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Gemstones are valued for their beauty, rarity, 
and durability, and what typically captures our 
attention is their magnificent array of colors. 

Corundum exhibits an extremely wide range of colors 
in nature (figure 1). From pigeon’s blood red ruby to 
cornflower blue and lemon yellow sapphire, nearly 
every color is represented. The only corundum color 
not represented in nature is a saturated intense emer-
ald green. However, less intense olive green to teal 
green stones are often found in basalt-hosted corun-
dum deposits.  

Corundum’s broad range of colors is related to its 
detailed chemistry. Some minerals possess inherent 
color because the chromophore is one of the basic 
chemical components of its makeup. Such stones are 
termed idiochromatic, meaning self-colored. For ex-
ample, turquoise, whose chemical formula is 
CuAl6(PO4)4(OH)8•4H2O, is colored by copper, a pri-
mary component of its structure. 

Other minerals such as corundum are, when very 
pure, completely colorless. In fact, pure corundum, 
with the chemical formula Al2O3, is absolutely trans-
parent from the deep ultraviolet region into the in-
frared. Such minerals are termed allochromatic. Their 
colors in nature are caused by minor impurities, re-

ferred to as trace elements, or other point defects in 
the crystal lattice that have been incorporated during 
growth or later equilibration in nature. The causes of 
color in corundum are many and have been primarily 
addressed in a non-quantitative way for many years 
(see, for example, Fritsch and Rossman, 1987, 1988; 
Häger, 2001; Emmett et al., 2003). Trace elements 
themselves can be the direct cause of color. Cr3+, for 
example, creates pink and red coloration in corun-
dum. Trace elements can also interact with each 
other, creating a new chromophore. The Fe2+-Ti4+ pair 
is such an example, strongly absorbing in the yellow 
and red regions of the spectrum and thus creating 
magnificent blue sapphires.  

When beryllium-diffused corundum entered the 
marketplace, we were surprised by the wide range of 
colors that were produced, seemingly by a single ele-
ment (Emmett et al., 2003). Measurements of the 
beryllium levels showed that the concentrations were 
generally from a few to a few tens of parts per million 
atomic (ppma), yet the colors produced were often in-
tense. For comparison, red coloration in corundum re-
quires several hundred to a few thousand ppma of 
Cr3+, a concentration at least two orders of magnitude 
greater than Be2+, to produce strong color.  

Our studies of the beryllium-diffused stones (Em-
mett et al., 2003) demonstrated that the Be2+ ion itself 
was not the cause of color. However, replacing a 
trivalent aluminum ion with a divalent beryllium 
ion required the creation of a trapped hole (h•) for 
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Figure 1. Gem corundum is rarely colored only by a single chromophore; the vast majority are colored by a combi-
nation of two or three chromophores. This composite photo illustrates the colors of single chromophores as they 
would appear in a faceted stone. We searched through a few thousand photos, courtesy of Lotus Gemology, to find 
these few that closely matched the single-chromophore color circles in this article. These gems represent (clock-
wise from top left) V3+ (first two stones), Cr3+, h•-Cr3+, h•-Fe3+, Fe2+-Ti4+, and Fe3+. Photos by Lotus Gemology.
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charge compensation. A trapped hole is an oxygen 
ion with a valence of –1 rather than –2. It is this O–1 
ion that is the strong absorber of light (Kvapil et al., 
1973). In natural stones, this trapped hole associating 
with either iron or chromium creates intense golden 
yellow or intense orange colors, respectively.  

In natural corundum, beryllium only rarely, if 
ever, exists in solution in the corundum lattice and 
thus does not produce these colors. Instead, natural 
corundum usually contains some amount of magne-
sium. Magnesium, like beryllium, is divalent (Mg2+, 
Be2+) when it replaces Al3+ in corundum and thus re-
quires charge compensation. If the stone is acceptor-
dominated1 with [Mg + Ni] > [Si + Ti + H] (square 
brackets denote concentrations in ions/cm3), and 
formed in conditions of relatively high oxygen fugac-
ity, the charge compensation is by a trapped hole (h•). 
Since it is the trapped hole in association with iron 
or chromium and not the beryllium or magnesium 
that produces color, the colors produced naturally by 
magnesium or by diffusion of beryllium are very sim-
ilar (Emmett et al., 2003, 2017b; Kröger, 1984). 

Having identified the h•-Fe3+ and the h•-Cr3+ as two 
additional chromophores in natural corundum, we 
have six major chromophores that are responsible for 
the multitude of colors in natural corundum: Fe3+, 
Cr3+, V3+, Fe2+-Ti4+, h•-Fe3+, and h•-Cr3+. Individually, 
their colors in corundum are as follows: 
                Pink, Red: Cr3+ 
                Orange: h•-Cr3+ 
                Yellow: Fe3+, h•-Fe3+ 
                Blue: Fe2+-Ti4+, V3+ 
                Green, Purple: V3+ 

These chromophores can occur singly in a corun-
dum sample (again, see figure 1), though it is com-
mon for natural corundum to contain more than one 
color-causing agent, as all natural corundum gener-
ally contains measureable levels of trace elements 
Mg, Si, Ti, V, Cr, Fe, and Ga that have been incorpo-
rated into the lattice. When multiple chromophores 
are present, the apparent color of the corundum sam-
ple results from the sum of the light absorption by 
each of the chromophores present (Emmett et al., 
2017a). 

To determine the visual color of a corundum sam-
ple from the chemical analyses, we need to know 
four additional factors: the absorption spectrum of 
each of the chromophores, the absorption 
“strengths” of the chromophores, the thickness and 
crystallographic orientation of the sample, and the 
color temperature of the illumination.  

All of these factors are well known in gemology 
with the exception of the absorption “strength.” The 
term for the absorption “strength” in physics is the 
absorption cross section (see box A on pp. 6–9; we 
strongly advise reading box A before proceeding). The 
absorption cross section quantitatively determines 
the effectiveness of a single ion or ion pair in a partic-
ular host material (such as corundum) in absorbing 
light of a given wavelength. The larger the absorption 
cross section, the stronger the chromophore. The unit 
of the absorption cross section is centimeters squared 
(cm2), which represents an area. One can conceptually 
visualize this as the size of the absorbing area that a 
single chromophore particle presents to the light 
beam. However, note that it is not the actual physical 
size of an ion or an ion pair.  

Knowing the absorption cross sections is ab-
solutely critical to determining the origin of color of a 
given sample. Before detailed chemical analyses were 
available, it was often assumed that iron was primarily 
responsible for yellow color in sapphire. However, we 
now know that there are yellow sapphires with 3000 
ppma Fe and yellow sapphires with 200 ppma Fe with 
similar depth or intensity of color, so clearly these are 
not colored by the same chromophore. 

1We use the terms “acceptor-dominated” and “donor-dominated” and 
also refer to chemical reactions among trace elements here without 
detailed explanations. These matters are discussed in detail in Emmett 
et al. (2003), with corrections and extensions in Emmett et al. 
(2017a,b). Rather than repeat these discussions, we refer the reader to 
these references and the extensive references therein. Furthermore, 
we will not repeatedly restate these references throughout this text.

In Brief 
•  Natural corundum has six major color-causing chro-

mophores: Cr3+, h•-Cr3+, Fe3+, h•-Fe3+, Fe2+-Ti4+, and V3+. 

•  The depth of color produced by each chromophore  
depends on three factors: the size of the gem, the con-
centration of the chromophore in the gem, and the ab-
sorption strength of the chromophore. 

•  The absorption strength of each chromophore is ex-
pressed by its absorption cross section. The cross sec-
tions of the various chromophores in corundum vary 
by a factor of approximately 500, meaning they range 
from weak to strong colorants. 

•  Using the cross section data provided in this paper, the 
color produced in a sample of any specified size and 
chromophore concentration can be calculated.
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The objective of this paper is to present the results 
of our efforts over more than a decade to determine 
both the E⊥c (O-ray) and E||c (E-ray) (see box B) ab-
sorption cross sections for all six chromophores in 
corundum and to describe how they were determined. 
We also illustrate the range of colors these chro-
mophores produce. Finally, the digital files at 1.5 nm 
resolution and 1 nm wavelength intervals from 200 
to 1100 nm for each of these chromophores are avail-
able to the reader to download for their own use.2  

Determining the absorption cross sections relies 
upon accurate determination of the chromophore 
concentrations in the samples. These determinations 
were made possible by secondary ion mass spectrom-
etry (SIMS) analysis at the California Institute of 
Technology (Caltech). SIMS was calibrated with sin-
gle-element ion implants in sapphire standards, elim-
inating any matrix effects. The calibration of SIMS, 
a major effort in itself, is described in detail in Stone-
Sundberg et al. (2017). 

The chromophore concentrations in this paper have 
largely been determined by SIMS analyses from syn-
thetic corundum crystals grown doped only with a sin-
gle chromophore. This is true of Cr3+, V3+, h•-Fe3+, and 
h•-Cr3+. The Fe3+ chromophore and Fe2+-Ti4+ chro-
mophore data were determined using both natural and 
single-doped synthetic crystals grown by the Czochral-

ski method (figure 2). Unlike many other minerals, 
corundum contains only a single small cation site. Ad-
ditionally, the energy required to force a cation into an 
interstitial site is very high (Matsunaga et al., 2004). 
These facts, together with the fact that the crystal 
must be rigorously electrically neutral, very strongly 
constrain what trace elements and what valence states 
of these trace elements can exist in corundum. For ex-
ample, iron in corundum by itself will be Fe3+ because 
the crystal must be electrically neutral. That is, the va-
lence of Fe must equal the valence of Al3+. Unless there 
is a tetravalent donor such as Si4+ or Ti4+ or an H+ inter-
stitial (El-Aiat and Kröger, 1982; Norby, 1989; Beran 
and Rossman, 2006; Li and Robertson, 2014) to charge 
compensate it, Fe2+ will not exist. If there is such a 
donor, the Fe2+-Si4+ and Fe2+-Ti4+ pairs will form. Thus 
the concentration of Fe2+ is limited by the concentra-
tions of H+, Si4+, and Ti4+. This is why we thoroughly 
analyze even the singly doped synthetic crystals.  

If a very high-purity synthetic crystal doped only 
with Fe3+ is processed at high temperature in a highly 
reducing atmosphere, oxygen vacancies with a 
charge of +2 with regard to the lattice may form and 
thus charge compensate two Fe2+ ions. It is for this 
reason that we process at high temperature in a pure 
oxygen atmosphere many of the synthetic crystals 
we have grown. This eliminates any oxygen vacancies, 

Figure 2. Shown are some of 
the many crystallographi-
cally oriented samples used 
in this study. Clockwise 
from top left, they represent 
the following chromophores: 
h•-Cr3+, h•-Fe3+, Fe3+, Cr3+, 
V3+, and Fe2+-Ti4+ (the two 
blue samples at lower left). 
The sample in the far lower 
left corner is a natural blue 
sapphire from Yogo Gulch, 
Montana, and the sample in 
the upper right corner is a 
natural yellow sapphire 
from the Subera deposit in 
Queensland, Australia; the 
rest are Czochralski grown. 
Sample numbers clockwise 
from upper left are 991, 992, 
1121, 1110, 1102, 1065, and 
1014; detailed information 
on the samples can be found 
in Appendix 1. 

2See https://www.gia.edu/doc/sp20-corundum-chromophores-absorption-cross-section-data.xlsx



Highly pure allochromatic gem materials are colorless. 
Color in these gems results from the incorporation of a 
variety of trace elements and other point defects into the 
lattice. Unlike idiochromatic gems, whose chro-
mophores are part of the fundamental composition of the 
mineral, the concentration of trace elements incorpo-
rated in allochromatic gems can vary widely. Corundum, 
an allochromatic gem, displays a very wide range of col-
oration: Nearly every color with the exception of emer-
ald green is available. In what follows, we identify and 
quantify the six chromophores that produce this wide 
range of coloration in natural corundum by incorporating 
either singly or in combination in the corundum lattice.  

Three of these chromophores are single transition 
metals (Fe3+, Cr3+, and V3+), one is a pair of metals (Fe2+-
Ti4+), and two are comprised of a lattice defect and a tran-
sition metal (h•-Cr3+ and h•-Fe3+). As we demonstrate in 
this article, the effectiveness of each of these chro-
mophores in producing color varies greatly because of 
their very different electronic structures. For example, 
nearly 2000 ppma of Fe3+ in a 1 cm thick sample is 
needed to produce a saturated yellow, while only 1.5 
ppma of the h•-Fe3+ will produce a similar depth of color. 

In gemology we are familiar with the absorption spec-
tra of the majority of these chromophores as single enti-
ties in corundum, but we do not have a simple 
methodology for characterizing their “strength.” The 
strength determines the concentration of a chromophore 
(in ppma) required to produce a given level of color satu-
ration. Knowing the strength of the chromophores and 
the chemical composition determined by SIMS or LA-
ICP-MS analysis, we can correctly identify the sources of 
color in a sample. In physics the strength of an absorber 
of light or X-rays or neutrons is often referred to as an ab-
sorption cross section. We can use this simple concept to 
establish relative strengths of our chromophores. This 
paper presents our determination of the absorption cross 
sections for each of the six chromophores. 

To define the terms we will use, consider a transpar-
ent material of thickness t, as shown in figure A-1.  

If an incident beam of light with intensity I0 strikes 
a sample that absorbs light, the intensity of the light 
transmitted through it is I, assuming no reflection from 
the surfaces. Now the transmission, T, of the sample is: 

          T = I/I0  

Or, if expressed as a percentage: 

          T (%) = 100 I/Io  

The decadic absorbance, A, of the sample is then:  

          10–A = I/I0 

                        or 

          A = –Log10(I/I0). 

All real samples have a portion of the probe beam re-
flected from their surfaces. Thus a spectrophotometer 
does not directly measure the true absorbance, A, but 
rather A*. 

To determine the true absorbance A, the measured 
absorbance A* must first be corrected for the loss from 
multiple reflections between the two polished surfaces 
of the sample. This is done by summing (T.S. Hemphill, 
pers. comm., 2011) all the reflections between the two 
surfaces and using a three-term Sellmeier equation for 
corundum to determine the sample’s refractive index as 
a function of wavelength (Tatian, 1984). The index input 
data to the Sellmeier equation is a combination of all rel-
atively recent data from the suppliers of high-purity syn-
thetic corundum material for the fabrication of 
high-purity optical elements. The Sellmeier equation fit 
to these data was performed for us by John Trenholme 
using TableCurve 2D software. Correcting for this loss 
we have the true absorbance, A. This correction is im-
portant because it is greatest where the absorption is 
least, and it is just this region of the absorption spectrum 
that transmits the most intense light and thus con-
tributes most to the color. This reflection correction has 
been made for all spectra presented in this paper and for 
all spectra used in deriving these results. 

The true absorbance, A, for E⊥c of a synthetic sap-
phire 6.26 mm thick containing 116 ppma V3+ is shown 
in figure A-2. Note that the vertical axis is unitless be-
cause absorbance is simply a ratio. 

The true absorbance A depends in turn on the thick-
ness of the sample, t, the concentration of the chro-
mophore, c, and its absorption cross section, σ. With the 
true absorbance, A, we can write: 

BOX A: THE ABSORPTION CROSS SECTION
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Figure A-1. This simple diagram represents a transparent 
material of thickness t. Light with intensity I0 strikes its 
surface at left. Some of the light is absorbed as it travels 
through the material, so the beam has intensity I as it 
exits at right. The light transmission T of the sample is 
represented by the ratio of the exiting beam intensity to 
the entering beam intensity, I/I0. 

I0 I

t
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Figure A-2. UV/visible/near-infrared (UV-Vis-NIR) ab-
sorption spectrum of synthetic sapphire 6.26 mm thick 
containing 116 ppma V3+, as measured by a spectropho-
tometer and corrected for internal reflections. Note that 
the spectrophotometer measures light absorption in ab-
sorbance units, which are dimensionless. 
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Figure A-3. UV-Vis-NIR infrared absorption coefficient 
spectrum of the V3+-doped synthetic sapphire, produced 
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          I/I0 = T = 10–A = e–αt = e–σct 
Where I/I0 and T are here associated only with the ac-

tual absorption, and  

            T = transmittance 
            A = decadic true absorbance (dimensionless) 
            t = thickness of the sample in cm 
              α = naperian true absorption coefficient in cm–1 
            c = chromophore concentration in ions/cm3 
              σ = true absorption cross section in cm2 
            e = base of the natural logarithm = 2.71828… 

The reflection-corrected absorption coefficient is simply 

            α = 2.303A/t 
(In gemology publications, the uncorrected absorbance 
A* or an absorption coefficient derived from A* is usually 
presented.) 

The absorption coefficient of the V3+-doped sapphire 
sample above is shown in figure A-3. Because A, a unit-
less ratio, is divided by the dimension t in cm, the units 
of absorption coefficient are cm–1. The absorption coeffi-
cient is independent of the sample thickness, making it 
useful for comparing samples. 

The absorption coefficient is, of course, dependent on 
the concentration of the chromophore. If we want to 
compare two different chromophores but the samples 
have different chromophore concentrations, we can di-
vide the absorption coefficient of each chromophore by 

its concentration in absorbers/cm3 (note that 1 ppma in 
corundum is a concentration of 1.178 × 1017 ions/cm3): 

            σ = α/c 
The result, σ, is termed the absorption cross section. 

Figure A-4 shows the absorption cross section for the 
same vanadium-doped sapphire sample.  

With absorption coefficient units of cm–1 and concen-
tration units of ions/cm3, the units of the cross section 
are cm2/ion, or just cm2, which is an “area” per absorber. 
One can conceptualize this as the size of the absorbing 
area that a single chromophore particle presents to the 
light beam. In other words, imagine that the light beam 
is an arrow and the absorption cross section is a target; a 
larger absorption cross section means the target’s area is 
larger. However, note that it is not the physical size of 
an ion or an ion pair. The vertical axis in figure A-4 is la-
beled “absorption cross section × 1019 cm2.” This means 
that the actual values plotted are from 0 to 2 times 10–19 
cm2. It is important to observe that the spectra in figures 
A-2, A-3, and A-4 are exactly the same. Only the vertical 
axis values and units are different. 

Each chromophore has its own absorption cross sec-
tion that is unique to that particular absorber. A sample 
with multiple chromophores of different concentrations 
is best characterized by an absorption coefficient, as we 
do with all natural samples. This absorption coefficient 
is the summation of each chromophore’s cross section 
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multiplied by its concentration. For example, a sample 
containing three chromophores of three different con-
centrations has an absorption coefficient of 

            α = σ1c1 + σ2c2 + σ3c3  

The magnitude of the absorption cross section of 
the chromophore, and the portion of the visible spec-
trum that its absorption spectrum covers, taken to-
gether provide a rough indication of chromophore 
strength. The portion of the visible spectrum is esti-
mated by the full width half maximum (FWHM) of the 
absorption bands in the visible region, divided by 300 
nm (the 400–700 nm approximate visible range). Table 
A-1 compares these values for the E⊥c absorption of the 
various chromophores in order of increasing absorption 
cross section. 

Examining the peak absorption cross sections first, 
note that the values span a factor of about 500. This is a 
huge difference. Next, examining the portion of the visi-
ble spectrum spanned by each chromophore, note that 
they are within a factor of two and a half with the excep-
tion of Fe3+, which is about one-fifth of the average of the 
other five. Taking into consideration the very low absorp-
tion cross section and the very narrow absorption band, 
the conclusion is that Fe3+ is a very weak chromophore 
in corundum. Figure 16 presents a visual method of com-
paring the strength of the six chromophores.  

The concept of absorption cross section is very useful 
in understanding the types of optical transitions involved 
with the individual chromophores. It is also useful in 
comparing similar chromophores in different environ-
ments. Mattson and Rossman (1988) used this concept 
in comparing the strength of the Fe2+-Ti4+ absorption 
bands in different minerals. Their absorption cross sec-
tion was in units of (moles)–1 cm–1, which is simply a dif-
ferent system of units but the same concept. 

This paper presents the color calculations for a range 
of concentrations of each of the six chromophores. The 
color coordinates were calculated using Thermo Scien-
tific’s GRAMS/AI spectroscopy software. To calculate 
the color coordinates with Grams/AI, the spectral data 
is input as the single-pass transmission spectrum, T. T 
is related to the single-chromophore absorption cross 
section and concentration as follows: 

          T = 10–A = 10–(ctσ/2.303)  

where the product, ct, is termed the areal density in 
units of ions/cm2. Under the color circles in this paper, 
we present the areal density in ppma-cm. This factor is  

          ppma-cm = ct/(1.178 × 1017 ions/cm3) 

where 1.178 × 1017 is the number of ions in 1 cubic cen-
timeter of Al2O3 determined by 

          1 ppma = 5Ar/M = 1.178 × 1017 ions/cm3 

where A is Avogadro’s number (6.022 × 1023 mole-
cules/mole), r is the density of corundum (taken as 3.99 
grams/cm3), and M is the molecular weight of corun-
dum (101.961 grams/mole). 

Finally, it should be stated that presenting the defini-
tions and units of A, α, and σ is very important, as there 
are multiple definitions in use in the scientific literature. 

TABLE A-1. Comparison of various chromophores’ E⊥c  
absorption values.

Chromophore

Fe3+  

V3+ 

Cr3+ 

Fe2+-Ti4+ 

h•-Fe3+ 

h•-Cr3+ 

2.3 × 10–20 ± 8.0% 

1.0 × 10–19 ± 8.9% 

1.6 × 10–19 ± 7.6% 

1.9 × 10–18 ± 25% 

1.3 × 10–17 ± 12.0% 

1.3 × 10–17 ± 12.5%

0.09 
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0.40 
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0.28 

0.44

Peak absorption 
cross section in the 
400–700 nm range, 

cm2 E⊥c 

Approximate fraction of 
the 400–700 nm range at 

chromophore FWHM

Figure A-4. UV-Vis-NIR cross section spectrum of the V3+-
doped synthetic sapphire, produced by dividing the spec-
trum in figure A-3 by the V3+ concentration of the sample. 
Note that the shape of the curve is the same but the y-
axis units are cm2. 
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assuring a valence of +3. Additional possibilities for al-
ternate valences of other ions, or interferences from 
different pair absorption spectra, have been addressed 
using the variety of synthetic crystals indicated in Ap-
pendix 1.3 

Such considerations, plus the processing of syn-
thetic crystals in a high-temperature oxygen atmos-
phere and thorough analyses for other trace 
elements, assure that the chromophore concentra-
tions equal the SIMS-determined concentrations. 

In the following sections, we will first describe 
the Cr3+ chromophore and how its cross section was 
determined. Much of this same detail will apply for 
the other five chromophores and thus will not be re-
peated. We present the origin of the samples (again, 
see figure 2), their crystallographic orientation, the 
absorption cross sections determined for both E⊥c 
and E||c, color circle arrays for different areal densi-
ties of the chromophore, viewing directions, and il-
lumination sources. Detailed information on these 
samples can be found in Appendix 1. 

THE Cr3+ CHROMOPHORE 
Cr3+ is the trace element primarily responsible for col-
oring ruby red and sapphire pink (McClure, 1962) and 
in doing so creates some of the most beautiful gems 
in the world. This coloration results from Cr3+ ions re-
placing some of the Al3+ ions in the corundum lattice. 

High-purity synthetic sapphire doped with Cr3+ 
has been available since the invention of the laser in 
1960. The very first laser employed synthetic ruby as 
the active element (Maiman et al., 1961). Interest in 
ruby lasers for many applications drove the develop-
ment of large, exceedingly high-optical-quality and 
high-purity synthetic ruby crystals. Our samples 
were from excess material salvaged from several dif-
ferent laser-quality single-crystal ingots (boules) 
grown by St. Gobain Crystals and Detectors in 
Washougal, Washington.  

Wafer samples cut from these boules were crystal-
lographically oriented to an accuracy of approximately 
1.5° using an optical instrument (Thomas et al., 2014) 
with the c-axis in the plane of the wafer. The absorp-
tion spectra were measured with a resolution of 1.5 
nm using a Hitachi Model 2910 spectrophotometer 
modified by Tim Thomas at GIA to enable rotation of 
the polarization plane of the probe beam, thus allow-
ing the separate recording of both E⊥c and E||c spectra. 
The spectra were corrected for the multiple reflections 

between the two polished surfaces of the wafer by 
summing all the reflections (see box A). Wafers from 
four different boules were fabricated and measured, 
and the one with the lowest absorption at approxi-
mately 226 nm was chosen as the most pure. 226 nm 
is between the two highest-energy absorption bands 
of Cr3+ yet below the first Cr3+ charge transfer band. 
However, at this wavelength the charge transfer bands 
of Fe, Ti, and other metals are very strong (Tippins, 
1970), and thus minimal absorption at this wave-
length is a good relative indicator of crystal purity.  

Quantitative data on this sample with the mini-
mum 226 nm absorption (and all of the other samples 
characterized in this study) were obtained using a 
Cameca IMS 7f-GEO SIMS instrument. SIMS is a 
highly precise analytical technique that can detect 
all elemental masses to the sub-ppma level. To 
achieve accuracy, however, relative sensitivity fac-
tors (RSF) need to be developed to correctly convert 
the secondary ion signal for each trace element in the 
matrix of interest into concentration. This is best 
done by creating ion implant standards. For each 
trace element we wish to quantify, a chosen isotope 
of this trace element is implanted in a high-purity 
wafer of the intended matrix. Our developed RSF val-
ues were based upon multiple measurements vali-
dating the “dose” of each of these ion implants, and 
upon multiple SIMS depth profiles of these same im-
plants (Stone-Sundberg et al., 2017). The calculated 
RSF values account for all of the identified and quan-
tifiable sources of uncertainty; for the final SIMS-
generated concentration values for all of the 
subsequently measured samples, we report a total 
uncertainty that is equal to the square root of the 
sum of the squares of the error associated with each 
source. In total, there are four separately quantified 
sources of error: the ion implant standard dose meas-
urement, determination of the peak depths for the 
ion implants, differences between the multiple depth 
profiles for each ion implant, and the set of measure-
ments of the trace element of interest in the sample. 
For the Cr3+ chromophore, the concentration and 
total combined error is 134 ppma ± 7.6%. The deter-
mined detection limit for Cr3+ in corundum to the 
95% confidence level using our conditions was 0.002 
ppma (2 parts per billion atomic, ppba). 

The absorption cross sections thus determined 
over the 200–1100 nm range are shown in figure 3. 
The data range includes the visible region of the elec-

3See p. 29 of this reprint. Available for download at https://www.gia.edu/doc/sp20-corundum-chromophores-appendix1.xlsx
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tromagnetic spectrum, which extends from 400 nm 
(violet) to 700 nm (red). The vertical axis is labeled 
“absorption cross section × 1019 cm2.” This means that 
the actual values plotted are from 0 to 4 × 10–19 cm2; 
we will use the same labeling convention for subse-
quent cross section spectra presented in this article. 
Figure 3 shows the absolute absorption cross section 
spectra for both the E⊥c (ordinary) and E||c (extraordi-
nary) rays for Cr3+ in the high-purity synthetic ruby. 
These two spectra fully characterize, at 1.5 nm reso-
lution, the absorption characteristics of Cr3+ in corun-
dum over the range from 200 to 1100 nm. Whether in 
a high-purity synthetic crystal containing only Cr3+, a 
natural ruby containing Cr3+ and iron, or a purple sap-
phire containing Fe2+-Ti4+ pairs and Cr3+, the absorption 
cross section of Cr3+ is the same. The broad bands near 
560 nm are termed the U bands, while the two near 
400 nm are designated the Y bands. At a wavelength 
of 694 nm, there is a weak, narrow absorption feature. 
This is known as the R-line. In actuality, the R-line is 
two weak lines, R1 and R2, which are separated by 1.4 
nm. Since our instrumental resolution is 1.5 nm, these 
two lines appear as a single weak feature. The weak 
lines near 660 nm most clearly observable in the E⊥c 
spectrum are called the S-lines, while the weak lines 
in both spectra near 470 nm are referred to as the B-
lines (Powell, 1998). Shown along with the spectra is 
an image of a faceted sapphire we selected as represen-
tative of a stone that is very close to being colored by 

only the Cr3+ chromophore. In the following sections, 
we show a representative faceted stone alongside the 
spectra for each chromophore, selected as representa-
tive of the color that would be produced by that chro-
mophore in isolation. 

Note that the E⊥c peak cross section of 1.62 × 10–19 
cm2 ± 7.6% we determined for the 560 nm U band rep-
resents a moderately strong absorber, and thus Cr3+ is 
a moderately strong chromophore. It is the magnitude 
of this cross section in the visible region of the spec-
trum, and to a lesser extent the width and position of 
the bands, that determines the “strength” of the chro-
mophore (see box A). The position and width of the ab-
sorption bands determine the color. Approximately 
speaking, the larger the cross section and the wider the 
bands in the visible region, the more color produced.  

It is interesting to note that apparently the first 
determination of Cr3+ cross section was published in 
1961 in the seminal paper reporting the achievement 
of the first laser—the ruby laser (Maiman et al., 
1961). His value of the peak cross section for the E⊥c 
U band was approximately 1.8 × 10–19 cm2. The small 
difference between his value and ours probably re-
flects the improved analytical instrumentation for 
determining Cr3+ concentration available to us today. 
Subsequently, the absorption and emission spectrum 
of ruby has been extensively studied by many re-
searchers; see, for example, Powell (1966, 1998) and 
Henderson and Bartram (2000).  

Figure 3. Cross section 
spectra of the Cr3+ 
chromo phore measured 
from a synthetic ruby 
grown by the Czochral-
ski method. The color 
band shown along the 
top of these spectra and 
those in following fig-
ures is the visible spec-
trum that would be 
observed through an 
optical spectroscope, 
shown for reference. 
Also shown is a 1.30 ct 
unheated Mozambique 
pink sapphire, represen-
tative of the color that 
would be produced by 
the Cr3+ chromophore 
in isolation. Photo by 
Lotus Gemology; cour-
tesy of Nomad’s Ltd.

A
B

SO
R

PT
IO

N
 C

R
O

SS
 S

EC
TI

O
N

 ×
 1

019
 (

cm
2 )

WAVELENGTH (nm)

4.0

0.5

0

200 300

1.5

1.0

2.0

2.5

3.0

3.5

1000 1100900800500400 700600

E⊥c
E||c



While the absorption cross section provides the de-
finitive characterization of a chromophore, it is not 
easy to guess the color from simply examining the 
spectra. It is, however, straightforward to calculate the 
color from these spectra. The color coordinates (Berns, 
2000) are usually calculated from the sample’s trans-
mission spectrum and the characteristics of the light 
source. Calculation of the color coordinates for a given 
color temperature was performed via Thermo Scien-
tific’s GRAMS/AI spectroscopy software, a general-
purpose spectra manipulation code that includes color 
coordinate calculations. There are many color coordi-
nate systems, and we chose the CIE 1976 L*a*b* sys-
tem for its approximately uniform color space. We 
used color temperatures of 6500 K (D65 illuminant) 
and 2856 K (A illuminant) in order to maximize the 

color temperature difference and the color difference, 
thereby maximizing the visual effects of different light 
sources for the reader. Having determined the color 
coordinates for a particular sample thickness and 
chromophore concentration, a color circle is then cre-
ated by specifying the color coordinates to the drawing 
program. We have used Photoshop, EasyDraw, and 
other graphics programs to produce the color circles. 
Visualizing the color from the absorption spectrum of 
the sample has broad application in gemology. We first 
used this technique to determine the amount of dif-
fused beryllium that would cause a visible reduction 
in the depth of color of a dark blue sapphire. 

Figure 4 (left) shows an array of color circles cor-
responding to a range of Cr3+ areal densities. Pre-
sented are the E⊥c color, the E||c color, and a color 
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Figure 4. Left: Areal density color circles of the Cr3+ chromophore under illuminant D65. Right: Illuminant com-
parison color circles of the Cr3+ chromophore.
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Glass is an optically isotropic material, meaning its 
physical properties such as absorption coefficient spec-
trum and refractive index are the same in any meas-
ured direction within the glass, regardless of the 
polarization of the measurement beam. Consequently, 
light traveling in any direction in an isotropic medium 
behaves the same way. Many crystals are not optically 
isotropic—they are anisotropic, which means their op-
tical properties vary with direction in the crystal. 
Corundum crystals are anisotropic, and they are 
termed optically uniaxial: The optical properties meas-
ured in two of the three spatial directions (x and y) are 
the same, but properties in the z direction are different. 
We refer to the unique z direction of a uniaxial crystal 
as the c-axis, also called the optic axis. The other two 
directions, x and y, are identical and are termed the a-
axes (see figure B-1).  

Light is a combination of electric and magnetic fields 
that oscillate perpendicular to the direction of the light 
propagation as shown in figure B-2.  

Linear polarized light is light whose electric field, E, 
oscillates in a single direction perpendicular to the direc-
tion of propagation, as shown in figure B-3. By conven-
tion the direction of E is the polarization direction. 

A light beam from a thermal source (such as the sun 
or a heated filament light bulb) comprises light rays 
whose electrical fields oscillate in all directions perpen-
dicular to the direction of propagation (figure B-4). Such 

a light beam is termed unpolarized and is necessarily 
perpendicular to the propagation direction.  

For optical measurements of uniaxial crystals, there 
are two unique geometries for a light beam passing 
through a crystal that yield two different absorption 
spectra. This property is termed dichroism. It is this 
dichroism that accounts for the different colors we see 
looking through crystals in different directions. The first 
of these geometries is termed the ordinary ray; its polar-
ization direction, E, is perpendicular to the c-axis. This 
is often designated by E⊥c. Thus a beam of light traveling 
along the c-axis, polarized in any direction or unpolar-
ized, is E⊥c. A linearly polarized light beam traveling at 
any direction through the crystal is also an ordinary ray 
as long as the polarization direction E is perpendicular 
to the c-axis (E⊥c). It is called ordinary because this holds 
true for any propagation direction through the crystal.  

The second unique geometry is where the polariza-
tion direction E of the light beam traveling through the 

BOX B: CRYSTAL OPTICS OF UNIAXIAL MINERALS

Figure B-2. Light is a combination of electric and mag-
netic components that oscillate perpendicular to each 
other and to the direction of propagation. 

Magnetic Field
Component

Electric Field Component

Propagation

Figure B-3. A light ray’s electric field direction, which is 
also called the polarization direction, is perpendicular to 
its propagation direction. In this diagram, the light ray is 
propagating toward the right side of the page and its elec-
tric field is oscillating up and down in the plane of the 
page. 

PropagationElectric Field Direction,
E = Polarization Direction

Figure B-1. Corundum is a uniaxial mineral, meaning it 
has one unique crystallographic axis out of three. This 
drawing shows the three axes of a uniaxial crystal. The 
two a-axes are the same while the c-axis is different. 
Properties of uniaxial crystals are different when meas-
ured along the c-axis rather than perpendicular to it. 
Optical absorption, and thus color, are different when 
viewed with light propagating along the c-axis rather 
than along either a-axis.

a1

c

a2
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E

crystal is parallel to the c-axis. Visualizing this geometry, 
it is clearly a much greater restriction in that the light 
beam must be both linearly polarized and propagating 
perpendicular to the c-axis. Thus it is termed the ex-
traordinary ray and designated E||c.  

For any other combinations of propagation and po-
larization directions, what is measured is some combi-
nation of these unique spectra or indices of refraction. 

When we view a corundum crystal down the c-axis, 
the color we see is determined by the E⊥c absorption 
spectrum (figure B-5, top row). This is because all polar-
ization directions of that light beam are E⊥c. 

When we view a corundum crystal along any a-axis, 
the situation is more complex. The light incident on the 
crystal is unpolarized. When entering the crystal, it is 
split into two colinear beams—one E⊥c and one E||c. 

Figure B-5. Shown at left are the ruby crystal from figure B-1 and two crystallographically oriented ruby wafers with pol-
ished parallel surfaces corresponding to the shaded crystal faces. One wafer has the c-axis perpendicular to its surfaces 
(top), and one contains the c-axis in the plane of the wafer (bottom). A beam of unpolarized light contains rays that are po-
larized in all directions perpendicular to the direction of propagation. Unpolarized incident light striking the left side of 
the top wafer passes through unaltered except for absorption by the E⊥c absorption spectrum shown at the right. Thus only 
E⊥c color is observed, and the dichroscope also shows only E⊥c color (both top and bottom dichroscope views regardless of 
dichroscope rotation). Unpolarized light striking the bottom wafer is split into two beams polarized at 90º to one another. 
One beam is polarized parallel to the c-axis (E||c) and one is polarized perpendicular to the c-axis (E⊥c). The different ab-
sorptions of these two orthogonal beams are shown to the right. The observed color is equal proportions of E⊥c and E||c. 
When the wafer is viewed with a dichroscope that is rotated to maximum color difference, the E⊥c and E||c colors are re-
solved individually (bottom dichroscope view).
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Figure B-4. Unpolarized 
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an electric field E that is 
constrained to oscillate in 
a single direction (right). 
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representing equal proportions of E⊥c and E||c (we 
will call this E⊥c + E||c), as viewed with illuminant 
D65 (daylight equivalent). The E⊥c colors are seen 
looking through a stone along the c-axis. The E⊥c + 
E||c colors are what is seen looking through a stone 
perpendicular to the c-axis. With a properly aligned 
dichroscope viewing in this same direction, we see the 
pure E⊥c and E||c colors separated (see box B for a basic 
introduction to uniaxial crystal optics). L*a*b* color 
coordinates for these color circles and all subsequent 
color circles presented in this article are available in 
Appendix 2.4 

Along the horizontal axis of the color circle array is 
the areal density of the Cr3+ in units of ppma-cm. Areal 
density is the product of the chromophore concentra-
tion in ions per cm3, times the path length through the 
stone in cm. The concentration of chromophore ions 
is 1.178 × 1017 ions/cm3 times the concentration in 
ppma (see box A). For a 1 cm thick sample, the num-
bers under the color circles are the Cr3+ concentration 
in ppma. For a 2 cm thick sample showing the same 
color, the concentration is one half the numerical 
ppma-cm value. For a 1/2 cm thick stone, the concen-

tration is twice the ppma-cm value. Thus the numbers 
under the color circles can be viewed as presenting a 
stone of fixed concentration of increasing thickness, or 
of fixed thickness with increasing Cr3+ concentration, 
or any combination of the two. 

The color we perceive also changes with the type 
of light source. Figure 4 (right) shows the three sets 
of color circles—E⊥c, E||c, and E⊥c + E||c—but also 
for each of two illuminants—D65 (daylight) and A 
(tungsten bulb). We have chosen these two light 
sources to maximize the observable color difference. 
Thus we can see a substantial change in the per-
ceived color with a change in light source. While this 
color change is significant, ruby is not described as a 
color-change gem. A color-change gem is usually 
thought of as one where the hue changes signifi-
cantly (more than one adjacent hue position), such 
as blue to red or green to red. 

THE V3+ CHROMOPHORE 
Vanadium (V3+) commonly occurs in trace element 
analyses of natural corundum, particularly ruby. 
Generally, the vanadium concentration is not high 

Each of these sees the corresponding absorption spec-
trum, and thus when the beam emerges we see a color 
that is the average of the colors produced by the two ab-
sorption spectra, E⊥c and E||c (figure B-5, bottom row). 

A calcite dichroscope is simply an instrument that 
splits a beam into two rays whose polarization direc-
tions are at 90° to each other. If we observe through a 
dichroscope a beam of light that has propagated along 
an a-axis of the crystal and rotate the dichroscope so 
that the color difference between the two sides is at a 
maximum, we have found the orientation where its 
two polarization directions match the two directions of 
the crystal. We are observing both a pure E⊥c color and 
pure E||c color (figure B-5 bottom, dichroscope view). If 
we view the crystal in this orientation without the 
dichroscope, we see a single color that is equal propor-
tions of E⊥c and E||c color, which we call E⊥c + E||c (fig-
ure B-2 bottom, observed color). If instead we view the 
crystal with the dichroscope along the c-axis, we ob-
serve the same color on each side, and the color stays 
the same as we rotate the dichroscope. In this case we 
are observing pure E⊥c color (figure B-2 top, dichroscope 
view). In this paper we present absorption cross section 
spectra for E⊥c and E||c, and color circles for E⊥c, E||c, 
and E⊥c + E||c. 

Crystal optics is a venerable field of study, and there 
are many different designations in use for E⊥c and E||c. 
We have chosen to use these two designations for sim-
plicity, because they say exactly what they are and we 
don’t have to remember what they mean. The same des-
ignation issues arise with the two indices of refraction. 
In table B-1 we have listed the more commonly used des-
ignations for both rays and indices of refraction. 

TABLE B-1. Alternative designations for rays and indices of 
refraction. 

Rays

Indices of Refraction

E⊥c 
Ordinary ray 
O-ray 
σ or sigma 
w

E||c 
Extraordinary ray 
E-ray 
Π or pi 
ε

n⊥ 
no 
nσ or ns 
nw

n|| 
ne 
np or np 
nε

4See pp. 30–31. Available for download at https://www.gia.edu/doc/sp20-corundum-chromophores-appendix2.xlsx
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enough (<20 ppma) to have a significant impact on 
the color. However, recently published analyses of 
corundum from the Mogok Stone Tract in Myanmar 
(Harlow and Bender, 2013; Zaw et al., 2015) have 
shown concentrations as high as 2000 ppma and re-
ported sapphire colors of “slate” (grayish blue to gray-
blue) to purple as well as color-change in some cases. 
For concentrations at or considerably less than this 
extreme, vanadium will indeed impact the color of 
ruby and sapphire. V3+ spectra in corundum have 
been studied for decades (Pryce and Runciman, 1958; 
McClure, 1962; MacFarlane, 1964). 

Several decades ago, the former Union Carbide 
Corporation crystal growth facility in Washougal, 
Washington, grew a large vanadium-doped sapphire 
crystal by the Czochralski technique for research 
purposes. A slice of this unique crystal was provided 
for our research. SIMS analysis showed a vanadium 
concentration of 116 ppma with a total combined un-
certainty of ± 8.9%. The detection limit determined 
for V3+ in corundum at the 95% confidence level was 
0.016 ppma. Wafers were fabricated from this boule 
with the c-axis in the plane of the wafer so that both 
E⊥c and E||c absorption spectra could be recorded. 
Since vanadium can exist in multiple valences, the 

wafers were heated at 1750°C in oxygen for 10 hours 
to assure that all of the vanadium was in the 3+ va-
lence state, as previously discussed. Previous multi-
ple heat treatment experiments on this material had 
shown these conditions were effective. 

Figure 5 shows the absorption cross section for 
both the E⊥c and E||c for V3+ in sapphire. It is inter-
esting to note that the V3+ spectra in the visible range 
show two absorption bands with similar positions 
and widths to those of Cr3+. However, their relative 
magnitudes are very different, leading to very differ-
ent colors. Vanadium is a weak chromophore in 
corundum since its absorption band, centered at 580 
nm, is much weaker than that of Cr3+ at 560 nm. We 
determined that vanadium’s E⊥c peak cross section 
for the 580 nm band is 1.0 × 10–19 cm2 ± 8.9%. 

Figure 6 (left) shows the three sets of color circles 
for E⊥c, E||c, and E⊥c + E||c under D65 illumination 
for V3+. There is a significant hue difference between 
the E⊥c color, which is a grayish blue, and the E||c 
color, which is distinctly green at the lower concen-
trations. Nearly the same amount of color differ-
ence also exists between the E⊥c color and the E⊥c 
+ E||c color. The color of a faceted stone can there-
fore be quite different depending on the orientation 

Figure 5. Cross section 
spectra of the V3+ chro-
mophore, measured 
from a synthetic color-
change sapphire grown 
by the Czochralski 
method. Also shown is 
a 1.17 ct color-change 
sapphire in daylight 
(left) and incandescent 
light (right), representa-
tive of the color that 
would be produced by 
the V3+ chromophore in 
isolation. Photo by 
Wimon Manorotkul; 
courtesy of Lotus 
Gemology collection. 
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of the cut. While the hue differences between the E⊥c 
color and E||c color for Cr3+ illustrated in the previous 
section are certainly noticeable, the hue difference 
for V3+ illustrated in this section is very substantial. 

Figure 6 (right) presents the E⊥c, E||c, and E⊥c + 
E||c data for illuminants A and D65. While all three 
orientations show a noticeable hue difference for the 
two illuminants, the E||c color and E⊥c + E||c color 
show a very strong hue difference, which would cer-
tainly qualify as a color-change gem when properly 
cut. The hue difference in these orientations is pro-
duced because the D65 light source is richer in blue 
to green wavelengths than the A light source. Con-

sequently, the stone transmits more green light 
under D65 illumination, giving the stone a greener 
hue. The A light source is richer in orange to red 
wavelengths, so the stone transmits proportionally 
more of these wavelengths, giving the stone a pur-
plish color. Given the hue differences, it would be in-
teresting to cut some faceted stones from this 
synthetic crystal, and to search for unusually colored 
natural high-V pieces from Myanmar.  

Fe3+: MULTIPLE CHROMOPHORES 
Iron is nearly ubiquitous in gem corundum, present 
over a very wide range of concentrations from less 

Figure 6. Left: Areal density color circles of the V3+ chromophore under illuminant D65. Note the significant color 
difference between the E⊥c color, which is grayish blue, and the E||c color, which is quite green at lower concentra-
tions. As with Cr3+, the E⊥c and E||c color difference is significant. Right: Illuminant comparison color circles of 
the V3+ chromophore for illuminants A and D65. For two of the orientations (E||c and E⊥c + E||c), the hue difference 
under A and D65 and illuminants certainly appears substantial enough to qualify it as a color-change gem. 
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than a few ppma to nearly 5000 ppma. While this 
makes it difficult to characterize, the fact that Fe3+ 
can exist as single ions replacing aluminum, Fe3+ ion 
pairs, and perhaps larger Fe3+ clusters pose yet greater 
problems. Because the Fe3+ spectrum is composed of 
all of these species whose individual concentrations 
depend in a nonlinear way upon the total iron con-
centration in the sample, the spectrum’s dependence 
on concentration can be quite complex (Ferguson and 
Fielding, 1971 and 1972; Krebs and Maisch, 1971). In 
addition to these problems, the Fe3+ chromophore is 
the weakest chromophore in natural corundum. Its 
peak absorption cross section at 450 nm in the visible 
region does not exceed 2.5 × 10–20 cm2 ± 8.0%, and it 
is quite narrow. Thus a variety of samples with a 
wide range of total Fe3+ concentrations is required to 
characterize the spectra. 

Directly growing synthetic sapphire at its melt 
temperature (~2050°C) doped with iron is limited by 
the fact that iron and its oxides all have very high 
vapor pressures at this temperature and thus vaporize 
from the melt. This imposes a practical limit of a few 
hundred ppma of iron for crystals grown this way. Flux 
growth at temperatures of 900–1300°C would seem to 
be an attractive alternative, and it has been tried (Fer-
guson and Fielding, 1972), yet the spectroscopy applied 

still employed only natural crystals. Another problem 
is that the fraction of pairs and larger clusters would 
certainly be dependent on the thermal history of the 
crystal, which would not necessarily mimic nature. 
For these reasons we too are constrained to using nat-
ural crystals for part of our characterization. 

Figure 7 shows the absorption cross section spec-
tra of a natural corundum sample with a very high 
iron concentration determined with SIMS of 4730 
ppma, with a total combined uncertainty of 8.0%, 
the highest concentration among our samples. The 
detection limit to the 95% confidence level for Fe 
was 0.003 ppma. The highest concentration was cho-
sen as the cross sections will most easily be meas-
ured. At such a high iron concentration, one can 
easily observe and compare the weak broad features 
of both the E⊥c and E||c absorptions. This sample is 
from the Subera deposit in Queensland, Australia. 
Yellow sapphires of similar iron concentrations are 
found in the Garba Tula deposit in Kenya, the Chan-
thaburi area of Thailand, and other alkali basalt-
hosted deposits, but they are not common. Usually 
such sapphires also include a few ppma of Fe2+-Ti4+ 

pairs, which shifts the yellow to a greenish yellow, 
or they contain a few tenths of a ppma of h•-Fe3+ pairs, 
which adds some golden yellow coloration. 

Figure 7. Cross section 
spectra of Fe3+ and Fe3+-
Fe3+ pairs measured in a 
natural yellow sapphire 
from the Subera deposit 
in Queensland, Aus-
tralia, with a remark-
ably high Fe3+ 
concentration of 4730 
ppma. Also shown is a 
2.33 ct unheated Aus-
tralian yellow sapphire, 
representative of the 
color that would be 
produced by this chro-
mophore in isolation. 
Photo by Lotus Gemol-
ogy; courtesy of Terry 
Coldham/Intogems PL. 
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The spectra of Fe3+ containing corundum is quite 
complex. In figure 7, the narrow peaks at 377 and 450 
nm are attributed to Fe3+-Fe3+ pairs, as is the weak but 
broad band at 540 nm. The narrow peak at 388 nm is 
attributed to single Fe3+ ions. The weak but broad 
bands at 700, 1050, and 1085 nm are only really quan-
tifiable at high Fe3+ concentrations. The lack of tem-
perature dependence in the absorption coefficient of 
these bands implies that they arise from single Fe3+ 
ions (Ferguson and Fielding, 1972). There is also a 
broad band at 330 nm that is identified as an Fe3+-Fe3+ 
pair band, but it is not visible in this spectrum. It can 
be seen in two of the spectra presented in figure 8. 
The relatively narrow spectral features at 377, 388, 
and 450 nm are observable in the spectra of most 
corundum samples with a Fe concentration of 150 
ppma or higher. This is because the absorbance, ab-
sorption coefficient, and absorption cross section of 
different species are additive, and thus a weak narrow 
feature can be easily seen on top of a much stronger 
wide band. 

The ratio of the peaks of the 388 nm band to the 
377 nm band changes dramatically with concentra-
tion. This is because the 388 peak is primarily a sin-
gle Fe3+ ion, while the 377 nm peak is a pair of Fe3+ 
ions. Our earlier studies of about 40 different natural 
samples with widely varying Fe3+ concentrations in-
dicate that the peak absorption coefficient at 450 nm, 

which is a pair of ions, increases very approximately 
with C1.5, where C is the total Fe3+ concentration. 
This implies that the absorption cross section of the 
450 nm band increases approximately with the 
square root of C. If there was not a concentration de-
pendence of this cross section, there would be a sin-
gle curve for E⊥c in figure 8, just as we see for Cr3+ 
and V3+. This dependence of the cross section on con-
centration is currently under study by the authors 
with over 100 natural samples analyzed by laser ab-
lation–inductively coupled plasma–mass spectrom-
etry (LA-ICP-MS). 

Because the absorption cross section is not inde-
pendent of the iron concentration, our usual presen-
tation of color circles as a function of the areal 
density, ppma-cm, is not a valid characterization. 
Thus we present some E⊥c color circles at a few fixed 
concentrations and as a function of the path length 
through the sample. Figure 9 (left) compares the E⊥c 
color circles for D65 illumination. Figure 9 (right) also 
shows the same color circles but under illuminant A. 
Fe3+ exists in natural gem corundum over a much 
wider concentration range than any other chro-
mophore. At a few thousand ppma, Fe does indeed 
cause strongly colored yellow sapphire. However, it 
is such a weak chromophore that only at these higher 
concentrations does it contribute much color to a 
gem. Presenting a more detailed discussion of the 

Figure 8. Unlike the 
other corundum chro-
mophores, the cross 
section of the iron chro-
mophore is dependent 
on the iron concentra-
tion. Shown here are 
the E⊥c cross sections 
for four different Fe3+ 
concentrations: 4730 
ppma, 2960 ppma, 1320 
ppma, and 580 ppma. 
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color contributed by iron will require a much better 
physical model of iron in the corundum crystal, as the 
pair or larger cluster concentrations will also be de-
pendent on the thermal histories of the samples. We 
encourage our colleagues to study this matter. 

THE Fe2+-Ti4+ CHROMOPHORE 
Fe2+-Ti4+ pairs are the primary chromophore of blue 
sapphire (Townsend, 1968; Mattson and Rossman, 
1988; Moon and Phillips, 1994). The defect chemistry 
that creates this pair is interesting. Titanium in 
corundum is a donor, and iron in corundum can be 
an acceptor. They electrostatically attract each other 
and locate on adjacent Al3+ sites in the crystal, creat-
ing a donor-acceptor pair. Neither Fe2+ nor Ti4+ alone 
has absorption features in the visible region. Ti4+ is a 
closed-shell electron configuration, and Fe2+ is ex-
pected to absorb only in the near infrared, but that ab-
sorption has not yet been observed. Yet when these 
two ions are located on neighboring aluminum sites, 
strong absorption bands arise across the visible and 
near infrared region of the spectrum. For E⊥c the band 
peaks at 580 nm, while for E||c the peak is at 700 nm. 
While the theory of the energy levels of a single tran-
sition metal ion in a crystal is quite well developed, 

the theory for ion pairs or clusters in a crystal is not.  
The most commonly proposed explanation for 

the absorption spectra of blue sapphires is that of in-
tervalence charge transfer (IVCT) between the two 
cations as follows: 

where hn is Planck’s constant, h, times the optical fre-
quency, n. This a common way to indicate that a pho-
ton has been absorbed to enable the chemical reaction. 

It would seem straightforward to determine the ab-
sorption cross sections of this transition by just ana-
lyzing a fairly uniform piece of natural blue sapphire 
and measuring the Fe and Ti concentrations to deter-
mine the concentration of Fe2+-Ti4+ pairs. However, as 
discussed elsewhere (Emmett et al., 2017b), it is diffi-
cult to accurately determine the amount of titanium 
available, [Ti]available, to pair with Fe2+ creating the blue 
color. Since the Si donor state lies above the Ti donor 
state in the corundum band gap, it will preferentially 
pair with acceptors such as Mg and Ni. Thus the Ti 
available to pair with Fe can be expressed as: 

[Ti]available = [Ti] + [Si – Mg – Ni] for [Si – Mg –  Ni] < 0 
[Ti]available = [Ti] for [Si – Mg – Ni] ≥ 0 

Figure 9. The color produced by various iron concentrations and path lengths through the stone. The iron chromo -
phore is very weak, so high concentrations are needed to produce significant color. There is also a quite noticeable 
color difference between illuminants D65 and A.
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Note that the square brackets around ions denote 
atomic concentrations. The standard deviation (SD) 
of [Ti]available is the square root of the sum of the 
squares of SDs of Ti, Mg, Ni, and Si. Thus the stan-
dard deviation of [Ti]available can be very large, often ex-
ceeding the value itself, making accurate estimates 
of [Ti]available difficult. 

It would also seem straightforward to just grow a 
synthetic crystal doped only with Fe and Ti, measure 
the concentrations, and calculate the Fe2+-Ti4+ pair 
concentration. Such crystals were grown by Milan 
Kokta at the Union Carbide Corporation crystal 
growth factory in the 1980s for synthetic gem mate-
rial. However, two problems arose with the use of 
synthetic crystals. First, at the Czochralski growth 
temperature of sapphire (~2050°C), the Fe2+-Ti4+ pairs 
are largely dissociated. They only partially re-form 
as the stone cools over a day or two from growth 
temperature. Thus there are fewer pairs than the con-
centrations of [Fe] and [Ti] would imply, and we could 
not determine what fraction of the possible pairs 
were indeed present.  

In nature the growth temperature is much lower, 
so there is less dissociation, and the cooldown is pre-
sumably extremely slow, so the pairs should more 
fully form. If so, the concentration of pairs should be 
determined by the ion concentrations.  

To re-form the pairs, we heated the synthetic 
crystals in air for a few thousand hours. The temper-
ature of 750°C was chosen to be low enough that 
many of the pairs would re-form, yet high enough 
that the diffusion coefficients of the ions were still 
large enough that clustering would take place at 
some finite rate. The absorption coefficients were re-
measured at intervals of 50 and 100 hours to track 
the increase. This process was carried on until no fur-
ther increase with time was noted, and thus equilib-
rium was reached. For our samples with the highest 
Ti concentration, equilibrium was reached in 1500 
hours, with the absorption coefficient at 580 nm 
being 2–2.5 times higher than before heat treatment. 
It is likely that some additional pairs would form if 
the temperature were lowered further and the time 
greatly increased. Just what percentage we have 
achieved of the low-temperature equilibrium pair 
concentration is difficult to estimate.  

Another problem with the growth of synthetic 
crystals doped with Fe2+-Ti4+ is determining what 
fraction of iron in the crystal is actually in solution 
rather than present as microscopic iron particles. 
Under the oxygen partial pressure of Czochralski 
growth from an iridium crucible, all the iron present 

may not be trivalent and thus soluble in the melt. 
We have observed microscopic iron crystals in some 
synthetic Fe-Ti doped crystals. Presently we have no 
reliable way to determine what portion of the iron in 
the crystal is actually in solution as Fe3+. The syn-
thetic crystals did, however, give us very high-quality 
E⊥c and E||c spectra without the interference from 
high concentrations of iron and other trace elements 
(Si, Cr, V, and Ni). 

To achieve reasonably good approximation of the 
cross sections of the Fe2+-Ti4+ pair, we have chosen a 
combination of both synthetic crystals and natural 
crystals. After examining a wide variety of natural 
crystals, we have chosen Yogo sapphires for their 
rather extreme optical and chemical uniformity, 
which far exceeds all other natural crystals we have 
studied, and for the fact that there is no 880 nm ab-
sorption band in this material. Since the synthetic 
crystals have no interference to the shape of the spec-
trum from other chromophores, they have been used 
to accurately determine the shape of the Fe2+-Ti4+ pair 
absorption spectra.  

We have carefully measured the trace element 
composition of 14 Yogo sapphires by SIMS at Cal-
tech. The SIMS technique gives the smallest SDs of 
our current measurement techniques, and only SIMS 
can quantify Si. These analyses provided accurate de-
terminations of Fe, Ti, Mg, Si, Ni, Cr, and V. The de-
tection limits for Cr, V, and Fe were previously given, 
and the determined detection limits for Ti, Mg, Si, 
and Ni were 0.039, 0.001, 0.552, and 0.030 ppma, re-
spectively. The higher detection limit for Si is par-
tially due to its larger RSF value, but mainly due to 
the difficulty of removing all traces of Si from the 
chamber and mass spectrometer. Because [Si – Mg – 
Ni] is always negative for Yogo sapphires due to their 
high Mg concentrations (~100 ppma), the [Ti]available as 
noted above was calculated as  

           [Ti]available = [Ti] + [Si] – [Mg] – [Ni] 

The absorption spectra of the 14 Yogo samples were 
measured and the contributions from Cr3+ and V3+ 
subtracted from each using the absorption cross sec-
tions of Cr3+ and V3+ previously determined. The 
shape of the remaining Fe2+-Ti4+ absorption band 
closely matched the shape determined from the syn-
thetic crystals. The resulting absorption cross sec-
tions are shown in figure 10. The band shapes are 
from the synthetic crystals, and the band peak val-
ues are determined from the averages of the 14 Yogo 
crystals studied. The peak E⊥c absorption cross sec-
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tion at 580 nm thus determined is 1.94 × 10–18 cm2 ± 
25%. 

These spectra have been terminated at 330 nm in 
the UV. This was necessary because the first O → Fe3+ 
charge transfer band (Tippins, 1970) peaks at 259 nm. 
We have determined the peak cross section for this 
transition as 1.66 × 10–17 cm2, which is extremely large. 
The sloping band edge on the long-wavelength side of 
this band mixes with the short-wavelength side of the 
Fe2+-Ti4+ pair and rapidly exceeds the dynamic range 
of the spectrophotometer. Thus we terminated the 
Fe2+-Ti4+ spectra before the charge transfer absorption 
became significant. 

In the course of our study of the Fe2+-Ti4+ band in 
many natural sapphires from many locations, we have 
found some whose Fe2+-Ti4+ cross sections appear much 
larger (by factors of two or three) than those deter-
mined here using synthetic and Yogo sapphires. Nearly 
all of these non-Yogo samples contain very high iron 
content and substantial OH, as revealed by FTIR meas-
urements. We do not know if this is a correct determi-
nation and thus represents an enhanced Fe2+-Ti4+ cross 
section due to the presence of iron pairs or clusters 
with the Ti4+, or whether it results from the fact that 
our chemical analyses only measure a very thin layer 
on the stone’s surface rather than the bulk composi-

tion. Many of these samples demonstrating anomalous 
Fe2+-Ti4+ cross sections are strongly color zoned, mean-
ing that the concentration of Fe2+-Ti4+ pairs along the 
optical path can vary substantially, something our sur-
face-level measurements would not be able to capture. 
Additional research on this topic is definitely needed. 

It is interesting to note that in the synthetic and 
Yogo crystals, the peak of the E⊥c cross section at 580 
nm of 1.94 × 10–18 cm2 ± 25% is about 12 times larger 
than that of Cr3+ at 560 nm. The large cross section 
and the width of the band in the visible region make 
the Fe2+-Ti4+ pair a strong chromophore. Less than 
one-tenth the amount of it relative to Cr3+ is needed 
to produce strong coloration. 

Figure 11 presents the color circles calculated 
from the cross section determinations. As in the dis-
cussion of the Cr3+ chromophore, we have used the 
areal density in ppma-cm to present the data. Figure 
11 (left) shows the three sets of color circles for E⊥c, 
E||c, and E⊥c + E||c under illuminant D65. As we saw 
with the Cr3+ chromophore, the E⊥c and E||c colors 
are quite distinct. This is because the E⊥c absorption 
spectrum is more effective at blocking the blue-green 
and green portions of the spectrum than the E||c 
spectrum, thus transmitting a purer blue color.  

Figure 11 (right) compares the color observed 

Figure 10. Cross section 
spectra of the Fe2+-Ti4+ 
chromophore measured 
from a synthetic blue 
sapphire grown by the 
Czochralski method. 
Also shown is a fine 
4.10 ct unheated Sri 
Lankan blue sapphire, 
representative of the 
color that would be pro-
duced by the Fe2+-Ti4+ 
chromophore in isola-
tion. Photo by Lotus 
Gemology; courtesy of 
Ruby N’ Sapphire.  
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under illuminants A and D65. While the color differ-
ences shown between illuminants D65 (daylight) and 
A (tungsten lamp) are not dramatic, the color circles 
for the D65 illuminant exhibit a brighter blue result-
ing from the greater portion of blue light in the D65 
spectrum. 

CHROMOPHORES INVOLVING  
TRAPPED HOLES  
When the concentration of magnesium and nickel 
exceeds the sum of the concentrations of silicon, ti-
tanium, and hydrogen, the corundum sample is ac-

ceptor dominated. If this occurs in a relatively oxi-
dizing natural environment, or if the stone is heat 
treated in air or oxygen, the excess acceptors will be 
charge compensated by trapped holes.  

 h• = [acceptors] – [donors] = [Mg + Ni] – [Si + Ti + H] 
If the sample also contains iron but not chromium, 

the h•-Fe3+ pair can form, producing a strong yellow 
coloration. If instead the sample contains only 
chromium, the h•-Cr3+ pair can form, producing a 
strong orange coloration. If the sample contains both 
Fe3+ and Cr3+, the hole will preferentially pair with the 
Cr3+. The association of the hole with Fe3+ or Cr3+ is 

Figure 11. Left: Areal density color circles under illuminant D65 of the Fe2+-Ti4+ chromophore. As with the Cr3+ chro-
mophore, the E⊥c and E||c colors are quite distinct. This is because the E⊥c absorption spectrum is more effective at 
blocking the blue-green and green portions of the spectrum than the E||c spectrum, thus transmitting a purer blue 
color. Right: Illuminant comparison color circles of the Fe2+-Ti4+ chromophore. While the color differences shown be-
tween illuminants D65 (daylight) and A (tungsten lamp) are not dramatic, the color circles for the D65 illuminant 
exhibit a lighter, brighter blue resulting from a greater portion of blue light in the D65 spectrum.
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unusual, as both are isoelectronic with Al3+ in the 
corundum lattice. However, isoelectronic dopants 
that trap electrons, holes, or excitons are well known 
in wide gap semiconductors (Pajot and Clerjaud, 2013). 
Isoelectronic traps in wide-band-gap oxides have re-
ceived some study as exciton traps that can greatly in-
crease the fluo rescence from UV excitation (Shtepliuk 
et al., 2011; Zorenko et al., 2011). 

To study the chromophores composed of trapped 
holes paired with either Fe3+ or Cr3+, two crystals 
were grown by the Czochralski technique at St. Gob-
ain Crystals and Detectors; one was doped only with 
iron and magnesium, while the other was doped only 
with chromium and magnesium. As grown, the crys-
tal containing iron and magnesium had a bright 
orangy yellow color, and the crystal containing 
chromium and magnesium had a bright orange color. 
The concentrations with total combined uncertainty 
for the h•-Fe3+ crystal were Fe = 180 ± 7.7% and Mg = 
2.13 ± 9.2%. If quantifiable concentrations of Si and 
Ti were present in this crystal, the total available Mg 
and its associated total combined error would have 
to be adjusted to account for these ions. However, 
both Si and Ti were below the quantification limits, 
eliminating the need to account for these trace ele-
ments. For the h•-Cr3+ crystal, the Cr concentration 
with total combined uncertainty was 12.6 ± 7.7%, 

and the Mg concentration with total combined un-
certainty was 0.813 ± 9.8% Similarly, the crystal pu-
rity was high enough that we did not need to account 
for Ti and Si that would scavenge available Mg. Fol-
lowing growth, the crystals were annealed in oxygen 
at 1750°C for 10 hours to assure that all magnesium 
was charge compensated by holes. Previous experi-
ments under a variety of conditions indicated that 
this annealing condition maximizes the hole concen-
tration. The resulting crystals were a deeper yellow, 
almost golden color (iron and magnesium), and a 
deeper orange color (chromium and magnesium).  

The cross sections presented for these two chro-
mophores are determined from the absorption spec-
tra recorded on these double-doped samples. Since 
the h•-Fe3+ sample also contains the Fe3+ chro-
mophore by itself, that spectrum was subtracted be-
fore calculating the h•-Fe3+ cross section. Since the 
Fe3+ chromophore is so weak, it only modifies the 
color produced by the h•-Fe3+ chromophore at high 
Fe3+ concentrations. Similarly, since the h•-Cr3+ sam-
ple also contains the Cr3+ chromophore by itself, that 
spectrum was subtracted before calculating the h•-
Cr3+ cross section. However, Cr3+ is a moderately 
strong chromophore, and thus any gemstone con-
taining the h•-Cr3+ chromophore will also exhibit a 
pink to red component from Cr3+ alone. It is these 

Figure 12. Cross section 
spectra of the h•-Fe3+ 
chromophore measured 
from a synthetic yellow 
sapphire grown by the 
Czochralski method. 
Also shown is an 11.41 
ct unheated Sri Lankan 
yellow sapphire, repre-
sentative of the color 
that would be pro-
duced by the h•-Fe3+ 
chromophore in isola-
tion. Photo by Lotus 
Gemology; courtesy of 
F.M. Gems.
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two chromophores together that create the magnifi-
cent pinkish orange padparadscha sapphire. 

The spectrum in figure 12 shows the absorption 
cross sections for E⊥c and E||c of a sample cut from 
the crystal containing iron and magnesium. Note the 
extremely large cross section of the h•-Fe3+ chro-
mophore, 1.3 × 10–17 cm2 ± 12.0%, which is about 6.8 
times that measured for the Fe2+-Ti4+ pair or about 80 
times larger than that of Cr3+. It is thus a very strong 
chromophore in corundum. The h•-Fe3+ and the h•-
Cr3+ are the strongest chromophores in the visible re-
gion of the spectrum for corundum. As discussed in 

the section on the Fe2+-Ti4+ pair chromophore, the 
spectrum of the h•-Fe3+ chromophore has been termi-
nated at 330 nm to avoid interference by the O → 
Fe3+ charge transfer band. This is not necessary for 
the h•-Cr3+ spectra, as the first O → Cr3+ band is well 
below 200 nm (Tippins, 1970). 

Figure 13 presents the color circles for the h•-Fe3+ 
pairs. The E⊥c and E||c spectra are quite similar. 
Thus the E⊥c, E||c, and E⊥c + E||c color circles under 
D65 illumination shown in figure 13 (left) are also 
similar, unlike some of the other chromophores we 
have studied. What is interesting to note here is the 

Figure 13. Left: Areal density color circles for the h•-Fe3+ chromo phore. Right: Illuminant comparison of the h•-Fe3+ 
chromophore. Little color change is observed with the change in illuminant for all orientations.
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extremely small amount of h•-Fe3+ pairs required to 
create a strong color. Only a few ppma are necessary 
in a 1 cm thick sample to produce strong coloration, 
whereas nearly 3000 ppma of Fe3+ alone would be re-
quired to produce similar coloration (see figure 9). Ex-
amining the color circles in figure 13 (right) for the 
two different illuminants, D65 and A, we see that the 
color differences for the two illuminants are greater 
than the E⊥c and E||c color differences. 

The h•-Fe3+ chromophore is the primary cause of 
color for yellow sapphires from Sri Lanka and other 
sources where the iron content is not extremely high. 
It also occasionally occurs in some high-iron sap-
phires from Thailand, where stones with the combi-
nation of the two chromophores are referred to as 
“Mekong Whisky” color sapphires.  

Figure 14 shows the E⊥c and E||c absorption cross 
sections of the h•-Cr3+ pair system. Again, note the 
extremely large cross sections (1.3 × 10–17 cm2 ± 
12.5%), which are similar in magnitude to those of 
the h•-Fe3+ pair. These two systems are by far the 
strongest chromophores in corundum.  

Figure 15 illustrates the color circles for h•-Cr3+ 
pairs. At left are shown the color circles for E⊥c, E||c, 
and E⊥c + E||c under D65 illumination. From the 
color circles we can see that this chromophore ex-

hibits little dichroism, as the E⊥c and E||c circles are 
very similar in appearance. This results from the fact 
that strong absorption is present below 560 nm for 
both E⊥c and E||c. Figure 15 (right) shows the color 
circles for both D65 and A illuminants. There is little 
chromatic difference resulting from the two illumi-
nants. The color circles for illuminant A, which con-
tains proportionally more yellow and red light, may 
be slightly brighter than their D65 counterparts. 

The cross sections and color circles presented for 
the h•-Cr3+ chromophore are for the chromophore it-
self and do not include a contribution from the Cr3+. 
Since Cr3+ is a moderately strong chromophore, very 
little is required to shift these hues toward a more 
pure orange. Concentrations of only 20–40 ppma Cr3+ 
are sufficient to cause a noticeable color shift.  

COMPARING THE CHROMOPHORES 
Looking closely at the absorption cross section spec-
tra for the various chromophores, one can observe 
a wide range of values in the visible region of the 
spectrum of a factor of about 500. However, the 
variability of the “strength” of the chromophore is 
even greater because the width (full width half max-
imum, FWHM) of the cross section features in the 
visible range varies from ~25 nm for Fe3+ to ~250 nm 

Figure 14. Cross section 
spectra of the h•-Cr3+ 
chromo phore measured 
from a synthetic orange 
sapphire grown by the 
Czochralski method. 
Also shown is a 14.62 
ct heated Sri Lankan 
orange sapphire, repre-
sentative of the color 
that would be produced 
by the h•-Cr3+ chro-
mophore in isolation. 
Photo by Lotus Gemol-
ogy; courtesy of Ceylon 
Fine Gems.
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for the Fe2+-Ti4+ pair (see box A). Figure 16 shows the 
approximate concentrations of the six chro-
mophores required to create roughly similar levels 
of color saturation for E⊥c in samples 1 cm thick. 
Concentrations for the chromophores were selected 
by visually comparing color circles and forming a 
consensus opinion among the authors about which 
circles appeared to have similar saturation levels. 
Comparing the chromophore concentrations in 
ppma under each circle emphasizes the rather ex-
treme range in “strength,” which is greater than a 
factor of 1000.  

The belief that yellow sapphires were colored 

only by iron with or without some undefined “color 
center” (Schmetzer et al., 1983; Nassau, 1991) was 
engendered by the fact that the existence of, strength, 
and absorption spectrum of the h•-Fe3+ chromophore 
was unknown. Additionally, the analytical tech-
niques available before SIMS and SIMS-calibrated 
LA-ICP-MS with matrix-matched standards were in-
capable of measurements down to the ppma level. 
Another key to our current understanding of chro-
mophores in corundum was the capability of growing 
synthetic sapphire containing only one of the chro-
mophores we wished to study. This allowed us to 
confirm what we observed in natural samples. 

Figure 15. Left: Areal density color circles for the h•-Cr3+ chromo phore. Right: Illuminant comparison of the 
h•-Cr3+ chromophore. As with the h•-Fe3+ chromophore, little color change is observed with the change in illu-
minant for all orientations.
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Determining the absorption cross sections is a 
powerful technique in the study of color in allochro-
matic minerals, as their magnitudes provide infor-
mation on the types of absorbing species present. 

Applying it to other minerals might yield some new 
insights. Our current trace element analytical capa-
bility, at the ppma level or below, provides the criti-
cal capability to support such research.

Figure 16. These color circles show the concentration of each chromophore necessary to produce similar saturation 
levels in corundum, thus illustrating the drastic difference in absorption strength among each of the chromo -
phores. The circles represent the color produced by each of the chromophores in a 1-cm-thick sample viewed down 
the c-axis (E⊥c orientation) under CIE-D65 Illuminant. The chromophore concentration varies from nearly 3000 
ppma for a weak absorber like Fe3+ to approximately 2 ppma for a strong absorber like h•-Cr3+.

Chromophore concentration in ppma

2331004002960

h•-Cr3+h•-Fe3+ Fe2+-Ti4+Cr3+V3+Fe3+
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