/24154558
https://doi.org/10.1038/nnano.2017.50
https://doi.org/10.1038/nnano.2017.50
http://www.ncbi.nlm.nih.gov/pubmed/28416817
https://doi.org/10.1038/s41467-018-05287-1
https://doi.org/10.1038/s41467-018-05287-1
http://www.ncbi.nlm.nih.gov/pubmed/30068975
https://doi.org/10.1021/acsami.6b01033
https://doi.org/10.1021/acsami.6b01033
http://www.ncbi.nlm.nih.gov/pubmed/26996608
https://doi.org/10.1016/j.nantod.2018.08.008
https://doi.org/10.1063/1.2077836
https://doi.org/10.1007/s10973-006-8136-7
https://doi.org/10.1007/s10973-006-8136-7
https://doi.org/10.1029/2017JE005483
https://doi.org/10.1016/j.optmat.2017.08.036
https://doi.org/10.1016/j.optmat.2017.08.036
https://doi.org/10.1103/PhysRevB.63.134303
https://doi.org/10.1371/journal.pone.0178397
http://www.ncbi.nlm.nih.gov/pubmed/28570631
https://doi.org/10.1364/OL.43.001419
http://www.ncbi.nlm.nih.gov/pubmed/29600994
https://doi.org/10.1016/S0921-4526(96)01009-5
https://doi.org/10.1016/S0921-4526(96)01009-5
https://doi.org/10.1127/ejm/2015/0027-2428
https://doi.org/10.1127/ejm/2015/0027-2428
https://doi.org/10.1371/journal.pone.0223715

