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RAMAN SPECTROSCOPY AND X-RAY
DIFFRACTION: PHASE IDENTIFICATION OF
GEM MINERALS AND OTHER SPECIES

Shiyun Jin and Evan M. Smith

One of the fundamental tasks in a modern gemological laboratory is identifying the species of a gemstone. Lab-
oratories apply many different approaches, from routine methods used for almost every gemstone to more ad-
vanced techniques on a case-by-case basis. While standard gemological testing can accurately identify the most
common gemstone species, additional testing is often required for unusual or rare stones. Two advanced ana-
lytical tools for phase identification are reviewed in this article: Raman spectroscopy and X-ray diffraction. Both
methods harness photon scattering to characterize the atomic-scale structures of materials. Raman spectroscopy
relies on inelastic light scattering from crystal lattice or molecular vibrations. X-ray diffraction relies on con-
structive interference of X-rays “reflected” from regularly spaced atomic layers of a crystal lattice. In addition
to identifying mineral species, these techniques can capture information about composition, degree of crys-
tallinity, strain, and other factors that affect a material’s structure. The applications of these techniques are sum-
marized first, followed by technical details regarding the underlying physics and instrumentation.

hile testing or grading a gemstone, the
W first and perhaps most critical step is gem
identification. Gem species are primarily

defined as the mineral species that the gems belong
to, which can be further divided into different gem
varieties based on colors and phenomena. A mineral
species is defined by both its chemical composition
and specific crystal structure, which means chemi-
cal analysis techniques alone (e.g., X-ray fluores-
cence, electron probe microanalysis, and mass
spectrometry) may be insufficient for a conclusive
species identification. Furthermore, light elements
such as carbon, beryllium, lithium, and hydrogen
may be difficult to detect and analyze using com-
mon chemical analysis methods, leading to an un-
certain chemical formula for the tested material.
Techniques that can characterize the crystal struc-
ture of a solid material may therefore be necessary.
For colored stones, gemological laboratories
mainly see ruby, sapphire, and emerald—the most
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popular gemstones. The vast majority of well-known
gems can be accurately identified using standard
gemological testing, including measurements of re-
fractive index (RI) and specific gravity. Sometimes,
however, a laboratory encounters unusual or rare
gemstone species that require advanced analytical
techniques. One of the most important categories of

In Brief

e Gem species identification is the first test in a gemo-
logical laboratory.

e Raman spectroscopy and X-ray diffraction are two
methods that can identify the atomic structure of
materials.

e Raman spectra are easy to collect but occasionally
ambiguous to interpret.

e XRD is not as convenient as Raman spectroscopy but
can be more conclusive in identifying crystalline solids.

analytical techniques is spectroscopy, which charac-
terizes how a solid responds to electromagnetic radi-
ation of various wavelengths. Most spectroscopic
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methods analyze either absorption or emission spec-
tra, which reflect the material’s chemistry and chem-
ical bonding but do not reveal the overall structure.
When characterizing the structure of a material, the
electromagnetic waves scattered by the material
must be analyzed. Scattering is a term used in physics
to describe how moving particles (including photons)
are deflected from a straight path by localized nonuni-
formities in the medium through which they pass.

Raman spectroscopy and X-ray diffraction (XRD)
are the two methods commonly used for identifying
unknown materials based on their crystalline or
atomic structures. Both are scattering techniques,
but they operate on dramatically different physical
principles. The similarities in data presentation and
overlapping applications in a gemological laboratory
make it useful to discuss and compare the two meth-
ods together.

DATA INTERPRETATION OF RAMAN SPECTRA
AND X-RAY DIFFRACTOGRAMS

Both Raman spectra and X-ray diffractograms (XRD
patterns) are presented as intensity plots. The differ-
ence is that a Raman spectrum is plotted against
wavenumber (figure 1, top), whereas an XRD pattern
is plotted against diffraction angle (figure 1, bottom).
Identification using either Raman spectroscopy or
XRD involves comparing the band positions, inten-
sities, and shapes of a collected spectrum against
those of known materials. This process requires a
database containing the reference spectra or diffrac-
tion patterns of all possible materials.

The most comprehensive database of powder X-ray
diffraction patterns used for phase identification is the
Powder Diffraction File (PDF), with more than one
million entries. The International Centre for Diffrac-
tion Data (ICDD) maintains the PDF, which is acces-
sible through a paid subscription (Kabekkodu et al.,
2024). Several free but less comprehensive databases,
such as the Crystallography Open Database (COD;
Grazulis et al., 2009) or the Cambridge Structure Data-
base (CSD; Groom et al., 2016), are also available for
specific fields.

However, there is no comprehensive Raman spec-
tra database for phase identification, due to the im-
practicality of tracking more than 170 million known
chemical substances (a rapidly growing number as
new substances are created). Instead, small field-spe-
cific databases (such as RRUFF for minerals) are main-
tained for specialized applications. While manual
search-and-match processes can be tedious and time-
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Figure 1. Top: A Raman spectrum of grossular garnet
from the RRUFF database (Lafuente et al., 2015).
Bottom: A powder XRD pattern of a hydrogrossular
garnet.

consuming, modern computer programs make it pos-
sible to match experimental data with known spectra
in a database within seconds.

The peaks in a Raman spectrum are often broader
and more variable, which can make it challenging to
match them with reference spectra, especially when
peaks from multiple phases are present or the back-
ground is high. Software can only provide the user
with a constrained list of possible matches, some-
times with a numerical score for the closeness of the
match, which leaves the final decision with the user.
It is important to keep in mind that band positions,
intensities, and shapes can vary as a function of
many different factors, including composition, strain,
degree of crystallinity, or instrumental parameters
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such as excitation wavelength or laser polarization
relative to the sample. Therefore, human judgment
remains essential to a conclusive analysis.

In contrast, the peaks in XRD patterns of crys-
talline materials are much sharper and better sepa-
rated. In fact, the peak sharpness of an XRD pattern
is limited mainly by the instrument rather than the
intrinsic properties of the analyzed sample. Therefore,
XRD'’s algorithm for phase identification is more
straightforward, focusing solely on the positions and
relative intensities of a handful of the strongest peaks
without considering peak shapes and broadness. This
approach is especially advantageous when diffraction
data is collected on a mixture of multiple phases, as
peaks from individual phases show less overlap.
Nonetheless, the exact peak positions and intensities
in an XRD pattern are affected by the composition,
strain, and ordering states of the structure, again mak-
ing human judgment necessary for the final decision.

For both methods, the complexity of the spectrum
or diffraction pattern tends to decrease with increas-
ing symmetry of the crystal structure. Because
Raman scattering is an indirect probe of the crystal
structure, calculating the theoretical Raman spec-
trum of a known structure is a very complicated
quantum mechanical computation, the result of
which almost never matches experimental data per-
fectly (e.g., Maschio et al., 2013, 2014). As a result, it
is impossible to deduce the crystal structure from a
given Raman spectrum, with the exception of some
general qualitative speculations. An XRD pattern, on
the other hand, is a direct reflection of the crystal
structure, allowing straightforward calculation even
by hand. In fact, many complicated crystal structures
were solved by XRD before the advent of the com-
puter. This direct relationship makes it possible to re-
fine the details in a crystal structure—e.g., lattice
parameters, atomic coordinates, occupancies, and dis-
placements—by fine-tuning the parameters and
matching the computed pattern to the experimental
data. With high-quality diffraction data, it is even pos-
sible to solve the crystal structure of a completely
new or unknown material.

APPLICATIONS OF RAMAN SPECTROSCOPY
AND X-RAY DIFFRACTION IN GEMOLOGY

The applications of Raman and XRD are presented
here first, to avoid overwhelming the reader with the
technical details of each method. Despite the convo-
luted physical principles and technical complica-
tions, computer programs make their use quite
straightforward. However, a deeper understanding of
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the technical details is often required to correctly in-
terpret the data, which is why we take the opportu-
nity to explain the physical principles and data
collection of these techniques toward the end of this
article. Raman and XRD largely serve the same func-
tion, which is to identify the characteristic structure
of a material. Although not all crystalline materials
are Raman-active (most gem minerals are), they al-
ways diffract X-rays to produce a unique pattern.
Conversely, Raman spectroscopy is not limited to
crystalline structures: It can also identify bond vibra-
tions in polymers or small molecules in liquid and
gaseous materials. XRD cannot identify molecular
materials unless they are crystallized.

There have been several review articles and book
chapters on applications of Raman spectroscopy to
gemology (Kiefert et al., 2001; Bersani and Lottici,
2010; Fritsch et al., 2012; Eaton-Magana et al., 2021),
though almost no publications mention XRD in a
gem laboratory. Nonetheless, to avoid repeating pre-
vious works, this article will broadly summarize how
Raman and XRD assist in testing gem materials.
Readers should refer to the referenced articles for the
details in each specific application. Given that XRD
is less commonly used in a gemological laboratory,
Raman spectroscopy will be emphasized.

Gem Species Identification. Gem species identifica-
tion is obviously the most basic application of
Raman spectroscopy and XRD. Both Raman spectra
and XRD patterns serve as signatures or fingerprints
of specific material species. As explained earlier,
identification of a gem species requires comparing
the experimental data with spectra of known mate-
rials in a database. While there is a comprehensive
XRD database for crystalline materials, it is excessive
for gem identification purposes. The most com-
monly used option in a gemological laboratory is the
XRD data of minerals in the RRUFF project (Lafuente
et al., 2015). When Raman or XRD is needed to con-
firm a gemstone’s identity in a laboratory, it always
follows other tests, such as chemical analyses, that
have already narrowed down the possibilities.
Given that a Raman spectrum can be collected on
a faceted crystal very quickly (within seconds, de-
pending on the instrument), it is routinely used for
rapid gem species identification, especially when a
fast turnaround is required. Small portable Raman
spectrometers (box A) are also useful as a simple way
to confirm the identity of gemstones when other
testing methods are not easily accessible. Further-
more, a Raman spectrometer would undoubtedly be
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an important component of any automated system
designed to sort large quantities of small gemstones.

Raman spectroscopy is ideally suited for common
gem species such as corundum, beryl, chrysoberyl,
feldspar, tourmaline, spinel, and garnet (Jenkins and
Larsen, 2004). While XRD is always more reliable for
identifying gem or mineral species, it is often consid-
ered a destructive analytical method in which sam-
ples are crushed into a fine powder. However,
modern area detectors using Debye-Scherrer diffrac-
tometers have made it possible to collect powder
XRD patterns directly from single crystals such as
faceted gemstones with pointed culets using a Gan-
dolfi stage (Gandolfi, 1967; Schmidt, 2019). Cabo-
chon-cut aggregate gemstones made up of many
small crystals (e.g., jadeite, nephrite, chalcedony,
turquoise, and hydrogrossular) can also be directly
analyzed by XRD in either the Bragg-Brentano or
Debye-Scherrer geometry with the appropriate sam-
ple stage (see the “X-Ray Instrumentation and Data
Collection” section below). While Raman is much
more efficient and user-friendly, XRD is occasionally
used in the gemological laboratory when Raman
spectroscopy together with chemical analysis cannot
conclusively identify an obscure specimen. For in-
stance, the recently discovered mineral johnkoivu-
laite was identified in GIA’s laboratory when its
Raman spectrum and XRD pattern did not match
any known mineral species (Palke et al., 2021). Char-
acterizing the crystal structure using XRD (either
single-crystal or powder diffraction) is often a prereq-
uisite for proposing a new mineral species to the In-
ternational Mineralogical Association (IMA) (Nickel
and Grice, 1998).

The subtle differences in peak positions and
shapes in Raman spectra and XRD patterns reflect
variations in the crystal structures of the tested ma-
terial, providing additional structural information be-
yond phase identification. For instance, Raman
spectroscopy can separate beryl into different groups
based on alkali content, and it can identify molecule
species such as carbon dioxide and water in struc-
tural channels. This information aids in determining
geographic origin or distinguishing natural from syn-
thetic emerald (Lodzinski et al., 2005; Huong et al.,
2010). The ordering state of spinel is reflected in its
Raman spectrum (and XRD pattern), assisting in heat
treatment detection. Peak positions in the Raman
spectrum have even been proposed as a means to cal-
culate the chemical composition of a garnet (Bersani
etal., 2009), though the results are too inaccurate for
practical applications.

RAMAN SPECTROSCOPY AND XRD

Raman and XRD can also be applied to certain
amorphous materials. Without the long-range order-
ing of a well-defined crystal structure, amorphous
materials do not show sharp peaks in their Raman
spectra or X-ray diffraction patterns but display broad
bands determined by short-range local structures.
The various categories of opal (opal-A, opal-CT, and
opal-C), which can also be distinguished to some ex-
tent by Raman spectroscopy (Smallwood et al., 1997;
Ilieva et al., 2007; Sodo et al., 2016), are defined by
their distinct XRD patterns showing bands with var-
ious positions and sharpness (Jones and Segnit, 1975).
The C-C, C-O, or C-H bonds in some polymeric
chains of purely organic gems such as amber and
copal can also be identified and characterized by
Raman spectroscopy (Verkhovskaia and Prokopenko,
2020; Karolina et al., 2022.).

Inclusion Identification. While most gemstones sub-
mitted to a gemological laboratory are valued for
their high clarity and lack of inclusions, these tiny
trapped materials can provide crucial insights into
the geological and treatment history of a gemstone.
Therefore, identifying and characterizing inclusions
is sometimes a critical test in gemological analysis.
The confocal mode in a Raman microscope makes it
possible to analyze inclusions measuring only a few
micrometers.

Primary inclusions reflect the geological condi-
tions in which gemstones were formed, with certain
mineral inclusions or inclusion combinations serving
as characteristic fingerprints for a specific locality. In-
clusion identification using Raman spectroscopy has
emerged as a valuable tool in determining the geo-
graphic origin of corundum (Dele et al., 1997; Garnier
et al., 2008; Graham et al., 2008; Palanza et al., 2008;
Xu and Krzemnicki, 2021). This technique can also
identify the liquid and gas species trapped inside fluid
inclusions in gemstones. In practice, however, origin
determination using inclusions relies largely on their
visual appearance, without the need for Raman spec-
troscopy (Palke et al., 2019a,b).

Characterizing certain mineral inclusions may also
help detect treatment processes. For instance, goethite
and diaspore dehydrate at low temperatures (<600°C),
so identifying them proves the host corundum has not
been subjected to heat treatment (Krzemnicki et al.,
2023). Other inclusions, such as zircon in corundum,
may decompose or melt when heated at high temper-
atures, and thus their decomposition product (badde-
leyite in the case of zircon) indicates high-temperature
heat treatment (Rankin and Edwards, 2003; Wang et
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Box A: PORTABLE RAMAN SPECTROMETERS

Raman spectroscopy offers a fast, simple, and nondestruc-
tive means of identifying phases of molecular or crys-
talline materials, making it valuable across a wide range
of scientific and industrial applications. These include
pharmaceuticals, narcotics, biopsy, nanotechnology,
chemical engineering, material design, explosives detec-
tion, and the study of art and cultural heritage artifacts.
Its versatility has led nearly all spectrometer manufactur-
ers to offer portable, general-purpose Raman devices that
range in size from a smartphone to a small briefcase.

RAMAN SPECTRA
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INTENSITY —>

As illustrated in figure 5, the basic configuration of a
Raman spectrometer is quite simple, consisting of a laser
source, a spectrometer, and optics to direct the laser and
scattered light. This simplicity enables the design of
compact Raman spectrometers. In fact, the display and
controls are often the size-limiting components for a
fully integrated, stand-alone instrument with its own
system (Crocombe et al., 2023). Compared to a research-
grade Raman spectrometer, these portable devices are
equipped with much weaker single-laser sources and
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Inclusions in diamonds are scientifically valuable,
as these often fully enclosed materials contain infor-
mation from deep inside the earth that would be im-
possible to obtain otherwise. Raman spectroscopy
and XRD are the primary methods for studying these
samples in geological research (Angel et al., 2022;

al., 2006). Radiation-damaged zircons can recrystallize
during annealing at relatively low temperatures
(Zhang et al., 2000a,b; Ende et al., 2021), which means
characterizing the peak sharpening and positional
shift of zircon inclusions in corundum may help de-
tect low-temperature heat treatment as well.
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much lower-resolution spectrometers. The optics are also
much simpler, directing the laser and collecting the scat-
tered light from a much larger area on the sample.
Nonetheless, they offer the benefits of affordability, con-
venience, and fewer safety restrictions, making Raman
spectroscopy accessible to less-experienced users.

Although a few devices on the market are specifically
designed for gemological use, there are some significant
limitations the buyer needs to be aware of before applying
them to gem identification. Not all gemstones exhibit
Raman spectra with sharp, distinct peaks; some may show
broad overlapping bands instead (figure A-1, A-D). Some
gemstones are weak Raman scatterers that require intense
laser power or long exposure time to acquire usable data.
Some gem materials have strong fluorescence, which can
saturate the detector and overwhelm Raman signals, re-
quiring lasers of longer wavelength to reduce the photolu-
minescence (figure A-1, E and F). No single laser
wavelength or power is suitable for all materials, so re-
search-grade Raman spectrometers are equipped with mul-
tiple laser sources and adjustable power output. A portable
Raman device, on the other hand, is only equipped with a
single weaker laser source (usually a green laser for gemo-
logical applications), which could significantly limit its use
on challenging gem materials with a weak Raman signal
or strong fluorescence.

Moreover, phase identification using Raman spec-
troscopy requires comparing the collected data with a ref-
erence database, but this is not always straightforward or
conclusive. Gem materials encompass a wide range of dras-
tically different materials, including natural and synthetic
single crystals, polycrystalline rocks, organic or composite
materials, and even amorphous materials such as plastic
and glass. There is still no comprehensive Raman database
for quick and accurate gem species identification. The best
available option is the Raman spectra data of minerals from
the RRUFF project (Lafuente et al., 2015). However, most
minerals are not gemstones, which means this database
contains many irrelevant references that could slow down
the identification rate or lead to errors. Most Raman de-
vices designed for gem identification come with custom-
built databases, but their completeness and accuracy for
challenging or obscure gem materials are difficult to assess.

Raman spectroscopy is generally more effective and ef-
ficient when the range of potential matches is limited,
minimizing the chance of misidentification. This is why

Smith et al., 2022). The recently discovered mineral
crowningshieldite was identified and characterized
as an inclusion in a type Ila diamond using both
methods (Smith et al., 2021). Although inclusion
identification may help separate natural gemstones
from synthetics, inclusions do not routinely undergo

RAMAN SPECTROSCOPY AND XRD

portable Raman devices excel at quickly detecting ex-
plosives or toxic substances. Despite some advertising
claims that these portable devices can instantly identify
a gemstone species with 100% accuracy, a Raman spec-
trometer is not a stand-alone gem identification
method—it should be used as confirmation after stan-
dard gemological tests have eliminated all but a few pos-
sibilities. It is best suited for identifications within
subcategories of gem materials where the possibility
pool is limited, such as a trader or appraiser who exclu-
sively deals with diamond and diamond simulants or a
ruby miner who wants to quickly separate garnet from
corundum. It should be noted that these specialized ap-
plications may require a custom database for the device
to be most efficient.

CHECKLIST FOR PURCHASING A PORTABLE
RAMAN DEVICE

Self-Assessment
e What is my primary need for this equipment?
e Is this equipment best for my particular
applications?
e Can I justify the cost based on the additional in-
formation I can expect from this equipment?

Questions for the Manufacturer
e What is the laser wavelength and power?

e What is the laser safety classification, and does it
meet local regulations or require special training
to operate safely?

e What is the expected learning curve to operate
this equipment?

e What support does the manufacturer offer users?

e What warranty is provided?

o Is there dedicated software specific to gemology?

e How often is the software updated?

¢ How many gemstones are included in the soft-
ware database?

o [s the database customizable for special
applications?

Raman spectroscopy, since other testing methods are
more effective at achieving the same goal.

Testing Pearls and Other Biogenic Carbonate Gems.
Biogenic gems are discussed separately because they
often contain composite materials rather than a sin-
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Figure 2. Raman spectra of vaterite, calcite, and arag-
onite collected from pearls. The peak positions at
~710 and ~1090 cm can be used to identify the cal-
cite polymorph of calcium carbonate. Spectra are off-
set vertically for clarity.

gle mineral. Pearls (and shells) are composed mainly
of biomineralized calcium carbonate in organic ma-
trices. Calcium carbonate has three known poly-
morphs (minerals with the same chemical formula
but different crystal structures)—aragonite, calcite,
and vaterite (figure 2)—and all three can be found in
pearls. More than one polymorph (and sometimes all
three) can be found in pearls from the same species,
or even within the same sample.

Most pearls, both nacreous and non-nacreous, are
made up mostly of aragonite. Calcite frequently oc-
curs in low-quality nacreous pearls accompanying
aragonite, and it is the main component of some
non-nacreous pearls produced by a few special mol-
lusk species. Vaterite, an unstable polymorph of cal-
cium carbonate, does not occur regularly in pearls
but has been reported in certain growth zones or sec-
tors of freshwater cultured pearls (Qiao et al., 2007;
Wehrmeister et al., 2007; Soldati et al., 2008). The
factors that determine the carbonate species found
in a given pearl are not fully understood, but the
mollusk species and the environment (temperature
and chemistry) undoubtedly play crucial roles.
Therefore, identifying the calcium carbonate poly-
morph is an important test for determining the mol-
lusk species and origin of certain pearl types
(Eaton-Magana et al., 2021). The same test applies to
corals, which may comprise aragonite, calcite, or al-
most purely organic matter depending on the type.
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One notable example (Karampelas et al., 2009) is
separating the endangered and internationally pro-
tected Stylaster corals (aragonite with carotenoid
pigment) from the highly valued red coral from the
Corallium genus (calcite with parrodiene pigment).

Besides identifying the specific carbonate poly-
morph, Raman spectroscopy and XRD can also reveal
information about the chemistry, which may also
help in separating pearls from different species or en-
vironments. The exact position of the calcite Raman
peak at ~710 cm™! is sensitive to magnesium content
(Kim et al., 2021). Disordered dolomite (calcite with
almost half of the calcium substituted by magne-
sium) was recently discovered in the center of a nat-
ural Cassis pearl using Raman spectroscopy and
XRD (Zhou et al., 2023).

One complication in pearl analysis is the orienta-
tion effect. Unlike faceted single-crystal gemstones
with sharp points, which can either be tested on dif-
ferent facets or randomized using a Gandolfi stage,
the surface of a nacreous pearl is always perpendicu-
lar to the c-axis of the aragonite due to the orderly
packing of platelets in the nacre (Yoshimi et al.,
2004). A similar orientation can be observed in some
calcite pearls (Okumura et al., 2010; Pérez-Huerta et
al., 2014). The restricted orientation may result in
spectra or diffraction patterns that differ significantly
from the reference, in which the peak positions re-
main the same but the relative intensities of the
peaks are different due to the biased orientation dur-
ing analysis (e.g., Friedmann, 1957; Yoshimi et al,,
2004; Lu, 2009; Gao et al., 2023). This orientation ef-
fect does not affect qualitative phase identification,
especially when the possibilities are limited to car-
bonates, but quantification may be impossible with-
out destructive testing, which is only applied for
research purposes.

Treatment Identification. Besides identifying altered
(or unaltered) natural inclusions, Raman spec-
troscopy can help identify foreign materials intro-
duced during treatment. Since materials introduced
by treatment are often highly localized and amor-
phous, the applications discussed in this section
mostly pertain to Raman spectroscopy and do not
apply to XRD.

One common clarity enhancement for colored
stones and diamonds is the filling of fractures using
RI-matching materials such as glass or epoxy. Raman
spectroscopy can detect the lead glass fillers in frac-
ture-filled rubies and the flux in fracture-healed ru-
bies (McClure et al., 2006; Calvo del Castillo et al.,,
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2009; Fan et al., 2009). The organic materials used to
fill gems of lower RI, such as jadeite and emerald, can
also be identified by their various Raman-active C-
C, C-O, and C-H bonds (Johnson et al., 1999; Kiefert
et al., 1999, 2000). This test is especially useful for
emeralds, as the acceptability of a permanent filler
(epoxy) versus a removable filler (oil) may vary de-
pending on customer preference.

Coating of faceted surfaces is another treatment
sometimes used for luster enhancement, color alter-
ation, or protection from scratches. Certain coating
materials, such as diamond films, are also easily
identified by Raman spectroscopy (Fritsch et al.,
1989). Notably, Raman spectroscopy is only applica-
ble when a significant amount of a new phase is in-
troduced by the treatment. The claim suggesting that
beryllium diffusion (or any diffusion treatment) can
be detected by Raman (Sastry et al., 2009) contradicts
the basic principle of Raman scattering and is com-
pletely unsupported by any empirical evidence.

Raman spectroscopy can also help distinguish
natural-color pearls and corals from color-treated or
dyed material. Many natural-color pearls and corals
derive their color from polyenic pigments (Karam-
pelas et al., 2007). If a pearl or coral displays a color
known to be from a polyenic pigment in nature but
does not show any polyenic peaks in its Raman spec-
trum, the color must be the result of treatment. Cer-
tain dyes used to enhance the color of pearls, such as
silver nitrate for blackening freshwater pearls, show
distinct peaks in their Raman spectra, making iden-
tification even simpler.
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Figure 3. Light striking a
crystalline material (A) may
excite certain vibration
modes of the crystal lattice
(B). The scattered light has a
slightly lower energy (longer
wavelength) due to the en-
ergy transferred to the lattice.
This process is known as
Stokes Raman scattering.
The reverse process, though
less Iikely, is known as anti-
Stokes Raman scattering (B
— to A with reversed light di-
rections), where the incident
light takes energy away from
the vibrating lattice, result-
—(© ing in scattered light with
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PRINCIPLES OF RAMAN SCATTERING

Scattering of visible light occurs everywhere in the
world around us. Thin clouds and snow appear
white because of the non-selective scattering of the
visible spectrum by water droplets or ice flakes.
Scattering is almost always elastic, meaning the
light’s wavelengths remain unchanged. Imagine a
bright green spot that appears from shining a green
laser pointer at the wall. The wavelength and color
of the bright spot are exactly the same as the laser
beam because almost all the light is scattered elas-
tically. However, if our eyes were supersensitive de-
tectors of both intensity and wavelength, we would
see that the bright spot on the wall actually contains
tiny amounts of light of different colors (wave-
lengths). Some of this inelastic scattering of light,
about 10 million times weaker than elastic scatter-
ing (Pasteris and Beyssac, 2020), is called Raman
scattering, named after Sir C.V. Raman, the Indian
physicist who received the Nobel Prize in 1930 for
recognizing it. The spectrum of Raman-scattered
light contains information from the light-scattering
medium, which can be used to identify and charac-
terize materials.

Most introductions to Raman spectroscopy focus
on inelastic scattering by molecules, in the manner
of its original discovery (Raman, 1922). In the con-
text of gemology, however, we need to consider in-
elastic scattering from solids, often crystalline. In
this case, Raman scattering also occurs as incoming
photons exchange energy with the entire crystal
structure. For example, if an incident photon excites
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a particular crystal lattice vibration, it will lose
some specific amount of energy, resulting in a scat-
tered photon of longer wavelength (lower energy)
(figure 3). This process is known as Stokes Raman
scattering. The amount of energy lost is called the
Raman shift, as illustrated in the energy level dia-
gram in figure 4, and it is characteristic for the scat-
tering material. The reverse process, called
anti-Stokes Raman scattering, where photons gain
specific amounts of energy from the vibrating lat-
tice, can also occur but tends to be weaker and
harder to detect. Therefore, Raman spectroscopy
typically focuses on Stokes Raman scattering,.

Figures 3 and 4 depict just one Raman shift, but
materials usually have multiple available vibra-
tional modes with different energies that can in-
elastically scatter photons, depending on the
bonding structure and symmetry. The spectrum of
Raman-scattered light can therefore exhibit bands
or peaks at various energies, together providing
structural (and to some extent chemical) informa-
tion. It is often possible to identify and characterize
a material based on its Raman spectrum. However,
some materials, such as metals and table salt, are
Raman-inactive because they cannot scatter light
inelastically due to symmetry constraints. Raman
spectroscopy is often considered complementary to
infrared absorption (IR) spectroscopy, as they both
involve observations of vibrational energy states
(figure 4), although they often do not activate the
same vibration modes.

INCREASING ENERGY —>
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Luminescence

Figure 4. Energy level dia-
gram illustrating Raman
scattering, as well as other
phenomena for context. As a
quantum mechanical sys-
tem, only discrete amounts
of energy are allowed, repre-
sented by the horizontal
lines. The lower energy states
at the bottom correspond to
different vibrations in the
molecules or crystal lattice.
Only a finite number of vi-
brations are allowed, each
with its own distinct fre-
quency or energy. Energy can
be transferred between a pho-
ton and the vibration states,
resulting in a scattered pho-
ton of a different energy. This
energy change is called the
Raman shift.

Excited
electron
states

Absorption
uoissiwg

Vibrational
states

\ 4

Ground state

A key feature of Raman spectroscopy is that it de-
tects small “shifts” in the light energy between the
excitation and scattered radiation. For any given
Raman-active feature (mode), the wavelength of the
scattered light depends on the wavelength of the in-
cident light (e.g., the laser wavelength). This differs
from methods such as IR spectroscopy or lumines-
cence spectroscopy, where we associate particular
wavelengths of light with particular molecules or de-
fects. This is why Raman spectra are plotted on a
wavenumber-shift scale (in units of cm™) instead of a
wavelength scale, as wavelength values are inversely
proportional to the photon energies and thus cannot
be directly added or subtracted. Note that the units
used in Raman and IR spectroscopy, which are both
conventionally plotted in wavenumbers (in units of
cm™), are not equivalent. In Raman spectroscopy, a
spectrum shows the relative energy, plotted as the
Raman shift compared to the laser excitation, which
sits at 0 cm™. In IR spectroscopy, a spectrum shows
the absolute energy in wavenumbers.

RAMAN SPECTROSCOPY INSTRUMENTATION
AND DATA COLLECTION

There are many different instrument designs and
variations on the technique, serving different pur-
poses, ranging from small handheld devices that can
fit in a pocket (box A) to large research-grade instru-
ments equipped with multiple laser sources and
powerful optical microscopes that take up an entire
desk. Regardless of the size or application, the basic
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configuration of a Raman spectrometer is always the
same (figure 5): a laser source to provide intense in-
cident monochromatic light (light of a single wave-

T T T T
400 600 800 1000

RAMAN SHIFT (cm™)

T
1200

Figure 5. Schematic dia-
gram of a basic Raman
spectrometer. The light
produced by a laser source
is directed to the sample
by optical fibers or mir-
rors. Scattered light is di-
rected back to the
spectrometer via a notch
filter, which blocks the
elastically scattered light
and allows only the much
weaker Raman-scattered
light to pass through. The
diffraction grating in the
spectrometer disperses the
scattered light into a spec-
trum of wavelengths, and
the detector records this
dispersed light. A com-
puter reads and displays
the spectrum.

length), optics to direct and collect light to and from
the sample of interest, and a spectrometer to measure
the Raman-scattered light. This section focuses on

Figure 6. The Renishaw inVia confocal Raman microscope is a popular research-grade Raman spectrometer. Sam-
ples are placed on the microscope stage under the objective lens for analysis. The protective doors are open here to
show the internal path of the laser beam. The green light is scattered light along the optical path of the 514.5 nm

argon laser, which is mounted behind the instrument. Photo by Kevin Schumacher.
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the more powerful and versatile research-grade in-
struments that best represent the technical capabil-
ities of Raman spectroscopy.

Figure 6 shows an example of a Raman micro-
scope, with the doors opened to reveal the green glow
of scattered light from the 514.5 nm laser source. The
user views the specimen through the microscope eye-
pieces or uses a digital camera, bringing the desired
point of analysis into focus and moving it under the
crosshairs to center it in the focal point of the laser,
which is aligned to be coaxial with the objective lens.
The same instrument can also be used for photolu-
minescence spectroscopy (to measure the emission
light, as in figure 4). In this case, the recorded spec-
trum is simply plotted in wavelength (in nanome-
ters) instead of being expressed as a Raman shift
(Eaton-Magana and Breeding, 2016).

Modern Raman spectroscopy owes its success as
a practical analytical technique to the development
of powerful monochromatic laser sources and sensi-
tive detectors. One important refinement is the use
of confocal optics, which blocks out-of-focus light and
improves the spatial resolution of the analyzed vol-
ume (e.g., Everall, 2009). Confocality is achieved by
focusing the collected light through a pinhole or a slit
using a more adjustable quasi-confocal arrangement.
The spatial resolution also depends on the numerical
aperture (NA) of the microscope objective lens and
the laser wavelength (A) and is proportional to A/NA.

With confocal optics, it is possible to characterize
relatively small regions of a gem, such as internal in-
clusions. For example, a 100x objective lens with a 0.9
NA used in combination with a 514.5 nm laser can
achieve a spatial resolution of approximately 1 x 1 x 5
um?, elongated along the optical axis (i.e., the direction
of the incident laser beam). Note, however, that there
are many additional factors affecting the spatial reso-
lution (e.g., Kim et al., 2020). Focusing the laser inside
a crystal to examine inclusions or other internal fea-
tures will further distort the light and affect the spatial
resolution. Conventional microscope lenses have
short working distances, which can become a limiting
factor when attempting to analyze inclusions inside a
gemstone or when more clearance is needed to work
around a jewelry setting. Lenses with a long working
distance offer a practical solution, but the tradeoff is a
lower NA, which means the light is not as tightly fo-
cused and the analyzed volume is larger.

Another important consideration is the choice of
laser wavelength. Raman spectrometers are some-
times equipped with multiple interchangeable lasers.
A shorter wavelength (e.g., blue 488 nm laser) gener-
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ally leads to more intense Raman scattering and a
slightly smaller spot size. However, it also increases
the likelihood of luminescence from the gemstone or
other target material. Luminescence (particularly flu-
orescence) is problematic because it can drown out
the Raman signal and decrease spectral resolution
(e.g., figure A-1E). For this reason, longer wavelengths
such as red (e.g., 633 nm) or even infrared lasers (e.g.,
830 or 1064 nm) can be a more practical choice for
Raman spectroscopy because they are less likely to
excite luminescence. A green laser (e.g., 514 or 532
nm) can offer a good compromise (again, see figure 6).
Ultimately, the problem of luminescence depends on
the sample and atomic scale defects within it.

Laser power is another variable to consider.
Benchtop Raman microscopes often employ lasers
in the range of a few to hundreds of milliwatts. Ide-
ally, the laser power that actually reaches the sample
after passing through the various internal compo-
nents can be measured with a laser power meter. Al-
though higher power generally yields a stronger
Raman signal, it also increases the risk of altering
the sample and obtaining poor-quality data. An in-
tense laser focused down to a spot can produce
enough heat to damage sensitive materials, espe-
cially if they are dark or opaque. When attempting
to collect a Raman spectrum from magnetite (Fe;0,),
localized heating from the beam often alters the
specimen at the small surface region where the laser
is focused, resulting in a spectrum that corresponds
to hematite (de Faria et al., 1997). In such cases, the
solution is to use a lower laser power, and many in-
struments allow the option to step down the laser
power. Starting at a low laser power and gradually
increasing it until obtaining an acceptable Raman
signal is a good approach.

Figure 5 shows Raman analysis at a single point.
With computer-controlled motorized stages, moving
optics, and faster detectors, an increasing number of
instruments can collect data from multiple points
in succession to achieve two-dimensional and three-
dimensional Raman maps. Mapping can be very
helpful in rapidly visualizing or imaging hetero-
geneities that might otherwise be invisible (Eaton-
Magana et al., 2021). As technology continues to
advance, Raman spectroscopy will become an even
more powerful technique whose applications will
continue to expand.

PRINCIPLES OF X-RAY DIFFRACTION

Diffraction is the phenomenon in which a wave is
redirected around an obstacle or aperture. While very
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ONE-DIMENSIONAL DIFFRACTION GRATING

Reflection grating:
backward diffraction

Transmission grating:
forward diffraction

Figure 7. Top: The light
scattered (either trans-
mitted through or re-
flected back) by
different sections of the
one-dimensional dif-
fraction grating travels
varying distances. Con-
structive interference
(diffraction) occurs
only when the wave-
length (A), periodicity
(d), and incident (6,)
and diffraction (64) an-
gles satisfy a certain
condition. Bottom: Be-

DIFFRACTION OF WHITE INCIDENT LIGHT OFF OF A DIFFRACTION GRATING

Incident light

cause of the varying
diffraction angles for
different wavelengths,
an incident beam of
white light is dispersed
by the diffraction grat-
ing into a spectrum.

similar to scattering, diffraction differs in that it ap-
plies to waves instead of particles. Since photons
demonstrate wave-particle duality, the same physical
process involving electromagnetic waves can often be
described as both scattering and diffraction. As a wave
phenomenon, diffraction does not change the energy
or wavelength (being elastic by default) and is often
accompanied by interference, especially when the dif-
fracting obstacle or aperture has a periodic structure.
The amplitude (or intensity) of the diffracted wave
can be recorded by a detector positioned far from the
diffracting object (with the detector distance much
larger than the size of the diffracting object). This far-
field distribution of the diffracted wave amplitude,
often expressed in terms of diffraction angle, is
known as a diffraction pattern. Diffraction is encoun-
tered in everyday life, with the most noticeable ex-
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amples involving visible light. The striking iridescent
colors of butterfly wings and iris agates are examples
of naturally occurring diffraction phenomena.

A diffraction grating is an optical grating with a
periodic structure that bends light into different di-
rections. The light rays scattered by different slits or
grooves in a diffraction grating with a periodicity of
d will constructively interfere with each other when
the optical path differences between them are integer
n multiples of the wavelength (A):

d(cos 0, - cos 0,;) = nA (1)

in which 6, represents the incident angle and 6, the
diffraction angle relative to the grating plane (figure
7, top). The diffraction angle is dependent on the
wavelength of the incident light, which means inci-
dent light containing a range of different wavelengths
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SINGLE DIRECTION

Figure 8. Top: This sim-
ple diagram illustrates
Bragg’s law. The X-ray
“reflected” by the sec-
ond layer of atoms trav-
els an extra distance of
2dsin® (the blue section
of the path) compared to
the first layer. X-rays “re-
flected” by different lay-
ers (lattice planes) will

MULTIPLE DIRECTIONS

can be dispersed by a diffraction grating into a spec-
trum (figure 7, bottom). This principle is the basis for
how most optical spectrometers, such as the one
used in Raman spectroscopy, separate light of differ-
ent wavelengths (again, see figure 5).

For a diffraction grating to effectively bend and dis-
perse the incident light, its periodicity must be larger
than, and on the same scale as, the wavelengths of the
incident light. For instance, a diffraction grating that
effectively disperses the visible spectrum (~400-700
nmy; figure 7) typically has a period of a few microm-
eters. In contrast, a diffraction grating with a nanome-
ter-scale periodicity (i.e., a crystal structure) can only
bend electromagnetic waves of shorter wavelengths,
which are X-rays. Equation 1 above is known as the
first Laue equation in X-ray crystallography (Ham-
mond, 2015}, named after Max von Laue (Friedrich et
al., 1913). Because crystals are three-dimensional pe-
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constructively interfere
when the optical path
differences equal integer
n multiples of the wave-
length (i.e., nA). Bottom:
Bragg’s law may be satis-
fied in more than one
way, allowing the X-ray
to be diffracted in sev-
eral directions simulta-
neously. However, the
only experimentally
measurable angle is be-
tween the diffracted
beam and the incident
beam, which is 26 rather
than 6.

riodic structures, three Laue equations in three differ-
ent directions must be satisfied simultaneously for
diffraction to occur. The three combined Laue equa-
tions can be simplified into the more commonly
known Bragg’s law (Bragg and Bragg, 1913):

2dyq sin 6 = nA (2)

in which the d,,, represents the spacing between lat-
tice planes with a Miller index of hkI.

Bragg’s law can be intuitively explained as a cal-
culation of the optical path difference between X-
rays “reflected” by different layers of lattice planes
that are integer multiples of the wavelength, allow-
ing constructive interference (figure 8, top). How-
ever, this is a simplification, because the lattice
planes cannot truly “reflect” X-rays like a mirror—
they are not real physical planes but imaginary ones
in the crystal structure. The experimentally meas-
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urable angle is 20 between the incident beam and
the diffracted beam, instead of O relative to the lat-
tice plane (figure 8, bottom). Moreover, Bragg’s law
can be satisfied in multiple ways at once, which
means the incident X-ray beam can be diffracted
into multiple directions in three dimensions by a
single crystal. Bragg’s law determines the diffraction
angles but does not reveal anything about the inten-
sities of the diffraction peaks. A two-dimensional
XRD pattern, known as a diffractogram, combines
peak positions (diffraction angles) and peak intensi-
ties (figure 1, bottom). Peak positions are deter-
mined by the wunit cell geometry (lattice
parameters). Peak intensities depend on the detailed
atomic arrangement within the unit cell.

A crystal structure diffracts not only X-rays but
also any form of wave with similar wavelengths as X-
rays. Physical particles such as electrons and neutrons
can also behave like waves. Known as matter waves
or de Broglie waves, they are also commonly used to
analyze crystal structures through diffraction.

XRD is not typically considered a spectroscopic
method, since a spectrum requires a range of contin-
uously varying wavelengths (or frequencies). Techni-
cally, though, its principle is closely related to
spectroscopic methods. If the angle 6 in Bragg’s law
is fixed (equation 2) but the wavelength A is variable,
the X-ray diffraction pattern would indeed become a
spectrum. In practice, it is much easier to generate
monochromatic X-rays and measure the diffraction
angle than to resolve the energy of the diffracted X-
rays from a white incident X-ray beam. In fact, the
most accurate way to resolve an X-ray spectrum is
by using a perfect crystal with known lattice param-

Figure 9. Diagrams showing two different geometries for

powder XRD. A: The Bragg-Brentano diffractometer uses

a point detector that moves in a circular path to measure
the X-rays at different diffraction angles. The X-ray

source (or sample stage) rotates together with the detec-
tor to maintain a “reflective” geometry that optimizes
detection efficiency. B: The Debye-Scherrer diffractome-

ter uses a statl'onary X—ray source and an area detector or

X-ray film. Either a section or the entire diffraction pat-
tern can be collected without moving the detector. The

powdered sample is in the center. A smaller amount of

sample is required, and it is often rotated during data
collection to best randomize the orientation. C: An ex-

ample XRD pattern of grossular garnet collected on X-ray

film using a Debye-Scherrer camera, as illustrated in B.
Similar 2D diffraction patterns collected on digital area
detectors can be converted to the 1D intensity vs. 20
plot, as shown in figure 1B.

RAMAN SPECTROSCOPY AND XRD

eters as a diffraction grating to disperse the different
wavelengths. In other words, an X-ray diffractometer
is essentially an X-ray spectrometer in which the dif-
fraction grating itself is the test subject.

X-RAY INSTRUMENTATION AND
DATA COLLECTION

A single small crystal diffracts X-rays in three-di-
mensional space. This diffraction can be fully char-
acterized using a single-crystal X-ray diffractometer
to study the crystal structure in 3D space. However,

A e So
+, / Bragg-Brentano h
Vs

U, diffractometer

Sample

Debye-Scherrer
diffractometer
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without any modifications, XRD is assumed to be
powder X-ray diffraction, the most widely used dif-
fraction technique. The powder XRD pattern com-
prises diffracted X-rays from millions of randomly
oriented crystal grains. In this process, the orienta-
tional information is completely omitted and only
the intensity as a function of diffraction angle re-
mains. The most common X-ray diffractometer uses
the Bragg-Brentano geometry (figure 9A), in which
the powdered sample is spread on a plate as a flat
surface. A point or line detector on a moving go-
niometer arm measures the intensity over a range of
diffraction angles. The X-ray source moves on a sep-
arate goniometer arm to keep the incident angle to
the sample surface the same as the diffraction angle.
In some instruments, the X-ray source is stationary
but the sample plate rotates along with the detector
arm at a 6/26 relation to maintain the same “mirror
reflection” geometry. The Bragg-Brentano geometry
optimizes the efficiency and accuracy of a line de-
tector by allowing the diffracted X-ray to be focused
on the detector circle.

However, XRD is not a symmetrical process (fig-
ure 8, bottom), contrary to what the Bragg-Brentano
geometry suggests (figure 9A). The Debye-Scherrer
geometry provides a more complete picture of the dif-
fraction process. Instead of using a point or line de-
tector, it employs an area detector or X-ray film to
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measure diffracted X-rays in all directions simultane-
ously, without moving the detector. The sample is
often placed in a capillary made of polymers or glass
that do not diffract or fluoresce X-rays. The X-ray dif-
fracted by the sample forms concentric cones with
half-angles of 26 as defined by Bragg’s law.

XRD typically employs an X-ray tube as the X-ray
source. In this tube, high-energy electrons (acceler-
ated by high voltage) strike an anode material, typi-
cally copper or molybdenum, causing it to emit
characteristic X-rays. This is essentially the same
mechanism Wilhelm Conrad Roentgen used in 1895
to discover X-ray radiation. A rotating anode source,
where the anode can be cooled more easily, can pro-
duce more intense X-rays, such as those used for
medical imaging. A substantially more powerful
source, known as a synchrotron, uses a cyclic particle
accelerator. High-energy electrons are bent by a mag-
netic field, emitting electromagnetic radiation of var-
ious wavelengths, including X-rays.

With more powerful X-ray sources and more sen-
sitive area detectors becoming increasingly accessi-
ble, Debye-Scherrer diffractometers are gaining
popularity due to their versatility. Data collection is
much faster since the entire diffraction pattern is col-
lected simultaneously, without having to wait for the
detector to sweep the necessary angles. Additionally,
much smaller sample amounts are required. With a

Figure 10. An old Debye-
Scherrer camera formerly
used at GIA. A faceted
chrome diopside is mounted
on a Gandolfi stage that ro-
tates the gem around two
intersecting axes to random-
ize its orientation during
data collection. The X-ray
beam is directed to the
culet of the gemstone by the
collimator on the left. A
strip of X-ray film lines the
inside of the camera to col-
lect the diffraction pattern
from the gemstone. The
XRD pattern shown in fig-
ure 9C was taken using a
similar device. Photo by
Kevin Schumacher.
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rotating Gandolfi stage (figure 10), even a single crys-
tal grain can be used to generate a simulated powder
diffraction pattern by randomizing its orientation in
three dimensions (Gandolfi, 1967; Schmidt, 2019).
The angular resolution and precision of the Bragg-
Brentano geometry are generally better due to the
well-focused X-ray beam. However, other factors
such as detector distance, beam convergence, and
bandwidth are more critical in determining the ac-
curacy of the XRD data.

CONCLUSIONS

Raman spectroscopy and X-ray diffraction are perhaps
the most overlooked methods in a gemological labo-
ratory, since they are not always part of routine testing
procedures. In many cases, the information they pro-
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