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70.5 ° apart. However, unless the lamellae are perfectly perpendicular to the image plane,

vertical distortion of the images will change the calculated angle. For the shown lamellae,

the nominal microscope depth values (which assume the imaging medium is air) returns

θ = 81.8±0.4 °, while using the first-approximation estimate of distortion nd/na=2.42

returns θ = 71.8±0.1 °.

A unitless imaging distortion parameter r was introduced into the coordinates of the

fitted points, and the system solved for θ = 70.5 °. The solution for r is 2.57±0.01, above

the first-approximation estimate of 2.42. Using equation 7.6 above, an effective objective

NA of 0.37 is estimated for this image; the 10× objective used for these images had a

stated NA of 0.45, so that the effective NA measure matches the expectation that a real

objective will distort the image stack z-axis to a degree somewhere between the “0 NA”

case, and the extreme case of the objective’s stated NA.

It is of course possible that the lamellae surfaces apparent in the confocal images are

not ideal {111} surfaces. The simplest case to consider would be an angular distortion

of a graining plane (where the plane is tilted away from the true {111} plane by some

fixed angle θdist uniformly across its surface). This would result in misleading calcu-

lated values for the effective microscope objective NA, when the calculation is performed

assuming θ = 70.5 ° instead of the distorted value of θ = 70.5 °+θdist . However, should

such distortion be suspected in a sample, the calculation may be performed as above, and

a calculated NA far different from the expected value interpreted as a marker for distortion

in the imaged lamellae. More complex distortions will be apparent when attempting to fit

a model plane to measured lamella co-ordinates; higher distortions will result in higher fit

residuals. However, interpretation of such results would not be trivial.

Determination of optimal sample preparation

In the case where the sample features a distinct surface geometry, confocal imaging may

be used to build a 3D visualisation of the sample surface, as shown in figure 7.13. The

ability to view sample features in 3D is of great benefit when planning sample prepara-
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Figure 7.13: Two 3D volumetric renderings of a confocal fluorescence datacube.

tion. However, for several experiments a polished facet on a specific crystal orientation

was required, and so a more precise technique was required. The above method of recon-

structing fluorescent lamellae was applied in these cases.

For instance, facets oriented on {110} crystal planes, perpendicular to two orientations

of {111}, was considered optimal for use in the infrared microspectroscopy experiments

described in the next chapter. Simply taking the cross product of a×b, the normal vectors

of two modelled lamellae, provides the normal vector of the desired {110} plane. Using

the dataset above, we can calculate that for this diamond, the nearest {110} surface is at an

angle of 33 ° to the currently-prepared facet; the direction is also specified by the vector,

which can be referenced to easily-identifiable features of the sample. Several cycles of

imaging, graining reconstruction and sample polishing were used to optimise the facet

orientation on several bulk diamond samples.

Figure 7.14 shows pink diamond sample SC:C1, prepared with the above technique.

From secondary-electron microscopy (figure 7.14a), the polished surface is shown to dis-

play several irregular facets polished onto the same plane, as a product of the bulk dia-

mond’s irregular shape. CL (b) reveals distinct regions of growth zoning and apparent

strain on the crystal surface (particularly vivid on the right-hand-side edge, within the

unpolished surface). Similar features are reflected in the optical confocal micrograph (c).
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By making use of the depth resolution of the confocal acquisition, a surface rendering has

been reconstructed, and overlayed on SE image for clarity.

The highlighted region in figure 7.14 is shown in more detail in figure 7.15. Octahedral

growth zoning penetrates throughout the crystal, with H3 fluorescence in bands between

discreet growth regions. As well as H3 emission from the dominant zoning bands, the

zones display isolated H3 grains, characteristic of discrete lamellae. Two such regions are

shown in greater detail in figures 7.16 and 7.17. Examination of consecutive image planes

show that the two visible pink graining plane orientations in this sample are perpendicular

to the imaging plane, and thus to the polished facet; measuring the angle between grains

in an image yields a value of 70.3±1.5 °, very close to the desired value of 70.5 °, and

confirming that the sample surface is a {110} plane.

7.3 Imaging of IR-stimulated N3 fluorescence

Section 6.2 demonstrated that IR light is capable of generating a transient fluorescence

signal from N3 centres in pink diamond, following priming by UV light. The transient

fluorescence was hypothesised to be a product of energy exchange between N3 defects

and the defect species that participate in the pink diamond photochromism, as high-N3 di-

amonds without visible colouration do not demonstrate the same fluorescence behaviour.

It thus seems a likely extension of this hypothesis that only those N3 defects which are

spatially located near pink colour centres may participate in this transient fluorescence

behaviour, and confocal microscopy is an excellent means by which to test this.

7.3.1 Initial tests

A 300 nm UV LED was used to prime pink diamonds in situ on the stage of the Nikon A1

confocal microscope. IR-stimulation was performed using the microscope’s 638 nm laser

as pump, allowing image acquisition via standard use of the microscope imaging suite.

Initial tests were conducted on one of the pink plates used extensively throughout the
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Figure 7.14: From top: SE, CL, and two-channel confocal fluorescence volumetric ren-
dering of pink diamond sample SC:C1. The confocal micrograph has been superimposed
on the SE micrograph for comparison. The boxed region is shown at greater magnification
in figure 7.15.
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Figure 7.15: Cross-sections through diamond SC:C1, with a nominal depth separation
of 240 µm. In several regions (boxed), isolated pink grains can be seen. The two regions
marked (i) and (ii) are shown in greater detail in figures 7.16 and 7.17.
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Figure 7.16: Region (i) from figure 7.15.
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Figure 7.17: Region (ii) from figure 7.15.
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Figure 7.18: IR-stimulated fluorescence from sample PL:P1 imaged by a confocal micro-
scope. Averaging the fluorescence intensity across each image in a timeseries acquisition
shows the exponential decay of fluorescence intensity.

photochromism experiments (sample PL:P1). While no pink graining is readily identi-

fiable, the sample chosen showed high levels of transient fluorescence in the benchtop

UV/IR experiments, and contained sufficient N3 and H3 fluorescence for confocal imag-

ing. It was thus used to test whether the microscopy system was capable of detecting the

transient fluorescence at all, prior to attempting full imaging of the fluorescence.

As expected, imaging this UV-primed pink diamond with an IR pump saw the ap-

pearance of a fluorescence signal in the 450 nm detection channel, used above to detect

N3 under 405 nm excitation. No distinct variation was seen in any other spectral chan-

nel; a very faint signal in the 525 nm channel most likely comes from the tail of the N3

fluorescence spectrum. The intensity of the 450 nm-channel fluorescence signal faded ex-

ponentially in time, with continuing IR exposure, again as expected for the transient N3

fluorescence (figure 7.18).
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7.3.2 Examination of pink graining

A series of diamonds which showed strong pink graining were subsequently investigated.

The bulk samples SC:C1 and SC:D1 above were considered, but no transient fluorescence

signal was detected. This failure was attributed to the geometry of the apparatus: as

the imaged face is placed against a glass coverslip (which would not transmit the UV

light), UV irradiation was performed from the “back” of the sample; it was deemed that

insufficient UV penetrated the bulk of the sample to provide a measurable signal at the

depth of the image plane.

The much thinner sample SC:J1 (shown above in figure 7.11) was thus trialled. Fig-

ure 7.19 shows preliminary results achieved with this sample.

The IR-induced fluorescence image shows more structure than that of N3 fluorescence

stimulated at 405 nm. In particular, band-like features parallel to those in H3-fluorescence

images are visible (centre-right of image). However, the graining in the two images is not

coincident, and in fact, there appears to be an anticorrelation between the high-intensity

banding imaged in the H3 micrograph, and the bright bands in the IR-stimulated N3

image. The boxed region in figure 7.19 is enlarged in figure 7.20, and the anticorrelation

between IR-stimulated N3 fluorescence, and H3 fluorescence, is striking.

The finite number of photons available for release under IR activation makes imaging

of this fluorescence intrinsically difficult. Indeed, the problem becomes more intractable

as the resolution of the image is increased, and the photon count per pixel decreases. As

there were no available means by which the sample could be repeatedly UV-primed and

then re-imaged, integration of multiple experiment runs could not be used to acquire a

higher-quality dataset. Thus to date, no higher-resolution images have been obtained,

which would shed further light on how the IR-pumped N3 fluorescence may be related

to the pink graining - and why there appears, in these initial measurements, to be an an-

ticorrelation between features in the IR-pumped N3 image, and pink colouration regions

detected via H3-fluorescence imaging.
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Figure 7.19: Micrographs of pink diamond by (a) N3 fluorescence excited by 405 nm;
(b) post-UV-primed N3 fluorescence excited by 638 nm; (c) H3 fluorescence within pink
graining. A 5-pixel gaussian averaging has been applied to emphasise larger-scale fea-
tures. The boxed region is shown in figure 7.20.
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Figure 7.20: The IR-stimulated N3 is anticorrelated with the pink graining. (a) IR-
stimulated N3 fluorescence (blue); (b) the same image overlayed with H3 fluorescence
marking the pink graining (green). As with figure 7.19, a 5-pixel gaussian averaging has
been applied.

Despite the low quality of the results acquired thus far, this approach looks very

promising. Though the fluorescence yield detected in these preliminary experiments is

very low, this can be simply overcome with a system allowing automated repeating of the

UV-priming/IR-imaging duty cycle, so that integration of the signal over multiple exper-

imental runs can be performed. It is expected that, pending solutions to these pragmatic

concerns, confocal microscopy will provide the answer to the currently-uncertain rela-

tionship between N3 defects, the pink graining, and the post-UV, IR-induced transient

fluorescence. Another approach that may be worth investigation is that of luminescence

lifetime mapping, which is sensitive to energy transfer processes between defects [169].

7.4 Conclusion

Fluorescence confocal microscopy has been presented as a useful method of observing

structure in diamond relating to fluorescing defect centres. The H3 centre may be used

as a tracer to image the pink graining in natural pink diamond, and allows computer
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reconstruction of three-dimensional volumes of the diamond interior. From these recon-

structions, estimates of distortion factors related to the imaging of high-refractive-index

media can be retrieved, and customised sample preparation can be designed. Confocal

microscopy has shown to be of use in the measurement of transient N3 fluorescence un-

der IR pumps, however to date, insufficient data has been acquired and further study is

required to elucidate the possible relationship between N3 defects and the pink colour

graining.
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8
Infrared microspectroscopy and spatial

correlation of absorption bands in natural

pink diamond

This chapter contains work published as:

KS Byrne, JD Anstie, JG Chapman and AN Luiten, Infrared microspectroscopy of

natural Argyle pink diamond, Diam. Rel. Mater., 23 (2012), 125-129

As noted in chapter 2, the vibrational modes of many common diamond defects gen-

erate characteristic absorption lines in the infrared, and so IR spectroscopy has been

a common tool for diamond analysis. In recent decades, infrared microspectroscopy

has slowly emerged as the natural evolution of traditional IR spectroscopy, combining

spatially-resolved detection with the traditional spectral measurement [170, 171]. The

resultant 3D dataset can be deconstructed to either (i) examine the full IR spectrum at a

specific location in a sample, or (ii) examine spatial variations in the intensity of one par-

ticular spectral component. The technique has subsequently been adopted by many fields,

from space science to medical pathology (eg. see [170–172]), becoming a fully-fledged

imaging and analysis technique complementary to methods like optical and cathodolumi-
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nescence imaging.

IR mapping has recently begun to be employed in diamond characterisation (eg. see [109,

173, 174]). Mapping the intensity of certain spectral lines across a sample area can be

translated into a map of defect concentration distribution, and the relationship between

defects and structural characteristics of a diamond sample can be explored.

Unfortunately, IR mapping cannot generally be extended to imaging of sample fea-

tures below the µm scale, due to the limitation of diffraction-limited resolution: as noted

in the previous chapter, even a “perfect” confocal-type microscope will be fundamentally

limited to a spatial resolution of ∼ λ/2 when imaging light at wavelength λ [172]. In

the case of pink diamond, where the pink-coloured lamellae have widths on the order of

1 µm [78], direct spectroscopy of the pink centre’s local environment by, for example,

comparing spectra from within and outside the graining, is thus impossible at IR wave-

lengths.

Despite this inability to resolve individual lamellae, there is still significant variation in

the intensity of pink colouration across a sample visible at scales up to the millimetre level,

as can be seen from the figures in chapter 7. This inhomogeneity can be imaged in both

the visible and infrared bands, and thus opens the path to the possible association of IR

spectral features with visible-light absorption features - and thus with particular diamond

colour centres such as our unknown pink diamond defect. If some defect species is an

active absorber in both the optical and IR domains, and is inhomogeneously distributed

throughout a sample, then we would expect that inhomogeneity to be visible in both

optical and IR micrographs. Similarly, spatial variations in known IR absorption features

may provide clues into the processes which lead to the formation (or destruction) of the

defect centres responsible for those spectral lines.

In this chapter we test this concept by conducting 2D mapping of Argyle pink diamond

with IR microspectroscopy, and examining correlations between optical and IR absorption

data. These means are used to identify any new IR lines that may be attributed to the pink

colour centre, and any known defect centres which show a statistically significant link
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8.1. APPARATUS

to the pink colouration. In doing so, we determine the usefulness of this technique in

further application and discuss its benefits and limitations. Exploitation of pink diamond

photochromism presents another avenue through which the technique may be extended,

to search for IR absorption lines directly related to the pink colour centre.

8.1 Apparatus

8.1.1 Light source and detector

IR microspectroscopy places new demands on IR light sources, which are not met by

commercial laboratory sources [175]. The intensity of current laboratory light sources

is too low to maintain a satisfactory Signal to Noise ratio (SNR) in the measurement

when the IR beam aperture is set to an imaging-appropriate size, without resorting to

highly impractical spectrum acquisition/integration times. Synchrotrons have become

the favoured light source for infrared microscopy, as they provide 100-1000 times the

intensity of laboratory thermal IR sources, together with a “whiter” IR spectrum than

possible with laser sources [175, 176]. Consequently, IR beamlines are now available at

many synchrotrons (eg. see [172]). The output of the current generation of IR beamlines

is also capable of delivering a diffraction-limited measurement across much of the IR

spectral range [177].

Experiments described in this chapter were conducted at the Infrared Microspec-

troscopy beamline at the Australian Synchrotron in Melbourne, Australia. This beamline

is capable of up to 3 µm spatial resolution, with over an order of magnitude improvement

in SNR over standard thermal IR sources [178].

The beamline IR light is fed into a Bruker Hyperion 2000 confocal IR microscope,

which is used to position and interrogate the sample. A motorised sample-stage and

aperture is software-controlled via Bruker OPUS. Measurement is performed by a Vertex

V80v FTIR spectrometer with a liquid-N2-cooled Mercury-Cadmium-Telluride (MCT)
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detector capable of 4 cm−1 spectral resolution, sufficient to easily resolve common fea-

tures of diamond IR spectra. As this is a single-point detector, maps were derived by

using the computer-controlled microscope stage to “raster” the sample stage through the

fixed synchrotron light beam. Knife-edge apertures in a confocal arrangement set the mi-

croscope’s nominal spatial resolution. The sample stage is situated within a closed box

flooded with dry air to maintain a stable atmosphere in the beam path.

The measurement of pink colouration in these samples was performed in situ, on the

microscope sample stage. This process is described later, in section 8.4.1.

8.1.2 Spectral measurement

Figure 8.1 shows a spectrum taken from one of the acquired IR spectral maps. In common

with the diamonds analysed in section 3.2.2, the dominant features can be identified as (i)

the 3107 cm−1 line and subsidiary peaks at 2920 cm−1 and 2850 cm−1, associated with

various forms of hydrogen-carbon bond; (ii) the 2700-1700 cm−1 bands generated by the

intrinsic diamond lattice carbon-carbon bonds; (iii) the 1400-900 cm−1 range associated

with several common nitrogen-complex impurities, including substitutional nitrogen, the

A centre (N-N) and B centre (N4-V). Some contamination of the diamond spectrum be-

tween 1900-1400 cm−1 is also visible due to atmospheric IR absorption.

8.1.3 Spatial measurement

The microscope output was controlled to deliver spatial resolutions of 10-50 µm, though

as demonstrated below, the actual spatial resolution was poorer than this due to the thick-

ness of the sample. Figure 8.2 demonstrates the level of pink colour variation across a

sample; overlayed is a grid representing a demonstration IR map mask. Pink diamonds

from the Argyle deposit were prepared with parallel polished facets on {110} surfaces, so

as to be perpendicular to the pink lamellae, using the techniques described in section 7.2.5.

While a thicker sample increases the depth of absorption, it is at the cost of spatial
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Figure 8.1: Typical spectrum from IR spectral maps, with features of interest noted.

resolution. Each prepared sample considered in this experiment was approximately 1 mm

thick, chosen as a compromise between resolution and absorption depth. Thicker samples

showed much poorer spatial resolution, while thinner samples had absorption below the

sensitivity of the spectrometer. One diamond sample (SC:E1) was seen to be particularly

suitable for this experiment, and two IR maps were obtained from different regions of

this sample, at nominal spatial sampling of 10 and 50 µm as determined by the knife-

edge aperture. The mean nitrogen concentration of this sample was determined to be

approximately 100 ppm, using the techniques described in section 3.2.2.

8.2 Calculation of correlation

To determine the nature of any relationship between two 2D datasets (such as the maps

in this experiment), the correlation between the two datasets may be computed using

standard linear correlation techniques [179]. The linear correlation coefficient r between
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Figure 8.2: Top: by sampling IR spectra in a defined grid (overlayed on a true-colour
optical image), spatial maps of spectral features can be recorded. The grid denotes the
location of IR sampling across the sample. The lower image shows the produced IR
absorbance map, at a particular wavenumber (1175 cm−1).
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two datasets f and g is given by:

r =
∑
x,y

(
[ f (x1,y1)− f ] · [g(x2,y2)−g]

)
√

∑
x,y
[ f (x1,y1)− f ]2

√
∑
x,y
[g(x2,y2)−g]2

. 8.1

The coordinates (x1,y1) and (x2,y2) define the position of a pixel in the two images.

Both positive and negative correlations are possible for our data, and we thus make use of

the two-tailed zero-hypothesis test. For a dataset of n pixels, confidence interval values

for r at α significance can be calculated via Student’s t-distribution as [180]:

rα ,ν =

√
(tα,ν)2

(tα,ν)2 +ν
8.2

where ν , the degrees of freedom in the system, is equal to n−2.

We thus have an objective measure with which to compare our various datasets. Per-

forming this calculation with two images will demonstrate how well the spatial distri-

bution of intensity values in one image matches with the spatial distribution of intensity

values in the other. As we are using a linear correlation technique, it is important to note

that all correlations are calculated in the absorbance domain (a linear measure extend-

ing between positive and negative infinity). Transmission or reflection measurements are

non-linear (being valued only between 0 and 1), and so linear correlation between such

datasets is inappropriate [179]. For completeness, nonlinear techniques (eg. Spearman

rank correlation) were also tested with our datasets, and were seen to give results con-

sonant with linear correlation. Nonlinear techniques, such as the Spearman correlation,

forfeit valuable information about the absolute magnitude of datapoints in favour of some

discrete ranking mechanism. As we have access to a suitable domain in which to employ

linear correlation, we will not discuss nonlinear techniques further.
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8.3 Autocorrelation of IR mapping

While the aim of this experiment is to examine potential correlations between IR spectral

maps and images of the diamond’s pink colouration, it is useful to first perform a self-

correlation on the IR maps themselves. We calculate the correlation r of each spectrally-

resolved “slice” of an IR map (ie. an image representing absorbance at a single measured

frequency) with each other spectral slice. By doing so, we can (1) confirm the valid-

ity of the correlation calculation, and (2) compare the spatial distributions of various IR

features. This provides a guide as to which IR absorbance features may be of particular

interest in the visible-light image/ IR map correlation trace. The above equation 8.1 is

applied to correlate the IR map slice at each recorded wavenumber with every other map

slice of the set, resulting in a 2D array of correlation values (with the x/y axes indicat-

ing the wavenumbers of the two correlated slices). In figure 8.3 we show such an array

for each of our two datasets, with the location of some important spectral peaks indi-

cated: 3107 cm−1 - included hydrogen; 2362 cm−1 - intrinsic carbon band; 1360 cm−1 -

platelets; 1170 cm−1 - B nitrogen aggregate (see section 2.3).

Along the diagonal of figure 8.3, where each map slice is correlated with itself, the

correlation is necessarily valued 1, as a spectral map slice will perfectly correlate with

itself. The correlation function is mirrored across this diagonal axis. It is immediately ap-

parent that the majority of the spectrum, from 3500-1400 cm−1, shows highly-correlated

behaviour (r>0.95). This range includes the intrinsic diamond lattice bands between

2700-1700 cm−1. Conversely, the map slices at wavenumbers between 1400-900 cm−1

(corresponding with nitrogen-complex absorption features) clearly show a much higher

correlation with other slices from this band than they do with slices from the rest of

the spectrum. Hence, this drop in correlation between the diamond lattice absorption

bands and the nitrogen complexes strongly suggests that at least one species of nitrogen-

inclusive centre present in our samples has significantly heterogenous spatial distribution,

and the nitrogen-complex absorbtion frequency range may be of special interest in the
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Figure 8.3: Autocorrelation of spectral maps. The spectral range for nitrogen-aggregate
absorption shows clear distinction against the rest of the spectral range. To a lesser extent,
features are evident corresponding to the 3107 cm−1 hydrogen absorption feature. Top:
50 µm -resolution set, bottom: 10 µm -resolution set.
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correlation of IR maps with the visible-light images representing pink colouration.

Figure 8.4 shows the isolated self-correlation “spectra” for two wavenumbers, taken

from the above graphs at wavenumbers of 2362 cm−1 (a peak of the band generated by

the carbon-carbon bonds of the native diamond lattice) and 1175 cm−1 (a peak in the

nitrogen-absorption region related to the B-centre complex). These two curves clearly

demonstrate that a disparity exists between the spatial distribution of IR absorption in the

two ranges described above.

The 3107 cm−1 line indicative of hydrogen-carbon bonds, with associated nearby

peaks, is also faintly visible in the correlation trace. The peak shows a slightly higher

correlation with the nitrogen region, and slightly lower correlation with the rest of the

spectrum, than wavenumbers to either side (see figure 8.5). The low intensity of this band,

however, together with strong background components, makes such a claim difficult. Plot-

ting the difference between correlation values on- and off-resonance at 3107 cm−1 eluci-

dates the positive correlation between the hydrogen defects and nitrogen defects, which

matches with the observations of Iakoubovskii and Adriaenssens [98], in which both A

and B nitrogen forms showed correlation with the 3107 cm−1 line in Argyle diamonds.

We can thus consider our maps to contain three broad features of interest: (1) the

nitrogen-complex lines with wavenumbers <1400 cm−1; (2) the hydrogen peak at 3107 cm−1

and subsidiaries; (3) the native carbon spectrum, containing C-C bond peaks and a general

background term.

8.4 Correlation of IR and visible-light imaging

With the above in mind, the correlation traces for comparing the visible-light images to

the IR spectral maps may be generated. We return to equation 8.1, in this case defining f

and g as the visible-light and IR absorbance maps respectively. As we are now comparing

a single visible-light map to the stack of IR frequency-resolved map slices, application

of the correlation function results in a 1D correlation “spectrum”, showing the degree of
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Figure 8.4: Autocorrelation cross-sections at 1170 cm−1 (nitrogen B-centre absorption
peak) and 2362 cm−1 (lattice C-C bond absorption peak). These traces indicate that there
is a strong difference in the spatially defined absorbtion map at nitrogen absorbance fre-
quencies, compared to the pure diamond lattice absorption. Top: 50 µm -resolution set,
bottom: 10 µm -resolution set.

165



CHAPTER 8. IR MICROSPECTROSCOPY - SPATIAL CORRELATION OF
ABSORPTION BANDS

1.00

0.90

0.80

0.70

C
o

rr
el

at
io

n

3500 3000 2500 2000 1500 1000

Wavenumber (cm
-1

)

0.03
0.02
0.01

-0.01

D
r 

 3127cm
-1

 3107cm
-1

1.00

0.90

0.80

0.70

C
o

rr
el

at
io

n

3500 3000 2500 2000 1500 1000

Wavenumber (cm
-1

)

0.02

0.01D
r 

 3127cm
-1

 3107cm
-1

Figure 8.5: Autocorrelation cross-sections on and near the 3107 cm−1 H-C bond absorp-
tion peak. The difference in correlation shows that the absorption feature is positively
correlated with nitrogen absorption bands, despite the large amount of less-correlated
noise. Top: 50 µm -resolution set, bottom: 10 µm -resolution set.
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correlation between the spatial absorbance distribution of the visible map, and the IR map

slice at each wavenumber.

8.4.1 Acquisition and alignment of visible-light maps

Correct alignment between the IR and visible-light maps is critical to the validity of

this measurement. To ensure correct alignment between the maps is preserved, both are

recorded with the same microscope. While there is no visible-light spectral detector on

the instrument, the microscope’s visible-light camera can be used to measure the intensity

of the pink colouration of the sample. The green channel of a RGB transmission image is

representative of the strength of the 550 nm absorption band; this is normalised against the

total visible transmission to produce a usable map representative of pink colour intensity

across the sample. The weighted visible-light image is then converted to an absorbance

scale to match that of the IR spectra. This visible-light absorbance map is then resam-

pled to match the lower spatial resolution of the IR map, using the coordinates recorded

by the microscope to correctly locate each pixel. The use of a camera to generate a

visible-colour map is sufficient in this case as the pink colouration is the only dominant

visible-light spectral feature present in these diamonds. It is important to note that in

other samples with multiple visible-light spectral features, a more sophisticated technique

would be required that can resolve each of these spectral features individually.

Alignment of the datasets was tested by artificially shifting the visible-light and IR

maps relative to each other, and computing the correlation coefficient for varying mis-

alignments along the x- and y-axes. For spectral features showing non-zero correlation,

increasing misalignment results in a reduction in the value of correlation. Figure 8.6

shows the correlation value for a particular sample and wavenumber as the misalignment

is increased, in both the x- and y-coordinates. This allowed estimation of the size of the

smallest features detectable in each dataset - 167 µm × 154 µm for the dataset recorded

with nominal resolution of 50 µm and 23 µm × 12 µm for the set recorded at 10 µm resolu-

tion. During this procedure it was found that one dataset showed a 1-pixel misalignment
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Figure 8.6: Calculating the correlation value r between a visible-light map and IR map,
while artificially misaligning the visible-colour image relative to the IR map provides a
measure of the size of features being detected. 50 µm -resolution set.

in the x direction, likely associated with a tilt of the sample. Since this shift is substan-

tially less than the resolution of the measurement it made only a small difference (∼ 20%)

to the magnitude of the correlations, with no impact on the qualitative nature of the re-

sults. For the analysis and figures in this chapter the IR dataset was shifted to the optimal

alignment position.

Low spatial-frequency components present in the IR and visible maps create a spuri-

ous non-zero correlation between all IR frequencies and the visible image, while carrying

no usable information. To minimise this effect, we spatially Fourier-filter a map to elim-

inate these low-frequency components. Filtering of only one map in the pair f , g is

required, as only components present in both maps will be detected by the correlation,

and thus removing a frequency component from one map will remove it from the corre-

lation. We filter the visible-light data to eliminate components below 0.1 pixel−1 in the x

and y directions. Figure 8.7 shows the spatially resampled, Fourier-filtered visible-light

map produced from the region shown in figure 8.2. The example IR absorbance image

shown in the previous image is repeated for comparison.
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Figure 8.7: (A) The visible-light absorbance map. (B) IR absorbance at a particular
wavenumber (1175 cm−1). Note that the correlation calculation depends on the nor-
malised deviation of each pixel value from the image mean, and the map colour-scales
have been labelled accordingly.
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8.4.2 Calculation of IR-Visible map correlations

Figure 8.8 shows a plot of the correlation coefficient r between the visible-light image

and the IR absorbance at various wavenumbers for each of the two IR datasets; the IR

absorbance of the diamond is presented as well to aid identification of major features.

A distinctive feature is visible in the correlation coefficient for the spectral region

∼ 1500-1000 cm−1, corresponding with the absorption bands of various nitrogen-complex

centres in diamond. The platelet peak, which has been associated with the existence of B

nitrogen centres in diamond, can also be seen at 1363 cm−1, as can the hydrogen peak at

3107 cm−1. Conversely, the even stronger absorption region between ∼ 2700-1700 cm−1,

corresponding to the diamond’s intrinsic carbon-carbon bonds, displays no prominant

correlation with the visible image. As the strength of IR absorbance at these wavenum-

bers would be most strongly dependent on the local thickness of the sample, this lack of

correlation provides confidence that any correlation features are not due to such trivial

causes as variation of sample thickness. Note that the axis indicates a negative correlation

between areas of pink colouration and IR absorption.

8.4.3 Nitrogen-complex absorption decomposition

To determine the extent to which particular nitrogen defects are responsible for the ∼ 1500-

1000 cm−1 correlation feature, we may decompose the IR absorbance spectra which com-

prise the spectral maps, and generate maps of relative nitrogen defect population. These

defect population maps may then be correlated with the corresponding visible-light im-

age. To achieve this the method outlined in section 3.2.2 was employed to each spectrum

of the IR maps in turn. Fits included the A, B and D nitrogen IR components, but not the

C component (neutral substitutional nitrogen), as the inclusion of a C component always

resulted in failure of the fit. Using the A, B and D components with a linear background

produced suitable fits for all spectra (mean fitting r2 ∼ 0.98).

From this series of fits, maps are generated of the A, B and D component intensities
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Figure 8.8: (A) An example pink diamond IR absorbance spectrum. (B, C) Correlation
coefficient r between visible image and IR spatial maps as a function of wavenumber for
two separate locations in a diamond, recorded with spatial resolution of 50 and 10 µm
respectively. Shading in the bottom panel represents the region for 95% confidence of
zero correlation.
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Map 1 Map 2
Defect Correlation Correlation

A 0.23 0.14
B -0.45 -0.81
D 0.27 0.22

Table 8.1: Correlation of visible-light image with relative population of common nitrogen
defects. The limit for 95% confidence of zero correlation is 0.13 for Map 1 and 0.087 for
Map 2.

(and thus the respective defect concentration) across the region of interest (see figure 8.9).

These concentration maps were compared with the visible-light maps by calculating the

correlation coefficient using equation 8.1, as done above to compare the visible-light maps

with each spectral slice of the IR absorbance maps. The correlation coefficient for each

pair of visible-light image and defect concentration map is presented in table 8.1.

In both sample sets, the B nitrogen-aggregate is seen to be strongly anti-correlated

with the visible-light map, while the A and D centres show a correlation which is much

closer to zero. It may also be noted that the feature in the correlation spectra presented

in figure 8.8 is a remarkable analogue for the IR absorption lineshape of the nitrogen B-

centre. We thus conclude that it is this defect centre that generates the observed correlation

with pink colouration in our sample sets. As mentioned above, the negative value for the

correlation coefficient indicates that there is a relative scarcity of B-centres in the areas of

strongest pink colouration.

A possible mechanism for this anti-correlation may arise during the plastic deforma-

tion processes occurring during the history of pink diamonds. It has been recorded that

Argyle pink diamonds classed as Type IaA/B show significant amounts of H3 defect (N-

V-N) where those of Type IaA do not, and that these H3 defects are known to exist along

the pink lamellae [26, 78]. A correlation between the concentration of singular N centres

and the intensity of various pink Argyle diamonds has also been reported [103]. These

results provide indirect support for the hypothesis that B-centres have been destroyed in

the creation of the pink lamellae, generating daughter defects of various nitrogen/vacancy

forms, including H3. The weak positive correlation of A defects with the pink coloura-
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Figure 8.9: IR intensity maps of the A, B and D nitrogen IR absorption features, repre-
senting the spatial distribution of the concentration of the respective defects. These can
be correlated with the visible-light map representing pink colouration, as previously done
with the original IR spectral map data. As with figure 8.7, the intensity scale for each map
displays the normalised deviation of each pixel from the image mean.
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tion would also be consistent with this model. Figure 8.10 depicts how such a process

may occur during plastic deformation, generating products such as H3, N3 (N3-V) and N

centres. It is possible that this process also generates the unknown pink colour centre.

An alternative theory has recently been suggested, whereby B, H3 and N3 centres are

created by aggregation of A centres with vacancies created during the plastic deformation

process [101]. The relatively low concentrations of A centres in Argyle pink diamond,

which are typically Type IaA/B, was cited as evidence for this alternative process.

While this alternative model has the benefit of proceeding along a typical aggregation

path (ie. A-centres aggregating to B; see section 2.3.2), it does not explain the anticorrela-

tion between B-aggregates and the pink diamond colour that we observe. Conversely, un-

der this model, one should expect there to be a positive correlation between B-centres and

the pink colouration, and a negative correlation between A-centres and the pink coloura-

tion. The correlation between H3 and the pink graining in Type IaA/B diamonds (and not

Type IaA or Ib) cannot be used to distinguish between these proposed models, as in one

model they would be created in the graining by the shearing of B defects during graining

formation, while in the other, they would be created simultaneously with the creation of

B defects as the graining formation stimulates further aggregation of A-centres.

A more detailed study, making use of the techniques described here to survey a large

number of samples, may be needed to resolve this dispute. Another relevant issue is that

the exact relationship between plastic deformation and nitrogen aggregation is yet to be

settled, and so arguments such as the above are speculative in this regard [181]. In any

case, IR microspectroscopy has proven to be an invaluable addition to the toolbox of

diamond interrogation techniques. The technique of calculating numerical correlations

between IR and visible absorption is validated as a means to detect spatially coincident

defect species, with implications for the formation of the bulk sample. Furthermore,

decomposition of spectral features via analytic fitting routines may be used to isolate

particular defect species for the correlation calculations.
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Figure 8.10: Under the influence of plastic deformation it is possible that (A) B-centres
may be broken through shearing of diamond planes to generate (B) N3, N and (C) H3
centres.
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Figure 8.11: Schematic of IR-photochromism experiment. 595 nm probe light monitors
pink colouration of the diamond, during optical pumping of the diamond, while the sam-
ple remains in place on the microscope stage. At intervals during the experiment, IR
absorption is measured by the microscope.

8.5 Effect of photochromism on IR spectra

Given the observed correlation between features of the pink diamond IR spectrum and vis-

ible colouration, it would seem reasonable to ask whether changes in the visible coloura-

tion induced by photochromic processes might be paired with some analogous change in

the infrared. The photochromic state can be easily manipulated in situ on the microscope

stage, allowing measurement of a sample’s IR spectrum whilst the diamond’s colour state

is controlled (figure 8.11). Thus in this case we may hope to identify IR absorption lines

which can be attributed to the pink diamond defect. Furthermore, substitutional nitro-

gen demonstrates different IR bands depending on its charge state; as this centre has been

shown to play a role in the pink diamond photochromic process, we might expect changes

in the nitrogen absorption peaks to become evident.

As discussed at length in chapters 5-6, bleaching and restoration of diamond colour

is active when the sample is pumped with radiation throughout the blue/UV region of the

spectrum, with the ultimate level of pink colouration being dependent on the wavelength

of pumping radiation. The photochromic state of the diamond sample in this experiment

was controlled by LEDs operating at 300 nm and 435 nm, wavelengths chosen to provide

a significant contrast in colour state while showing a fast rate of change, minimising
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Figure 8.12: Level of transmitted 595 nm probe light through a diamond over time. In
each region 1-7, an IR spectrum is recorded. Fluorescence excited by the 435 nm restoring
LED contaminates the probe measurement while restoration is underway.

influence of any longer-term effects generated by the microscope surrounds. Due to the

limited confines of the microscope sample stage, the sophisticated detection mechanism

described in section 5.1 could not be employed, and the intensity of pink colouration in

the diamond was simply probed by measuring the transmission of the diamond at 595 nm,

near the edge of the 550 nm absorption band, using an LED light source as a probe.

Figure 8.12 shows the response of the diamond over the course of this experiment.

The diamond was initially primed via exposure to 435 nm light, and was then bleached

to successively higher levels (regions 1-6) by short bursts of UV light, with IR spectra

recorded in between bursts. Each exposure of the diamond to 300 nm light reduces the

amount of 595 nm probe light absorbed by the diamond, as expected from the analysis of

photochromism in chapter 5. Plateaus in probe transmission show that when the diamond

is not subject to direct irradiation from the UV LED, the diamond’s colour state is stable.

Restoration of the pink colouration using the 435 nm LED can also be seen, albeit with

some contamination of the probe due to diamond fluorescence during the period when

the diamond is exposed to the restoring light (compare with figure 5.8, in which lock-

in detection filters out such fluorescence). In region 7, 435 nm pumping has completely

returned the diamond to its initial colour state.
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Although a clear photochromic change can be seen to have taken place, no feature of

the IR spectrum varied in concert with this change. Of the three defect species noted above

as possible products of B-centre destruction (N3, H3 and single substitutional N), only

the single substitutional N defect - which itself generates yellow colouration in diamond

- is known to possess characteristic IR absorption lines (at 1130 cm−1) [22]. While it is

possible that the lack of change in the IR spectrum may simply be due to the pink colour

centre exhibiting low IR absorption compared to its visible-light absorption (below the

sensitivity of this experiment), it seems reasonable to suppose that the pink colour centre,

like the H3 and N3 centres, has no specific IR absorption feature.

Absorption by substitutional nitrogen does not show any visible change in this ex-

periment, despite its assumed role in the carrier exchange governing pink diamond pho-

tochromism (see section 5.2.1). While surprising, this may simply reflect the low IR

absorption intensity in these diamonds, and subsequent difficulty in separating this com-

ponent of the spectrum from the other nitrogen-aggregate features. As noted above and in

section 3.2.2, the C-band of IR nitrogen absorption (generated at N0 centres) could not be

included in spectral decomposition fitting routines, as it served only to distort the resul-

tant fit. From examination of the residuals of these fits, we estimate that the substitutional

nitrogen concentration in this diamond is at most on the order of 10 ppm, approaching

the detection limit for most IR spectrometers. Considering that only some fraction of

these substitutional nitrogen centres will be switched between charge states, it is then un-

surprising that no detectable signal is seen in this experiment. The same problem exists

when attempting an extraction of the IR absorption band generated by N+ centres (the

so called X-band), though with the additional difficulty that the location of its dominant

peak at 1332 cm−1 overlaps with a major feature of the B component’s spectrum [22].

As such, a weak N+ signal is very difficult to detect in the presence of any B-band ab-

sorption. It may be noted that variations in the N0 and N+ IR bands have been observed

when optically stimulating photochromic synthetic diamonds [182], however these were

Type Ib diamonds and as such the substitutional nitrogen absorption peaks were readily
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identifiable, rather than obscured by other bands as in our case.

8.6 Conclusion

A method for determining coexistent defect species in diamond, by way of IR microspec-

troscopic mapping, has been shown to successfully identify defects with shared spatial

distributions. Correlation between IR maps at specific wavenumbers may be used to iden-

tify any such coexistent defects at a resolution near the diffraction-limit of IR radiation.

Correlation between IR maps and visible-light images is also possible, which allows the

use of this approach when a target defect has a known visible absorption but no (known)

IR absorption lines with which to calculate IR-IR correlations. Spatial resolution for the

technique was found to be ultimately limited by the thickness of the sample.

The testing of this technique on natural pink Argyle diamond revealed a significant

anti-correlation between the presence of B-centres and regions of pink colouration in the

sample, possibly indicative of the plastic deformation characteristic of pink diamond gen-

eration, which provides a pathway for the destruction of B-centres into daughter defects

such as N3, H3 and N0 by successive shearing actions along various lattice directions.

Despite attempts to detect pink-centre-specific IR absorption lines via the exploitation of

pink diamond photochromism, no such lines were found.

Further development of the successful IR-visible correlation technique may be of use

in future studies. The acquisition of visible-light data in this study was simply performed

by a camera, which is sufficient for samples with only one dominant visible-light absorp-

tion, but problematic otherwise. Replacement of the camera with a visible-light spec-

trometer, and generating spatial/spectral map datasets in both the IR and visible domains,

would solve this problem. Having full spectral information in both domains would allow

a much more thorough exploration of possible links between IR and visible-light absorber

species, as well as the investigation of links between discrete visible-light absorbers, sim-

ilarly to the comparison of nitrogen- and hydrogen-defect absorptions in section 8.3.
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As with optical microscopy, answers to the problem of diffraction-limited resolution

are being developed for the infrared. For example, techniques which combine IR exci-

tation with atomic force microscopy (AFM) cantilevers have been demonstrated which

reach towards the nanometre resolution scale (eg. [183, 184]), though they require tun-

able IR sources to access spectral information and probe only the surface of a thin sample.

In future, it may be possible to perform the optimal IR/visible correlation mapping mea-

surement, with resolution at the level of the pink graining width for both datasets.
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Positron-annihilation measurements of

Argyle diamond

This chapter contains work published as:

P Guagliardo, KS Byrne, JG Chapman, K Sudarshan, S Samarin, and J Williams,

Natural brown Type I diamonds investigated by positron annihilation doppler broadening

spectroscopy, Australian Institute of Physics Congress 2012 Conference Proceedings

P Guagliardo, KS Byrne, JG Chapman, K Sudarshan, S Samarin, and J Williams,

Positron annihilation and optical studies of natural brown Type I diamonds,

Diam. Rel. Mater., 37 (2013), 37-40, doi:10.1016/j.diamond.2013.04.011

As noted in chapter 3, Argyle is simultaneously the world’s largest high-quality pink

diamond producer, and one of the world’s poorest producers in terms of average diamond

price, due to the high percentage of brown diamonds found at the mine [89, 93]. The

pink and brown colourations are related by virtue of their shared origins in plastic defor-

mation [26], and it became apparent in chapter 6 that there is likely also an electronic

relationship between these defect centres.

A consensus has been reached attributing brown colouration in several classes of di-
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amond to vacancy clusters: approximately spherical groupings of tens of vacancies (see

section 2.3.3). However, it cannot be taken for granted that this hypothesis applies equally

to Argyle browns. For example, as has been noted previously, natural pink diamonds can

be divided into several distinct categories, and the properties of Argyle pinks often differ

substantially from those sourced elsewhere [78]. The same may be easily hypothesised

for brown diamonds. Thus several questions arise for this study:

• are vacancy clusters the cause of brown colouration in Argyle diamonds, as in dia-

monds of other origin?

• if so, are pink centres related to vacancies or vacancy clusters?

• what does this mean for the electronic/photochromic properties observed so far?

This chapter is devoted to positron-annihilation techniques, with which answers to

these questions are sought. Positron annihilation is particularly sensitive to vacancy de-

fects [185] and has been used as a principal method of characterising both synthetic and

natural diamond (eg. see [186, 187]). In concert with optical pumping, positron tech-

niques are capable of demonstrating the charge-state kinetics of vacancy-related defects

(eg .see [188, 189]). Of particular relevance is the work of Mäki et al. [86, 87] which

directly measured variations in positron lifetime measurements during optical pumping

along the brown absorption continuum, within the visible regime.

No positron studies have yet been performed on brown diamonds of Type I, as are

typically those from Argyle. It has been suggested that the significant presence of nitrogen

may affect positron annihilation in diamond [186, 188], and this will also be investigated.

9.1 Theory of positron annihilation

Positrons entering a material quickly come to thermal equilibrium with their surrounds

(within picoseconds), and subsequently diffuse through the sample until meeting an elec-

tron [185]. The usual result is immediate pair annihilation, generating two gamma-ray
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Figure 9.1: A positron diffusing through a crystal will experience long lifetimes at va-
cancy defects, before finally annihilating with a lattice electron and releasing two gamma
rays [185].

photons of energy 511 keV (half the rest-mass energy of the electron-positron pair); other

circumstances are also possible, such as the formation of a longer-lived bound-pair state

positronium [29].

Two spectroscopies are used in this study, sensitive to different attributes of the electron-

positron annihilation event: positron annihilation lifetime spectroscopy (PALS), and co-

incidence Doppler-broadening spectroscopy (CDB).

9.1.1 Positron annihilation lifetime spectroscopy (PALS)

Thermalised positrons inhabit a delocalised, Bloch wavefunction-like state as they diffuse

through a crystalline atomic lattice [190]. The mutual repulsion between positrons and the

nuclei of the lattice means that the positron wavefunction is at its highest intensity at inter-

stitial or vacancy positions; as such, single vacancies, vacancy clusters and lattice disloca-

tions all act as “trapping sites” at which the positron can become localised. Such trapping

results in an increased positron lifetime, due to the lower local electron density [185]. The

sensitivity of the positron lifetime to electron density, and thus to void-like features of a

material, is the basis for positron annihilation lifetime spectroscopy (PALS) [190]. Not

only do void-like defects exhibit longer positron lifetimes than the pure material bulk,

but the size of the defect is also a factor - for instance, clusters of vacancies show longer
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positron lifetimes than a single isolated vacancy [185].

22Na is a radionucleide commonly used in positron lifetime experiments, as a 1.273 MeV

gamma-ray photon and positron are emitted almost simultaneously from a 22Na decay

event [185]:

22Na →22 Ne+ e++νe + γ. 9.1

Detecting the 1.273 MeV photon γ acts as a trigger for the PALS measurement; the

511 keV photons generated by the electron-positron annihilation then stop the timer. Each

type of positron trap, and the lattice itself, thus contributes a unique component to the

overall positron lifetime decay spectrum N(t). These spectra are thus analysed as a sum

of i exponentially-decaying components for i discretely identifiable positron lifetime com-

ponents:

N(t) = ∑
i

Iie−t/τi 9.2

where lifetime component i corresponds to a characteristic positron lifetime τi; Ii is the

weighting of this component in the fit. To fit the acquired data, equation 9.2 is convolved

with a Gaussian function representative of the spectrometer’s temporal response to each

detected annihilation event. Two such spectra are shown in figure 9.2, for a white and

brown diamond plate used in these experiments. The longer tail for the spectrum of the

brown diamond (sample PL:BR5) indicates a longer-lifetime component not present in

the white diamond (PL:W1).

9.1.2 Coincidence Doppler-broadening spectroscopy (CDB)

Parameters of the electron-positron decay itself can also be used to distinguish between

structurally pure and vacancy-filled samples. A thermalised positron has only a nominal

momentum, but the momentum of the annihilating electron is dependent on its degree

of localisation in the crystal lattice [190]. The more localised an electron to an atomic
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Figure 9.2: PALS spectra for white and brown diamond plates. A longer lifetime com-
ponent is apparent in the brown diamond’s PALS spectrum.

Figure 9.3: Annihilation photon energies are Doppler-shifted, dependent on the momen-
tum P of the annihilating electron-photon pair [185].

core, the higher its momentum, and the higher the combined momentum of the anni-

hilating electron-positron pair. Though the two photons generated by this annihilation

event are emitted antiparallel to each other in the event’s reference frame (each with

energy E = m0c2 =511 keV), in the laboratory frame the pair has some non-zero mo-

mentum P. An angular dependence to the relative photon emissions is caused by each

recieving a tangential momentum component PT , while the component of momentum

along the positrons’ path PL results in Doppler-shifting of the two photons’ energies to

E ∼ m0c2 ± (PLc)/2 (figure 9.3) [185].

A histogram of annihilation photon energies will show a peak centred on 511 keV,

with some Doppler-broadened width. As noted above, it is most likely that positrons an-
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Figure 9.4: CDB spectra for white and brown diamond plates. The energy peak is centred
on 511 keV. The areas AS and AW are defined as shown. Figure based on image in [185].

nihilate with electrons far from the lattice atoms, with little associated momentum, thus

generating a narrow peak. There is, however, also the possibility of annihilations with

electrons in high-momentum, highly-localised states around atomic cores; these annihi-

lations produce photons with a much wider range of energies [186]. Two such peaks are

shown in figure 9.4, from the same white and brown diamond samples to which the PALS

spectra in figure 9.2 belong.

Due to resolution limits, these curves are most usually measured simply by comparing

two values: the fractional area in the centre of the derived energy distribution (S = AS/A),

and that of the wings (W = AW/A) [185]. The boundaries of these regions are defined

as practicable for a given sample type, and preserved through subsequent measurements

to allow comparison between samples. As more positrons annihilate within low-electron-

density vacancy sites than in the pure lattice, S will increase relative to W , and thus these

parameters provide another means of distinguishing between void-like and lattice-like

positron annihilation events [186].
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9.1.3 Positron annihilation in brown diamond

There are typically up to three discrete positron lifetime components commonly seen in

diamond. Positrons in the bulk lattice typically have a lifetime of ∼115 ps [191, 192].

Monovacancies contribute a lifetime component of ∼145 ps [186, 192]. The values mea-

sured so far for vacancy clusters in diamond vary greatly across the range 300-450 ps -

possibly due to variations in the average size of the clusters in different samples [86, 187,

191]. The higher end of this range is more prevalent and theoretical calculations show

that clusters consisting of 40-70 vacancy sites, with radii on the order of 5-6 Å, result in

measured positron lifetimes of 400-420 ps [85, 86]. It is possible that the ∼300 ps values

are in part due to failing to separate two or more lifetime components, as the number of

resolvable lifetime components is limited by the time resolution of the apparatus, the num-

ber of detected annihilation events, and the relative intensities and characteristic lifetimes

of the components themselves.

9.2 Experimental apparatus

The choice of detector is vital to radiation detection experiments, and governed by the

specific parameter being measured in each case. Different apparatus are thus required

for PALS and CDB measurements, and are presented in turn below. In both cases, how-

ever, the same positron source and sample positioning was used. All measurements were

conducted at room temperature and in atmosphere.

9.2.1 Positron source

In these experiments, a 30 µCi 22NaCL source, encapsulated in 8 µm-thick Kapton foil, is

used as a positron source. Typically the source is sandwiched between two identical sam-

ples for a single measurement. However, due to the limited number of diamond samples,

each was individually measured by using an annealed aluminium plate with well-known
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positron lifetime properties in the second sample slot. The known Al lifetime values were

subsequently fixed for use in curve fitting.

9.2.2 Detectors and calibration

PALS

The 511 keV annihilation photons are too energetic to detect directly. Instead, BC418

plastic scintillators are employed, in which the gamma-ray photons excite lower-wavelength

fluorescence peaking at ∼385 nm [193]. This fluorescence is then detected with an ad-

jacent Burle 8850 photomultiplier tube (PMT), which has a maximum responsivity near

400 nm [194]. Detection of the 1.273 MeV positron-creation photon starts a timer, stopped

by the detection of the 511 keV annihilation photon. A time-delay on the second detec-

tor arm is used so that measured lifetimes correspond with a linear regime of the timing

circuitry (see figure 9.5).

The lifetime intensities and time-constants were extracted using PALSfit Version 1.64 [196].

The source contribution, aluminium-plate contribution and a constant background term

were subtracted from raw spectra before fitting diamond lifetime components.

CDB

Coincidence Doppler broadening spectroscopy was carried out using BaF2 scintillators

paired with a high-purity Germanium (HPGe) detector with an estimated energy resolu-

tion (FWHM) of 1.5 keV at 511 keV, and a secondary NiI(Tl) detector. The arrangement

of the source and sample was identical to that used in PALS measurements. Coincidence

measurements - where both annihilation photons must be detected for the signals to be

processed - remove much of the background from stray radiation and positron-creation

1.273 MeV photons (figure 9.5). S- and W-parameters were calculated from measured

energy spectra using the SP program [197].
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Figure 9.5: Experimental setup for PALS and CDB experiments. The PALS configuration
times the delay between reception of a 1273 keV photon (the formation of a positron)
and a 511 keV photon (the positron’s annihilation). The CDB configuration detects both
511 keV annihilation photons simultaneously to remove spurious detection events, and
records the Doppler-shifted energies of these photons. Based on figures in [185, 195].
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9.2.3 Samples

A number of the bulk pink diamonds were initially trialled with PALS, but a clean positron

lifetime measurement could not be retrieved. This was attributed to the difficulty in lo-

cating the highly irregular bulk diamonds correctly at the 22Na source. Thin samples are

preferable for positron studies, as this allows positioning of the detectors closer together

(thus covering a greater solid angle as seen from the positron source). Thus the series

of laser-cut diamond plates PL:W1-2, BR1-5, P1-2 were used for the following measure-

ments. The brown colouration of these plates was quantified in section 3.2.1, and these

values are employed here.

9.3 Results

9.3.1 Brown diamonds

Each measured spectrum consisted of at least 2 × 106 annihilation event counts. The

PALS spectrum recovered from the two white diamond plates (samples PL:P1-2) were

well represented by only one lifetime component, of τ1 = 142 ± 2 ps. This compares

favourably with the previously-established 145 ps value for monovacancies in diamond.

In the brown diamond plates (PL:BR1-5), τ1 ranged between 127-143 ps, suggest-

ing a mix of lattice and monovacancy annihilations. A second lifetime component was

necessary to fit the brown diamonds’ PALS spectra, with a mean lifetime τ2 of 436 ps.

This lifetime theoretically corresponds to vacancy clusters of about 58 vacancies [86].

For the measurement of lifetime component intensities, τ2 was set to this mean value in

each fit. Figure 9.6 demonstrates that there is a linear relationship between the fractional

intensity of the vacancy cluster lifetime component, I2, and the mean positron lifetime

(τav = τ1I1 + τ2I2).

Comparison of I2 to the integrated brown colouration of the plate diamonds (as cal-

culated in section 3.2.1) shows a positive correlation (figure 9.7). To further demonstrate
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Figure 9.7: Fractional intensity of the vacancy cluster component, I2 vs brown colour
intensity.

the correlation between cluster defects and the colouration, figure 9.8 shows the S- and

W-parameters calculated from the CDB data. The S-parameter is positively correlated

with brown diamond colouration; the W-parameter shows the opposite. The distortion in

brown diamond in favour of the centroid of the energy spectrum indicates, as noted above,

a prevalence of positron annihilation in open-void defects rather than the lattice. This data

thus supports the hypothesis that vacancy clusters are the cause of brown colouration in

diamond in Argyle diamond, as has been established for brown-coloured diamonds of

other Types and originating from other locales.

Given the range of nitrogen concentrations seen in the plate samples (see section 3.2.2),
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Figure 9.8: S and W CDB parameters vs brown colour intensity.

it is worth comparing the measured lifetime parameters to see if any correlation can be

made. Pu et al. [186] demonstrated a slight trend of average positron lifetime increasing

in the presence of single substitutional nitrogen, in Type Ib diamonds containing some

void-like defects. A correlation was also noted by Pu et al. between nitrogen concentra-

tion and the fractional intensity of the positron-lifetime component for vacancy-related

annihilation. Plotting the mean positron lifetime value in comparison with the sample ni-

trogen concentration does not show any relationship to the nitrogen concentration in our

diamonds (figure 9.9). Neither do the component intensites I1,2, or component lifetimes

τ1,2, show any causal relationship with nitrogen concentration.

9.3.2 Pink diamonds

The two pink diamond plates PL:P1-2 were also tested with PALS and CDB techniques.

Unfortunately, the small size of the pink plates made accurate sample positioning diffi-
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cult. No spectra of sufficient quality to extract meaningful lifetime measurements were

obtained with the current apparatus. The question of whether the pink diamond defect

itself is a void-like centre is hence left open for now. Future measurements are planned to

probe pink diamond plates with a positron beam source. The beam source is steerable and

thus will overcome sample-preparation difficulties, and will furthermore allow the study

of bulk pink samples which could not be measured in the apparatus used here.

9.4 Photochromism and positron annihilation

Now that vacancy clusters are confirmed to be the cause of brown colouration in Argyle

diamond, futher experiments are planned to directly observe how these clusters participate

in the pink diamond photochromism. In chapter 6, the vacancy clusters were speculated

to act as the electron trap generating the UV- and IR-induced response. This can be inves-

tigated using an approach similar to that of Mäki et al. [86, 87]. Measuring the vacancy

cluster lifetime component τ2 before and after irradiation of brown/pink diamonds with

UV and IR sources (corresponding to the photochromic behaviour attributed to vacancy

clusters in chapter 6) is expected to confirm whether the vacancy clusters are indeed par-

ticipating in any carrier exchange interactions. Should future attempts to measure vacancy

cluster concentration in pink diamonds prove fruitful, combined positron/photochromic
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experiments using optical pumps at a large range of wavelengths will also allow an in-

dependent measurement of the onset of any vacancy cluster involvement (estimated from

experiments using optical probes to lie at ∼ 4.1 eV).
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I can see the end, but it hasn’t happened yet.

- Emily Haines

Part IV

Conclusion
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10
Conclusions and discussion

10.1 Summary

Throughout this thesis, several techniques have been trialled in the investigation of the

largely uncharacterised Argyle pink diamond colour centre:

Photochromism

The vivid photochromism displayed by the pink colour centre was exploited to measure

the dynamics of charge transfer interactions between this defect and others in the lattice.

The photochromism due to pumping with visible light was attributed to charge transfer

between the pink centre and substitutional nitrogen donors. The measured threshold at

2.7 eV was attributed to photoionisation of the pink centre in a negative charge state, with

a secondary threshold at 3.2 eV. Other parameters governing the relative strengths of the

cross-sections at these two species of defect were also recovered from comparison of

the theory developed in chapter 4 and the measurements in chapter 5. Cryogenic mea-

surements of the pink diamond photochromism were attempted, but practical concerns

resulted in this experiment providing only limited data.

When pumping the diamond with UV light of energies above 4.1 eV, several new phe-
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nomena were observed, in particular IR-stimulated pink diamond photochromism, and

novel dynamic fluorescence behaviour from N3 centres. Measurements of these various

phenomena allowed the construction of a unified charge transfer model accounting for the

observed behaviour, and for previously unexplained observations in literature. The possi-

ble involvement of brown colouration-inducing vacancy clusters, as an electron trap deep

within the diamond bandgap, was suggested as integral to the UV-induced photochromism

behaviour. It appears likely that nonradiative energy transfer processes are responsible for

the N3 fluorescence response.

While we yet do not have a clear picture of the pink colour centre energy level struc-

ture, the results presented in these chapters go a long way towards the final accomplish-

ment of this goal, allowing as they do the development of partial energy level models

consistent with the experimental measurement of pink diamond photochromism in sev-

eral distinct regimes.

Confocal microscopy

Confocal fluorescence microscopy, using N3 and H3 fluorescent centres as tracer particles

in pink diamonds, was shown to allow 3D reconstruction of pink graining features within

a diamond bulk. Though the high refractive index of diamond results in distortion of ac-

quired images, confocal imaging was used to measure this distortion, and to analyse bulk

crystal diamonds prior to sample preparation. Furthermore, confocal techniques were

used to investigate the photochromism-related transient IR-stimulated N3 fluorescence.

Initial results suggest that there may be a spatial relationship between N3 centres which

show the transient IR-induced fluorescence behaviour, and the pink colour graining.

IR microspectroscopy

A combination of visible-light imaging and infrared microspectroscopy was used to inves-

tigate possible relationships between a diamond’s pink colouration, and various species
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of IR-absorbing defect centres. Calculation of correlation between absorbance maps pro-

vide quantitative measurement of the similarity between spatial distribution of various

absorbing species. Though no IR-variation was seen that may be attributable directly to

the pink colour centre, an anticorrelation was detected between B-nitrogen aggregates

and the pink colouration, which is suggestive of certain plastic deformation processes

within the diamond. Such correlation measurements are thus suggested as a good means

of investigating other colour-inducing crystalline defects.

Positron-annihilation spectroscopies

Positron-annihilation Lifetime Spectroscopy (PALS) and Correlation Doppler-broadened

(CDB) spectroscopy were used to confirm that the brown colouration in brown Argyle

diamond is induced by vacancy clusters. This was the first study of natural Type I brown

diamonds, however no relationship between positron lifetime and sample nitrogen con-

centration was observed. Though technical issues limited the study of pink diamond

samples, the technique was shown to be a viable approach to further investigate the hypo-

thetical link between vacancy clusters and the pink colour centre.

10.2 Outlook

Together, these experiments have answered outstanding questions regarding the pink colour

centre, and also suggested a number of profitable future research pathways. Most imme-

diately, further experiments regarding confocal imaging of IR-stimulated N3 fluorescence

are planned, aiming to elucidate whether there is indeed a connection between the spatial

distribution of this fluorescence and the pink graining bands.

The use of photochromism to determine photoionisation cross-sectional properties

has proved a promising means of investigation of pink diamond, and will be of use in

the investigation of other defect systems (especially in diamond, where many defect cen-

tres show photochromic behaviour). In the specific case of the pink colour centre, pho-
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tochromism may be linked with other techniques (as was attempted here with IR mi-

crospectroscopy) to expand beyond the abilities of either technique alone.

The calculation of correlations between mapped spectral data looks to be a strong

tool which is deserving of further development. In chapter 8, it was suggested that the

extension of this technique to compare spectral maps spanning the IR and visible domains

would be a good first step along this path. While of most use when commonly-occurring

absorption bands are already attributed to specific defect structures (as in diamond), the

spatial/spectral correlation technique may still be of use in systems where the origin of IR

spectral features are not as well understood, in linking spectral lines of a common origin.

As noted in chapter 9, there has already been substantial results obtained by the unit-

ing of optical spectroscopy and positron-annihilation spectroscopies. This appears to be

a particularly worthwhile path to take, to further understand what relationship may exist

between vacancy clusters and the pink colour centre - both structurally, and electroni-

cally. An experiment is planned to measure properties of vacancy-cluster-related positron

annihilation during ultraviolet photochromic pumping of brown/pink diamond. This may

indicate whether vacancy clusters may be involved in the various charge transfer processes

which have thus far been observed in pink and brown Argyle diamonds.

Though this thesis is devoted to the study of Argyle pink diamonds, the experimental

techniques employed here are universal. It would be fascinating to apply these same ex-

perimental techniques to the study of pink diamonds from different sources. As noted in

section 3.1, “Argyle pink” diamonds are only one distinct subset of pink diamond. The

contents of this thesis would make a firm basis for a new comparative study examining

how non-Argyle pinks differ from their Australian counterparts in terms of the various

phenomena documented in this thesis, building on previous works such as those by Del-

janin et al. and Gaillou et al. [78, 88]. Of special interest would be an investigation into

whether IR-stimulated visible fluorescence (section 6.2) is visible in other classes of pink

diamond.

Lastly, while the work in this thesis has not identified the specific structure of the
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defect responsible for pink colouration in diamond, the identification of many critical

optical properties - and several new phenomena - are essential steps towards the final

determination of this colour centre’s form. The work in this thesis provides a basis on

which further study of the pink colour centre can build, and hopefully work towards a full

understanding of pink colouration in natural diamond.
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The colour centre responsible for pink colouration in natural diamonds has not yet been identified. This paper
presents optical and Infrared (IR) microspectroscopy in order to identify the degree of spatial correlation
between the IR absorption peaks and the pink colouration of single-crystal natural Argyle diamond. The
spatial distribution of the nitrogen B-centre (N–V–N3) is found to be anti-correlated with the pink colour.
In contrast, no change is observed in any IR feature (including the B-centre) in response to driving the pho-
tochromism of natural pink diamond. We use these results to support a proposed mechanism for production
of the pink colouration.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A great deal of research has been focused on a fewwell-characterised
colour centres in diamond over the last twenty years. The most popular
of these is the N–V centre, which finds application in a broad range of
fields, from optical memories and single-photon sources to imaging of
biological materials [1–4]. It has been noted however that there is an
on-going need to characterise less-studied centres, which might be
more suited to some applications (see e.g. [5]). In this article we investi-
gate the crystalline defect responsible for pink colouration in natural
diamond; this colour centre has not yet been identified, and though
clear diamonds can be treated to produce similar colouration, these are
easily distinguishable from the natural product using spectroscopic tech-
niques [6,7]. The pink colouration stems from a pair of absorption bands
centred at 550 nm and 390 nm [8]. These bands exhibit a photochromic
behaviour whereby exposure to ultraviolet/blue light can change the
strength of both absorption bands, and thus the intensity of the stone's
pink colouration, in a controlled and reversible fashion [9,10]. The trans-
mission spectrum through one such diamond following extended
exposure to blue (435 nm) and UV (310 nm) radiation is shown in
Fig. 1. The figure also shows the difference between the spectra (normal-
ised to transmission), demonstrating the change in strength of the 390
and 550 nm absorption bands.

One of the distinctive characteristics of natural pink diamond is the
lamellae or ‘graining’ in which the pink colour resides. These features
are believed to have formed under plastic deformation while the dia-
mond is still in the Earth's upper mantle [11,12]. As a result of this pro-
cess, the level of pink colouration varies throughout a diamond, to the

extent that both pink and transparent regions may be visible in a single
crystal. In this paper we consider the possibility that this variation may
also be found in common IR absorption features of diamond, and that
clues to the nature of the defect associated with the pink colouration
might be found in the relationship between these absorption lines and
the colouration itself. Utilising the IR microspectroscopy beamline at
the Australian Synchrotron facility, we examine whether a link can be
found between the spatial variation of features in the pink diamond's
IR transmission spectra and a visible-light image in samples from the
Argyle mine in the north of Western Australia.

2. Correlation of spatially-resolved spectral maps

2.1. Techniques

The IR microspectroscopy beamline at the Australian Synchrotron
allows sample interrogation with simultaneous high spectral and spa-
tial resolution. Sample alignment and detection is accomplished with
a Bruker Hyperion 2000 microscope and a Vertex V80v FTIR spec-
trometer with liquid-N2 Mercury–Cadmium–Telluride detector capa-
ble of 4 cm−1 spectral resolution. The sample stage is situated within
a closed box flooded with dry air maintaining a stable environment. A
motorised sample-stage and aperture is software-controlled (Bruker
OPUS) allowing the recording of spatially-resolved ‘spectral maps’ of
a given sample area. The microscope output can be controlled to de-
liver spatial resolution of 10–50 µm though, as we will show below,
the actual spatial resolution was poorer than this due to the thickness
of the sample. Though the width of the individual pink lamellae is ap-
proximately 1 µm [12], well below the diffraction-limited resolution
of mid-IR radiation, there is still significant variation in the intensity
of pink colouration across a diamond sample on a larger scale, as
can be seen in Fig. 2. Pink diamonds from the Argyle deposit were
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prepared with parallel polished facets on {110} surfaces, so as to be
perpendicular to the pink lamellae, which lie along {111} planes
[12]. Each slice was approximately 1 mm thick, as thicker samples
showed much poorer spatial resolution, while thinner samples had
absorption below the sensitivity of the spectrometer. One diamond
sample was seen to be particularly suitable for this experiment, and
two IR maps were obtained from different regions of this sample, at
nominal spatial resolutions of 10 and 50 µm.

To ensure correct alignment between the IR and visible-light
maps, both are recorded with the same microscope. The microscope's
visible-light camera is used to measure the intensity of the pink col-
ouration of the sample, by normalising the green channel of a RGB
transmission image (representative of the strength of the 550 nm ab-
sorption band) against the total visible transmission. This weighted
image is then converted to an absorbance scale to match that of the
IR spectra, and resampled to match the lower spatial resolution of
the IR map. The correlation between the IR spectral map and corre-
sponding visible-light map was computed at each discrete recorded
IR frequency using standard linear correlation techniques [13]. The
linear correlation coefficient r between two datasets f and g is given
by:

r ¼
∑x;y f x1; y1ð Þ−f

h i
⋅ g x2; y2ð Þ−g½ �

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑x;y f x1; y1ð Þ−f

h i2r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑x;y g x2; y2ð Þ−g½ �2

q ð1Þ

where f and g are defined in our case as the visible-light and IR absor-
bance respectively. The coordinates (x1,y1) and (x2,y2) define the
position of a pixel in the two images.

Alignment of the datasets was tested by artificially shifting the
visible-light and IR maps before computing correlation. For spectral
features showing non-zero correlation, increasing misalignment
results in a reduction in the value of correlation. This allowed us to
estimate the size of the smallest features detectable in each dataset
— 162 µm×149 µm for the dataset recorded with nominal resolution
of 50 µm and 23 µm×12 µm for the set recorded at 10 µm resolution.
During this procedure it was found that one dataset showed a 1-pixel
misalignment in the x direction which is likely associated with a tilt of
the sample. Since this shift is substantially less than the resolution of
the measurement it made only a small difference (∼20%) to the mag-
nitude of the correlations. For the analysis and figures we have shifted
the IR dataset to the optimal alignment position.

Low spatial-frequency components present in the IR and visiblemaps
create a spurious non-zero correlation between all IR frequencies and the
visible image. To minimise this effect, we have spatially Fourier-filtered
the visible-light data to eliminate components below 0.1 pixel−1 in the
x and y directions. Fig. 3 shows the down-sampled, filtered visible-light
image, and an example IR absorbance image for a particular wavenum-
ber (1175 cm−1), extracted from an IR spectral map.

2.2. Results

In Fig. 4 we present the IR absorbance of the diamond along with a
plot of the correlation coefficient r between the visible-light image
and the IR absorbance at various wavenumbers for each of the two
IR datasets. A distinctive feature is visible in the correlation coefficient
for the spectral region ∼1500–1000 cm−1, corresponding with the
absorption bands of various nitrogen-complex centres in diamond.
The platelet peak, which has been associated with the existence of B
nitrogen centres in diamond, can also be seen at 1363 cm−1, as can
the hydrogen peak at 3107 cm−1. Conversely, the even stronger ab-
sorption region between ∼2700 and 1700 cm−1, corresponding to
the diamond's intrinsic carbon\carbon bonds, displays no prominent
correlation with the visible image. As the strength of IR absorbance at
these wavenumbers would be most strongly dependent on the local
thickness of the sample, this lack of correlation provides confidence
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Fig. 1. (A) Transmission through a pink diamond following exposure of the diamond to
435 nm (red trace, dashed) and 300 nm radiation (blue, solid). (B) Exposure to UV
reduces the strength of the 390 nm and 550 nm absorption bands.

Fig. 2. By sampling IR spectra in a defined grid, spatial maps of spectral features can be
recorded. The grid denotes the location of IR sampling across the sample.
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Fig. 3. (A) The visible-light absorbance image. (B) IR absorbance at a particular
wavenumber (1175 cm−1).
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that the correlation is not due to such trivial causes as variation of
sample thickness.

To determine the extent to which particular nitrogen defects are
responsible for the ∼1500–1000 cm−1 correlation feature, we may
decompose the IR absorbance spectra which comprise the spectral
maps, and generate maps of relative nitrogen defect population.
These defect population maps may then be correlated with the corre-
sponding visible-light image. For this purpose, archetype spectra for
the A, B and D nitrogen centres are sourced from literature [14–17].
We fit a linear sum of these components and a background term to
each of the spectra composing the IR maps. A linear background com-
ponent was found to be sufficient to provide an adequate fit (mean
r2∼0.98) across the spectral range 1000 to 1350 cm−1. The C nitro-
gen form was not included as it was insufficiently orthogonal to the
other components. The maps of relative defect population generated
in this manner were then correlated with the visible-light image as-
sociated with the decomposed spectral map.

The results are presented in Table 1. The B centre is seen to be
strongly anti-correlated with the visible-light maps, while the A and
D centres show a correlation which is much closer to zero. It may
also be noted that the feature in the correlation spectra presented in
Fig. 4 is a remarkable analogue for the IR absorption line shape of
the nitrogen B-centre. We thus conclude that it is this defect centre
that generates the observed correlation with pink colouration in our

sample sets. The negative value for the correlation coefficient indi-
cates that there is a relative scarcity of B-centres in areas of strongest
pink colouration.

We propose that one possible mechanism for this anti-correlation
may arise during the plastic deformation processes occurring during
the formation of pink diamonds. It has been recorded that Argyle
pink diamonds classed as type 1aA/B show significant amounts of
H3 defect (N–V–N) where those of type 1aA do not, and that these
H3 defects are known to exist along the pink lamellae [18,12]. A
correlation between the concentration of singular N centres and the
intensity of various pink Argyle diamonds has also been reported
[9]. These results provide indirect support for the hypothesis that
B-centres have been destroyed in the creation of the pink lamellae,
generating daughter defects of various nitrogen/vacancy forms,
including H3. Fig. 5 depicts how such a process may occur during
plastic deformation, generating products such as H3, N3 (N3–V) and
N centres. It is possible that this process also generates the unknown
pink colour centre.
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Fig. 4. (A) An example pink diamond IR absorbance spectrum. (B, C) Correlation
coefficient r between visible image and IR spatial maps as a function of wavenumber
for two separate locations in a diamond, recorded with spatial resolution of 50 and
10 µm respectively. Shading in the bottom panel represents the region for 95% confi-
dence of zero correlation.

Table 1
Correlation of visible-light image with relative population of common nitrogen defects.
The limit for 95% confidence of zero correlation is 0.13 for Map 1 and 0.087 for Map 2.

Map 1 Map 2

Defect Correlation Correlation

A 0.23 0.14
B −0.45 −0.81
D 0.27 0.22

Fig. 5. (A) B-centres may be broken through shearing of diamond planes to generate
(B) N3, N and (C) H3 centres.
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3. Effect of photochromism on IR spectra

Given the observed correlation between features of the pink dia-
mond IR spectrum and visible colouration, it would seem reasonable
to ask whether changes in the visible colouration induced by photo-
chromic processes might be paired with some analogous change in
the infrared. The photochromic state can be easily manipulated in
situ on the microscope stage, allowing measurement of a sample's
IR spectrumwhilst the diamond's colour state is controlled. Bleaching
of the pink colour occurs under the influence of UV light, and this col-
our can be restored with exposure of the diamond to blue light. The
extent, direction and speed of colour change can be controlled by
choice of the incident light's intensity and wavelength. The photo-
chromic state of the diamond sample in this experiment was con-
trolled by Light-Emitting Diodes (LEDs) operating at 300 nm and
435 nm, with the former bleaching the diamond of colour, and the
latter acting to restore it. The intensity of pink colouration of the dia-
mond was probed by measuring the transmission of the diamond at
595 nm, near the edge of the 550 nm absorption band. Fig. 6 shows
the response of the diamond over the course of this experiment.
The diamond was bleached to successively higher levels (regions
1–6) by using short bursts of UV light, with IR spectra recorded in be-
tween bursts. Each exposure of the diamond to 300 nm light reduces
the amount of 595 nm probe light absorbed by the diamond. Plateaus
in probe transmission show that when the diamond is not subject to
direct irradiation from the UV LED, the diamond's colour state is sta-
ble. Restoration of the pink colouration using the 435 nm LED can also
be seen, albeit with some contamination of the probe due to the dia-
mond fluorescence during the period when the diamond is exposed
to the restoring light. Region 7 shows the photochromism to be en-
tirely reversible, with the blue light returning the level of probe trans-
mission to its initial value.

Although a clear photochromic change can be seen to have taken
place, no feature of the IR spectrum varied in concert with this
change. Of the three defects noted above as possible products of B-
centre destruction, only the singular N centre, which itself generates
yellow colouration in diamond, is known to possess characteristic IR
absorption lines (at 1130 cm−1) [8]. While it is possible that the
lack of change in the IR spectrum may simply be due to the pink col-
our centre exhibiting low IR absorption compared to its visible-light
absorption (below the sensitivity of this experiment), it seems

reasonable to suppose that the pink colour centre, like the H3 and
N3 centres, has no specific IR absorption feature.

4. Conclusion

Infrared microspectroscopic images were obtained to estimate the
spatial distribution of B-centres in natural pink Argyle diamonds. We
found that this spatial distribution of B-centres was anti-correlated
with the intensity of pink colouration in the diamonds. We believe
that this is the first time that this has been observed. Furthermore,
we found that these IR spectral features were not influenced by expo-
sure to UV illumination, which was in contrast to the visible coloura-
tion which changes substantially under the influence of UV radiation.
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Naturally occurring pink diamonds include defect centers with properties that differ greatly from those of com-
monly synthesized diamond centers. The pink diamond color-center demonstrates optically-controllable
photochromism which is stable at ambient temperatures. The nature of this defect and the origin of the photo-
chromism are yet to be explained. In this work we show that the photochromic behavior can be explained by
competing photoionization processes at multiple defect centers in response to an applied optical pump. Our ap-
proach quantitatively explains the dependence of both the response rate and the resulting color on the pump
wavelength. Frommeasurements of the photochromic response we are able to extract parameters that describe
the ionization cross-sections of the involved centers.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The diverse colors of natural diamond are the result of optically-
active defect centers in the diamond lattice, the concentration and ab-
sorption spectra of which dictate the visual appearance of a diamond.
The defect centers responsible formany diamond colors arewell under-
stood (e.g. see Ref. [1]); however the same cannot be said in the case of
natural pink diamond. While the absorption band responsible for pro-
ducing pink coloration in natural diamonds was first reported in 1958
[2], the nature of the defect responsible has remained unresolved over
the subsequent five and a half decades [3–8].

The pink coloration arises from absorption bands centered at
550 nm and 390 nm. The depth of these bands can be reduced (the
diamond can be “bleached”) under ultraviolet (UV) illumination of
the diamond and can be restored with longer-wavelength light
(Fig. 1) [3,4,6]. Photochromism has also been noted in a number of
other diamond color centers, including N–V–N (H2/H3), N–V–H, N–V,
and Si–V, as well as so-called “chameleon” diamonds [9–13]. For some
of these centers, the photochromism is only induced by heating or
above-bandgap light, while others are purely transient and quickly
relax back into a preferred state once exciting radiation is switched
off. In contrast, pink diamond may be both bleached and restored opti-
cally, and the resulting color state is essentially indefinitely stable at
ambient temperatures. To restore color to a bleached pink diamond
by heating (thermochromism) requires temperatures of 800 °C or
above [4].

Optically-activated defect centers in diamond have shown great
promise, from the use of the ubiquitous N–V center in quantum-
computing research to fluorescent defect-inclusive nanodiamonds
being applied as biological tracers [14–16]. The remarkable optical
properties of the pink color center make it a worthwhile candidate for
further investigation in this spirit.

In this paper we investigate and characterize the photochromism
displayed by Argyle pink diamonds. We use these observations to un-
derstand the electronic energy levels which underlie this behavior
and thus the pink color center itself. We begin by constructing a gen-
eral model of photochromism in terms of optical excitation of charge
carriers between defect states within the electronic bandgap of dia-
mond. This model is compared with experimental observations to ex-
plain the wavelength- and time-dependence of photochromism in
natural pink diamonds.

2. Model

We model the pink diamond photochromic process as an optically-
driven electronic transition between two (or more) separate defect
trap states, one of which acts as a ground state for the 390 nm and
550 nm absorption bands. Bleaching of the 550 nm and 390 nm absorp-
tion bands is correlated, indicating that they share a common ground
state, or at least that their respective ground states are similar in energy
and strongly-coupled [6]. Following optical excitation, the color state of a
pink diamond is stable if it is kept in the dark, andwe experimentally es-
timated the time constant of color restoration for a diamond at room
temperature to be on the order of 100 days. Thermally-stimulated tran-
sitionsmay thus be safely neglected on the time scale of the experiments
conducted in this paper.
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Such a system at its simplest can be modelled as a single species of
charge carrier inhabiting one of several electronic levels, denoted here
as the “pink” state p and “bleached” states bi, positioned at some ener-
gies �p and �bi below a shared “excited” state e [17]. The states p and bi
are thus indirectly coupled to each other via optically-induced transi-
tions through the intermediate excited state. Fig. 2 shows this system
with the transitions marked.

If np and the ensemble of nbi are the fractional population of centers
in the original “pink” state and the “bleached” states respectively, then
the transmission of light of a particular photon energy ξ through such
a sample can be expressed as a typical Beer–Lambert law [18]:

T ξð Þ∝e−l ςp ξð ÞNnpþςb1 ξð ÞNnb1þςb2 ξð ÞNnb2…ð Þ ð1Þ

where l is the thickness of the sample, ςi �Þð is the optical absorption
cross-section at defect i for incident light of photon energy ξ, and N is
the total number density of photochromically active charge carriers.

When pumped by a monochromatic light source of photon energy
�, we describe the rate equations of this system as:

dnp tð Þ
dt

¼ −ωpð�Þnp tð Þ þ Γ 1−∑
i
βi

� �
1−np tð Þ−∑

i
nbi tð Þ

� �

dnbi tð Þ
dt

¼ −ωbið�Þnbi tð Þ þ Γβi 1−np tð Þ−∑
i
nbi tð Þ

� � ð2Þ

The term ωp �Þð expresses the rate for the optically-stimulated
transition p→e, which is proportional to light intensity at energy �p,
and also to the interaction cross-section σp �Þð , itself tied to the joint
density of states at this energy between these two levels. Similarly,
ωbi �Þð is the transition rate for bi→e, at energies �bi and with interac-
tion cross-sections σbi �Þð . The parameter Г represents the rate of
spontaneous decay from the excited state, with the branching term
βi representing the relative decay rate from the excited state into
the ith bleached state. As shown later we use optical pump intensities

far below saturation intensity, and have thus neglected stimulated-
emission terms.

For simplicity, let us initially assume only one active bleach state b
with population nb and associated pump rate ωb �Þð . The solution of
the system (Eq. (2)) for the population np will be:

np tð Þ ¼ np ∞ð Þ þ c1e
− χþα

2ð Þt þ c2e
− χ−α

2ð Þt ð3Þ

where α and χ are positive parameters

α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΓ þωpð�Þ−ωb �Þð Þ2 þ 4Γβð−ωpð�Þ þωb �Þð Þ

q

χ ¼ Γ þωpð�Þ þωbð�Þ

The solution in Eq. (3) represents a double-exponential process, with
the first term on the right hand side of the equation, np ∞ð Þ, representing
the steady-state color level of the diamond following long-term expo-
sure to the pump radiation. The second term on the RHS represents a
rapid exponential process as the pink state comes into equilibrium
with the excited state, while the final (slow exponential) term repre-
sents the net transfer of population between the two trap states.

When Г is much faster than wp and wb, c1 tends to zero and Eq. (3)
may be simplified to a single exponential process:

np tð Þ ¼ np ∞ð Þ−Δnp e
−νt

; ð4Þ

with

ν ¼ ωpð�Þ þωbð�Þ
2

np ∞ð Þ ¼ ωbð�Þ 1−βð Þ
ωp �Þβþωbð�ð Þ 1−βð Þ

Δnp ¼ np ∞ð Þ−np 0ð Þ

and Eq. (1) can be simplified and expressed as

T ξð Þ∝e−lN ςp ξð Þ−ςb ξð Þð Þnp tð Þ ð5Þ

3. Experiment

3.1. Apparatus

Wehave verified that the shapes of the two absorption bands do not
change during photochromic conversion (as is seen in Fig. 1). It is thus
unnecessary to monitor the entire absorption spectrum of the diamond
in order to measure the dynamic behavior of this process. In this
experiment, we pass collimated light from a 545 nm light-emitting
diode (LED) through a pink diamond sample, probing the depth of the
550 nm absorption band and thus the strength of the sample's

(a)

(b)

Fig. 1. (a) Several pink and brown Argyle diamonds before (left) and after (right) UV
exposure. Brown diamonds show no variation, while the pink diamonds lose much
of their color. (b) The 550 nm and 390 nm absorption bands responsible for pink
color in natural diamonds (pink, solid) are bleached following irradiation by UV light
(black, dashed). The two absorption bands are superimposed on a long absorption
tail rising towards the UV, characteristic of brown diamond coloration [1]. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

Fig. 2. Generalized model of electronic states for pink diamond photochromism. Opti-
cally driven transition rates between traps p, bi and the excited state e are indicated by
ωp and ωbi respectively; electrons may relax into each trap state according to relaxa-
tion rate Г and splitting fractions βi. Trap p exclusively accesses the two absorption
bands responsible for pink coloration. Removal of electrons from this trap is the origin
of the photochromic change.

32 K.S. Byrne et al. / Diamond & Related Materials 30 (2012) 31–36

image of Fig.�1
image of Fig.�2


photochromic response to excitation. By using a single-wavelength de-
tection scheme, we gain sensitivity compared with a
spectrally-resolved measurement. This allows us to use a weaker
probe power to minimize the effect of the probe on the color-state of
the diamond.

Under blue and UV excitation we see fluorescence from other de-
fects (e.g. H3, which is coincident with the pink coloration [3,7]). The
intensity of this unwanted fluorescence is dependent on both the in-
tensity and wavelength of the pumping light, and contaminates a
simple measurement of the transmitted probe light. As shown in
Fig. 3, we avoid this by modulating the probe amplitude at 5 kHz
and detecting synchronously with a lock-in amplifier. We also mea-
sure the input light with a second lock-in amplifier and report the
ratio of these measurements, to compensate for any fluctuations in
probe intensity.

We drive the photochromismwith a range of LEDs, allowing excita-
tion at various wavelengths spanning the visible and near-ultraviolet
spectrum. The LED power and switching is computer controlled via a
digital/analog I/O unit to ensure stability and reproducibility. The exper-
iment is carried out in the dark to remove interference from other light
sources. All experiments reported here were conducted at room tem-
perature (22 °C).

We present experimental data for two aspects of pink diamond
photochromism: the steady-state value of absorption, and the rate
of photochromic change, which are both sensitive to the wavelength
of the pump light source. The two sets of observations allow us to ex-
perimentally determine several of the parameters featured in the
above model.

3.2. Asymptotic response of photochromism

The level of probe transmission is seen to vary in time in reason-
able agreement with Eq. (4), and asymptotically approaches some
value dependent on the pump photon energy � but not on the prior
history of the sample's treatment. In Fig. 4 we show probe transmis-
sion through a pink diamond which had been previously irradiated
with 465 nm light, as it is illuminated at (i) 390 nm, (ii) 350 nm,
(iii) 390 nm and (iv) 465 nm. The level of light transmitted by the di-
amond following 390 nm irradiation is the same regardless of the dif-
fering initial conditions in regions (i) and (iii). Similarly, the diamond
returns to its initial state in region (iv). The slight step as the 465 nm
light is turned off is due to relaxation of some small population in the
excited state (as predicted in Eq. (3)). The rate of this relaxation is
much faster than that of the photochromic change, justifying the as-
sumption leading to Eq. (4).

The steady-state level of 550 nmabsorption banddepth versus pump
wavelength is shown in Fig. 5 for several samples, including both
irregularly-shaped bulk crystals and a thin plate of natural diamond.
Measurements have beennormalizedusing low-probe-intensity spectral
measurements, to ensure no contribution from background terms.
Bleaching of the pink coloration begins near 460 nm (2.7 eV), indicating
the minimum energy required to excite the carrier away from the pink
color center ( �p in the model), in agreement with the approximate

range given by Fisher et al. [6]. Shorter-wavelength light serves to drive
the diamond to a more transparent state. The depth of bleaching in-
creases monotonically through to the shortest-wavelength sources
used here. The plateau of color state below the 2.7 eV cutoff indicates
that the energy �b is less than �p, as the restoration process (b→e) is
still active in this region.

Noble [4] documented variation in the intensity of the P1 EPR (Elec-
tron Paramagnetic Resonance) center in Argyle pink diamonds similar
to those used in our experiments, in response to optical excitation
with radiation shorter than ~2.5 eV (~500 nm). The strength of this
EPR signal also exhibited wavelength-dependence in its steady-state
value, increasing under short-wavelength light and reducing under
longer-wavelength irradiation. The P1 center is attributable to the
neutrally-charged state of substitutional nitrogen (N0)—a strong elec-
tron donor in diamond. Our previous observations suggested that the
processes responsible for generating the pink color centers also fracture
B-type nitrogen-vacancy complexes (N–V–N3) into defects such as N3
(N3–V), H3 and N0 [8]. We thus believe that it is reasonable to expect
that the same process that produces the pink centers also generates
substitutional nitrogen donors in the local environment of the pink cen-
ter. The N0 center may play the important role of a bleached state b in
our photochromic system, and that “bleaching” of a pink diamond is
thus the net transfer of electrons from the pink color center to N+

sites, creating a population of N0 centers and the associated P1 EPR sig-
nal. “Restoration” of pink coloration is then the reverse of that process,
in which we drive the electrons back to the pink color center.

An alternative mode of electronic transfer was advanced by Fisher
et al. [6], who proposed that vacancy clusters, responsible for brown

Fig. 3. Experimental setup; PD=photodiode, λ=LED light source.

Fig. 4. A diamond is excited with (i) 390 nm, (ii) 350 nm, (iii) 390 nm and finally
(iv) 465 nm light. Regardless of initial state, a particular wavelength of light drives
the diamond to a particular color level.

Fig. 5. The depth of the 550 nm absorption band following excitation of photochro-
mism is dependent on the wavelength of excitation. Plot has been normalized to the
maximum band absorption in each sample.
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coloration in diamond, may trap an electron away from the pink color
center when excited with short-wavelength pump radiation. Only a
very small change in brown coloration was seen in our samples across
the wavelength range described here, and so we conclude that in our
samples, the trap was not the vacancy cluster. Nonetheless, the dy-
namics of the system are equivalent for either trapping center.

It thus seems that the photochromism arises from such a system of
charge transfer and trapping between discrete species of defect centers.
With this hypothesis in mind, we use the model in Section 2 to show
that such a theory of electronic transfer can explain the observed photo-
chromism. We define the levels p and b to be discrete states associated
with the pink color center and a second trap center such as N0 respec-
tively, and the excited state e to be the conduction band.

The value of np ∞ð Þ depends on the relative strengths of ωp �Þð and
ωb �Þð , the photoionization transitions from the defect states to the
conduction band.

As bothωp andωb are stimulated by the same light source, the inten-
sity of the source is common and only the relative cross-sections of the
respective photoionization processes govern the dynamical behavior.
These photoionization cross-sections depend not only on the depth of
the relevant trap level, but also on the structure of the band involved,
and any phonon interactions that may play a role. A cross-section de-
rived by Inkson [19] has been shown to satisfactorily represent the pho-
toionization cross-section of the single substitutional nitrogen center in
diamond, when convolvedwith a Gaussian phonon-broadening term to
account for temperature-related effects [20–22]:

σp;bð�Þ∝∫�p;b
∞
ð�′−�p;bÞ3=2

�′ð�′−CÞ2
e−

ð�′−�Þ2

2w2 d�′ ð6Þ

In the case where phonon-broadening is ignored, and the param-
eter C is set to zero, this cross-section simplifies to that suggested by
Lucovsky [23]:

σp;bð�Þ∝
ð�−�p;bÞ3=2

�Þ3� ð7Þ

The energy range over which we have observed the photochromic
behavior is much larger than the contribution of any phonon broad-
ening term. We thus use the simple form in Eq. (7) to represent the
cross-sections of both the “bleaching” and “restoration” photochro-
mic transitions.

When the energy of exciting radiation � is �b<�<�p, the absorption
band always reaches some maximum value (as only ωb is nonzero
and n ∞ð Þ ¼ 1) but a continuous variation in np ∞ð Þ is seen for �> �p.
Within this region, the carrier population is shared between the
two traps depending on the relative strengths of ωp and ωb (or σp

and σb). The steady-state population of the “pink state,” as given in
Eq. (4), then becomes:

np ∞ð Þ ¼ 1−βð Þð�−�bÞ3=2
�3

Aβð�−�pÞ3=2
�3

þ 1−βð Þð�−�bÞ3=2
�3

ð8Þ

where the high-energy limit for the ratio ωp �Þ=ωb �Þðð is represented
by the scale factor A. As � increases, Eq. (8) tends to:

np ∞ð Þ ¼ 1−β
1− 1−Að Þβ ð9Þ

We cannot distinguish between A and β from the steady-state ab-
sorption data alone, although aswe show in Section 3 it will be possible
to separate these parameters using dynamical data. We can still fit the
data in Fig. 5 using Eqs. (5) and (8) to find a value for �p of 2.70±
0.01 eV.

In Fig. 6 we show normalized probe absorption given the pink
state population from Eq. (8), with trap depth �b=2.2 eV, the

documented optical ionization energy of N0, and �p=2.7 eV. This
may be compared with the experimental data in Fig. 5. Values for A
and β consistent with the data in Fig. 5 have been chosen for illustra-
tive purposes. This simple model of carrier transfer between two dis-
tinct defect centers via the conduction band is seen to well match our
observations of wavelength-dependent photochromism. As � in-
creases, the pink state population np ∞ð Þ tends towards a constant
value, and probe absorption should thus also tend asymptotically to
some intermediate value between full and zero coloration.

The brown-defect absorption behavior seen by Fisher is not incon-
sistent with our model, as we are free to allow a vacancy cluster elec-
tronic level to assume the role of a second “bleached state” b2. Our
model is also in accord with observations of thermochromism of
pink diamond. The N0 donor defects, lying closer to the conduction
band than the pink defect, are ionized more easily and thus exposure
to high temperatures acts to increase the proportion of pink centers
in the absorbing state, increasing a sample's apparent coloration, as
is seen in experiment [4].

A variation in the asymptotic value of bleaching was also seen for
some wavelengths, depending on the intensity of the pump light. This
effect was most evident in the thin diamond plate, and became most
pronounced towards the 2.7 eV bleaching threshold. Near this thresh-
old, a reduction of up to 5% in steady-state absorption level was ob-
served as the pump power was increased over an order of magnitude.
Two-photon excitation between states p and e provides a possible ex-
planation for these observations. Near threshold, the cross-section for
a one-photon excitation between p and e is very weak at pump photon
energy �, where there are few conduction band states towhich the elec-
tron may be excited. In this limit, the much larger density of states
linking p to e at 2� may be sufficient for the two-photon transition to
play a noticeable role; conversely, the relatively high cross-section of
the b→e transition around 2.7 eV makes any two-photon transition
on this path comparably less significant. Further investigation of this be-
havior is outside the scope of this paper.

3.3. Temporal behavior of bleaching and restoration

The time dependence of probe transmission can be well explained by
Eqs. (4) and (5) for bleaching of the thin diamondplatewithwavelengths
between 460 and 350 nm (Fig. 7a). The larger bulk diamonds show devi-
ations from these equations, aswell asmuch lower bleaching rates,which
varied significantly between samples—some responses differing by two
orders ofmagnitudebetween samples for the samepumpsource.Howev-
er, Eq. (5) is only expected to hold for diamond samples in which np
remains relatively homogenous. In the thick diamond samples, the

Fig. 6. A continuum of color states in a bulk sample may be generated by competing
photoionization processes of two defect centers; compare with Fig. 5. Shown for A=
10, β=0.1.
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pump light is expected to be attenuated significantly in the interior of
the diamond, giving rise to a strongly inhomogeneous np and thus
time-dependence which is not a simple exponential (e.g. see Ref. [24]).
We attribute the behavior seen in the bulk diamonds to this effect, and
the data we present below are thus taken from the thin diamond plate.

As shown earlier in Eq. (4), the rate constant v of the color change
should be directly proportional to optical intensity at a given photon en-
ergy �. We demonstrate this experimentally on Fig. 7: in Fig. 7awe show
an example fit to the change in probe transmission as a function of time
when exposed to 390 nm light, from which we can derive the experi-
mental rate constant. In Fig. 7b we show a family of such curves taken
at different pump wavelengths and different intensities. As expected,
we see a rate which is linearly proportional to the incident intensity at
a given pump wavelength, while there is strong variation in the rates
for different pump wavelengths at a given incident intensity. To gain an
estimate of the efficiency of different wavelengths at producing a color
change we plot in Fig. 8 an effective bleaching rate: E=v/photon flux,
which is a constant for each pump wavelength.

At the low-energy end, the rate of photochromic change is rapidly
approaching zero, indicating that the bleaching transition has a much
stronger photoionization cross-section than the restoration transition.
As v depends on the cross-sections σb and σp, but not on the splitting
ratio β, wemay thus find a value for A, the ratio of the bleaching and re-
storing rates, from this data. We find an approximate value for A=24,
which can then be included in the fit for the steady-state absorption
data to derive a value for β=0.05.

One can see on Fig. 8 that the relative bleaching efficiency increases
dramatically as the wavelength of radiation is shortened into the UV.
This peak is most likely due to a third transition, stronger than the two
considered so far, becoming active in the vicinity of the highest photon
energies considered here. We have included on Fig. 8 two theoretical
curves: the solid line shows the prediction of our two defect-state

model (Eq. (4) with cross-sections following Eq. (7)) where we have
set the parameters �p and A as determined above, showing close consis-
tency with our experimental measurements. We also show how a three
defect-state model, where the third level activates at approximately
3.2 eV, can explain the behavior at the short-wavelength end.

4. Conclusion

We have shown that the photochromic behavior exhibited by nat-
ural pink diamonds can be explained as a competition between elec-
tron photoionization and trapping processes at several distinct
species of defect centers, only one of which displays the characteristic
absorption bands of pink diamond. The origin of a continuum of color
states is explained by this model, as the activation of multiple transi-
tion pathways by the pump radiation. We show that for pump wave-
lengths over most of the visible range, it is sufficient to invoke just
two defect states to explain the behavior. This two-level model may
be combined with observations of the steady-state absorption depth
and rate of photochromic change, to extract three quantitative mea-
sures that characterize the system: (a) the optical ionization energy
of the pink color center; (b) the magnitude of the ionization cross-
section of this pink state relative to that of the other involved center;
and (c) the splitting ratio β governing the relaxation of electrons from
the conduction band into the two centers.
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Positron annihilationmeasurements of natural brown type I diamonds revealed that they containmonovacancy-
type defects and large vacancy clusters. The latter defect type was absent in clear diamonds. Both the intensity of
the positron vacancy cluster lifetime and the S-parameter were found to increase with the intensity of brown
colouration determined by optical absorption measurements. No correlation was found between the nitrogen
content and the positron annihilation parameters.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Themajority ofmineddiamondshave a browncolourationwhich typ-
ically decreases their value relative to clear diamonds. For example, the
Argyle Diamond Mine in the east Kimberly region of Western Australia
is the largest international diamond mining operation by volume, but
not by value, as browndiamonds comprise 80% of its total yield. However,
recently it has been shown that the colour of natural browndiamonds can
be improved by applying high pressure high temperature (HPHT)
annealing [1–3]. This has led to significant interest in the cause of the
browncolouration. The colouration of natural browndiamonds is thought
to be related to plastic deformation. Initially, dislocationswere considered
themost likely cause of the brown colour; however, TEM studies revealed
that the dislocation density was too low to account for the absorption
characteristics, and was not significantly affected by HPHT annealing
which caused the brown colouration to disappear [4–6].

More recently, vacancy cluster defects have been shown to be the
brown centres in natural type II diamond; this has been supported by
positron annihilation [7] and theoretical studies [8]. In particular,
Maki et al. [7] combined positron annihilation measurements with
monochromatic illumination and demonstrated that optically active
vacancy clusters in type II diamond strongly correlated with the ab-
sorption spectra; furthermore, HPHT treatments which removed the
vacancy clusters was also shown to cause a loss of brown colouration.

The majority of studies of brown colouration in diamond have
focused on either synthetic brown diamonds or type II diamonds; in

this paper the relationship between vacancy-type defects and brown
colouration in type I diamond is investigated using positron annihila-
tion spectroscopy and optical absorption measurements. Type I dia-
monds comprise about 98% of naturally occurring diamonds and have
substantial nitrogen content, up to several hundred ppm, whereas in
type II diamonds the nitrogen content is typically less than 5 ppm [9].

In positron annihilation spectroscopy [10], positrons are injected into
a sample; once implanted they come to thermal equilibrium in themate-
rial and eventually annihilate with an electron, producing γ-quanta. An-
nihilation can occur in a number of different states—for example, as a
trapped positron localised in an open-volume defect, or in the interstitial
regions of the solid, characterised by a delocalised Bloch state. Different
types of defects, such as vacancies, vacancy clusters, dislocations and
voids can act as positron traps, owing to the reduced Coulomb repulsion
experienced by the positron due to the absence of positive ion cores.

Due to the reduced electron density at these sites, the lifetime of a
positron localised in a defect is increased relative to that in the defect-
free bulk. In positron annihilation lifetime spectroscopy (PALS), posi-
trons from a 22Na radioisotope are injected into the sample under
study and a positron lifetime spectrum is recorded. As a 1.274 MeV
gamma-quantum is emitted during the decay of 22Na almost simulta-
neously with a positron, the lifetime is defined as the time between de-
tection of the 1.274 MeV photon and the subsequent 511 keV photons
created from the positron's annihilation with an electron. The experi-
mentally measured spectra N(t) are analysed as a sum of decaying ex-
ponential components, N(t) = ∑i Ii exp(-t/τi), convoluted with the
spectrometer's Gaussian response function (the positron in state i anni-
hilates with a lifetime τi, and Ii is the intensity or weighting of the spec-
tral component). Different positron annihilation states obtained from
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the decomposition of the spectra are then correlated with structural
open volumes.

Momentum conservation in the annihilation process gives rise to
a number of unique spectroscopies. In the rest frame of the annihi-
lating pair, the outgoing γ-rays each have energy m0c2 (511 keV)
and are emitted at 180° to one another. However, in the laboratory
frame, the finite momentum of the pair manifests as a Doppler
shift in the energies of the individual quanta and a deviation from
anti-collinearity.

The momentum components PL in the propagation direction of the
gamma rays results in a Doppler shift of the annihilation energy of
511 keV, given by ΔE = ± c PL/2. Thus, one γ-ray is red-shifted and
the other is blue-shifted, manifesting as a broadening of the annihila-
tion linewhen observed by a spectrometer indiscriminatingly collecting
red- and blue-shifted photons—this is the basis of Doppler broadening
spectroscopy. Since the positron has generally thermalised prior to
annihilation, annihilation quanta contain information predomi-
nately about the electron momentum distribution at the annihila-
tion site. For positrons localised in open-volume defects, the
fraction of valence electrons taking part in the annihilation pro-
cess increases compared to that of core electrons, and because
the momentum of valence electrons is significantly lower, the mo-
mentum distribution of annihilating electrons shifts to smaller
values. This gives rise to a reduced Doppler shift (leading to small-
er broadening of the annihilation peak) and provides the basis for
defect studies.

Line shape parameters describing the width of the annihilation
line are typically employed to obtain qualitative information about
electronic structure of solids. The S-parameter is defined as the area
of the central low momentum part of the spectrum divided by the
total area. The W-parameter is taken in a high momentum region
far from the centre. It is the ratio of the area under the wing in a
fixed window divided by the total area.

2. Experimental details

Seven natural type I diamonds from the Argyle deposit in Western
Australia were investigated. Two were colourless and five displayed a
light brown colour. The samples were laser-cut plates, approximately
1 mm thick and 5 mm squared.

Infra-red (IR) spectroscopy was performed with a Bruker IFS66
FTIR spectrometer.

Optical absorption spectra were obtained with a halogen lamp
paired with a UV–Vis spectrometer.

The PALS apparatus was a fast–fast coincidence spectrometer,
with detectors consisting of a BC418 plastic scintillator coupled to
a Burle 8850 photomultiplier tube. A 30 μCi 22NaCl source was
used for collecting spectra; the source was encapsulated in 8 μm
Kapton foil. Positron annihilation studies typically require a sand-
wich arrangement where the source is placed between two identi-
cal samples. To investigate the samples individually each of the
samples was paired with a plate of well-annealed aluminium. The
aluminium lifetime and intensity were fixed in the analysis of the
spectra. The time resolution of the instrument was determined to
be 220 ps from spectra of a high-purity annealed nickel sample.
Each spectrum had at least 2×106 counts and was analysed using
PALSfit Version 1.64 [11]. For all samples, after subtraction of the
source and aluminium contributions, and a constant background,
a one- or two-component analysis gave satisfactory fits (a variance
close to unity). Measurements were conducted at room tempera-
ture and in air.

The detector used for Doppler broadening was a co-axial high pu-
rity Germanium detector. The energy resolution of the detector was
approximately 1.51 keV at 511 keV. The arrangement of the source
and sample was identical to that used in PALS measurements.

3. Results and analysis

IR spectroscopy showed all samples to be type IaA/B, that is, con-
taining aggregated nitrogen. In all brown samples, nitrogen was aggre-
gated predominantly in the “B” form (N-V-N3), while the colourless
samples possessed a relatively higher fraction of “A” centres (N-N).
Total nitrogen concentrations were estimated from the IR spectra
[12–14], and ranged between ~100 and 450 ppm in the brown samples,
with the two colourless samples showing ~150 ppm and ~1000 ppm
respectively. Table 1 gives the concentration of “A” and “B” centres for
all diamond samples.

Optical absorption spectra were dominated by an absorption tail,
rising in intensity towards the UV, which is characteristic of brown
colouration in diamond [15]. Also present to varying degrees are the
550 nm absorption band associated with the defect responsible for pink
colouration (a common feature of Argyle diamonds), the N3 zero-
phonon line at 415 nm and associated sidebands, and N2 bands near
477nm [16]. All of these centres except for N3 are entirely lacking in the
two clear samples. The intensity of brown colouration in these samples
was determined by normalising absorbance measurements to sam-
ple thickness, and approximating the brown absorption tail with
an exponential fit. The area under this exponential term was then
integrated from below the 415 nm N3 zero-phonon line into the IR
at 750 nm to determine a measure of the brown intensity. Fig. 1
shows absorption spectra for a brown and a clear diamond, showing
the enhanced absorption tail for the brown diamond sample.

Positron lifetime analysis of the clear type I diamonds showed that the
spectra could be analysed in terms of a single lifetime component, τ =
142 ± 2 ps. This is close to the positron monovacancy lifetime in dia-
mond of 145 ps and indicates that monovacancy-type defects are the
sole defect type (the positron lifetime in the defect free lattice is in the
range of 100–110 ps) [17,18]; these could be isolated monovacancies or
nitrogen-vacancy complexes. However, for the brown diamonds, a two-
component analysiswas necessary to adequatelyfit the spectra, signalling
the presence of a second defect type. The shorter component, τ1, was in
the range of 127–143 ps. This component could be associated with
monovacancy-type defects (including nitrogen-vacancy complexes) and
annihilation in the bulk crystal. The fact that there is a contribution from
monovacancies in both clear and brown type I diamonds suggests that
it is not the source of the colouration. In our final analysis of the brown
diamond samples the lifetime of the longer component, τ2, was fixed to
440 ps, which is the average value obtained from the constraint-free
fitting of all the samples. Theoretical calculations by Mäki et al. [7] show
that this lifetime can be attributed to large clusters of 60 vacancies.

These results are similar to those obtained for natural brown type II
diamonds. Avalos et al. [19] obtained lifetimes of τ1 b 100 ps, τ2 =
136 ps, τ3 = 434 ps. These correspond to positron annihilation in the
bulk crystal, monovacancies, and vacancy clusters respectively. The latter
value, τ3, is very close to that obtained in the present study; however, we
were unable to resolve the shorter lifetime into two separate components
to facilitate the application of a trapping model. Similarly, Mäki et al. [7]
obtained two lifetime components in type II natural brown diamonds,
with the smaller lifetime component being τ1 = 120 ± 10 ps and the
larger component τ2 = 405 ± 10 ps, again attributed to larger vacancy
clusters.

Table 1
Concentration of “A” and “B” centres for type I diamond samples determined from IR
spectroscopy (the uncertainty is 10%).

Sample number Colouration A concentration (ppm) B concentration (ppm)

1 Clear 90 50
2 Clear 280 700
3 Brown 50 390
4 Brown 0 160
5 Brown 2 270
6 Brown 2 280
7 Brown 13 80
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In Fig. 2, the intensity of the vacancy cluster lifetime, I2, is plotted for
all of the diamond samples, along with the brown colouration intensity
derived from optical absorption measurements. The quantity I2 can be
viewed as a relative vacancy cluster concentration. In Fig. 2, samples 1
and 2 are clear diamonds, that is, no brown colouration is apparent by
eye, whereas the other samples, 3–7, display a brown colouration. It
can be seen that the two clear diamonds, for which I2 is zero, both dis-
play a similar brown intensity, and sample 7, which displays the highest
brown intensity, also possesses the highest vacancy cluster concentra-
tion. These results indicate that the brown colouration is related to the
vacancy cluster concentration.

We have also examined the effect of nitrogen content. In Fig. 3, the
average positron lifetime (τAvg = τ1× I1 + τ2× I2) and the total ni-
trogen content are plotted for all diamond samples studied. It is ap-
parent that there is no correlation between the average positron
lifetime and nitrogen content. The absence of a dependence on nitro-
gen concentration is particularly evident in the clear diamonds stud-
ied; identical lifetime results were obtained however their nitrogen
concentrations vary by more than a factor of seven. These results
are contrary to those of Pu et al. [18] where the average positron life-
time and the S-parameter showed a systematic increase with increas-
ing nitrogen concentration in synthetic type Ib diamond; however, Pu
et al. [18] also stated that a larger ensemble of samples was necessary
to firmly establish if a systematic trend exists. These differing results
could also reflect significant differences between natural and synthet-
ic diamond.

Doppler broadening studies were also carried out. Fig. 4 shows an S-
vs. W-parameter plot where a straight line has been fitted to the brown
diamond data. It is apparent that the clear diamond samples are situated
well below this line. This provides an indication that an additional defect
type is present in the brown diamonds, consistent with the positron life-
time results which showed that brown diamonds possess large vacancy
clusters which are absent in clear diamonds. It can also be seen that the
two clear diamonds possess a similar S-parameter, indicating a similar
defect structure; furthermore, the sample with the highest S-parameter
corresponds to the highest I2 value.

In Fig. 5, the S-parameter and brown colouration intensity are
plotted for all diamond samples. The trend in the S-parameter with
sample number is similar to that of the brown intensity curve deter-
mined by optical absorption. The W-parameter was found to display
the opposite trend to the S-parameter, indicating a transfer of inten-
sity from the wing to the centroid region of the photo peak. These re-
sults are characteristic of an increase in the concentration of vacancy
cluster defects with increasing brown colouration.

4. Conclusion

Positron lifetime results of natural brown type I diamonds reveal
that brown diamonds possess lifetimes of around 440 ps, associated
with clusters of around 60 vacancies. This lifetimewas absent in natural
clear type I diamonds which showed evidence of only monovacancy-
type defects. This is also reflected in the Doppler broadening results,

Fig. 1. Absorbance vs. wavelength for brown and clear diamonds.

Fig. 2. I2 and brown intensity for the diamond samples; samples 1 and 2 are clear
diamonds.

Fig. 3. Average positron lifetime (blue circles) and total nitrogen concentration (green
squares) for the diamond samples.

Fig. 4. S vs. W plot for all diamond samples.
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with the clear diamonds samples displaying a lower S-parameter and a
higherW-parameter. In spite of their significant nitrogen concentration
type I diamonds display similar positron annihilation characteristics to
type II diamonds. Furthermore, there was no correlation between the
positron annihilation parameters and the nitrogen content, contrary
to previous studies [18].

The intensity of the brown colouration was quantified from optical
absorption measurements. The S-parameter and I2 values were found
to increase with the brown colouration intensity, indicating that va-
cancy clusters are associated with the brown colouration in type I
natural diamonds. This is consistent with studies of natural brown
type II diamonds where clusters of around 40–60 vacancies have
been shown to be responsible for the brown colouration [7].

Prime novelty statement

Positron annihilation lifetime and Doppler broadening studies
showed that large vacancy clusters are present in natural brown
type I diamonds containing significant nitrogen. The concentration
of these clusters was found to increase with the intensity of the
brown colouration suggesting that they are the cause of the brown
colouration. Previous studies have focused only on nitrogen free
type II diamonds or synthetic diamonds.
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Abstract. Natural pink and brown diamonds exhibit surprising photochromic

phenomena when optically pumped with ultraviolet light of photon energy ϵ ≥4.1 eV,

including a subsequent sensitivity to infrared pumps which is not evident prior to

UV exposure. In this study, we observe the dependence of photochromism on pump

photon energy and intensity, for both UV and IR pumps. From these observations, we

propose a model of several distinct charge transfer processes between multiple species

of optically-active defect centres. We show it is likely that the UV-induced behaviour

of pink diamond photochromism is linked to the vacancy clusters responsible for brown

colouration in diamond.
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Figure 1. Pink diamond photochromism under visible-light illumination is consistent

with a model of electronic photoionisation and retrapping at substitutional nitrogen

centres (N) and pink colour centres (“P”). As the photochromism process proceeds

by the pink colour centre accepting electrons from nitrogen donors, the ground state

2.7 eV below the conduction band most likely belongs to a negatively-charged pink

colour centre.

1. Introduction

Many diamonds show some form of photochromism - colour change under optical

illumination - due to transfer of charge carriers between optically-absorbing defect

species. Diamond’s large bandgap, and the highly localised electronic states of diamond

defect centres, mean that the charge state of any one defect centre is dependent on the

presence of nearby donor and acceptor centres rather than bulk statistical concepts

such as Fermi level [1]. Thus, the colour changes induced by optically-stimulated

charge transfer may be long-lived or metastable, even at room temperature and above.

As these defects act as discrete units which may be targeted in some procedural

fashion (e.g. [2]), photochromic centres in diamond hold great promise for future

quantum-optical applications such as optical solid-state memories.

Photochromic diamond centres have been demonstrated in both synthetic and

natural systems, and can be active in both absorption and fluorescence (e.g. [3, 4, 5, 6,

7, 8, 9]). We recently investigated the photochromic properties of natural pink Argyle

diamonds under visible-light excitation [10], wherein the intensity of the 2.25 eV and

3.18 eV absorption bands responsible for this colouration can be varied by driving the

system with an optical pump. The steady-state colour of these diamonds was shown

to depend solely upon the wavelength of the applied pump, and the final colour state

was indefinitely stable at room temperature in the dark. This behaviour was explained

by competing photoionisation and electron-transfer processes between the unidentified

colour centre responsible for the pink colouration, which we will refer to as the “pink

colour centre”, and single substitutional nitrogen, a ubiquitous diamond electron donor

involved in other photochromic systems (e.g. [3, 4, 7, 8]). These observations allowed

us to place the ground state of the pink colour centre, in a presumed negative charge

state, 2.7 eV below the diamond conduction band (figure 1).

In this paper, we present observations of pink and brown diamonds under optical

pumping from light sources in the middle ultraviolet (MUV, 4.1-6.2 eV), which lead to
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new photochromic behaviours. We also demonstrate that after such MUV pumping,

the diamond photochromic state shows a sensitivity to IR exposure which has not been

seen before. Based on these measurements we introduce a charge-transfer model that

explains the various observed behaviours. These new observations allow us to bring the

previous work of several groups [11, 12, 13, 10] into a unified picture.

2. Samples

The samples used in these experiments were diamonds from the Argyle mine, Western

Australia. Diamonds from Argyle generally show marked plastic deformation, which

appears integral to the generation of both brown and pink diamond colourations [14].

The colouration is localised to {111}-plane “graining” [15, 16, 17]. Furthermore, Argyle

pink diamonds frequently also exhibit some degree of brown colouration.

The samples selected were laser-cut into plates ∼1mm thick, with a 5×5mm

surface. The characteristics of each sample are shown in table 1. Samples I and

II appear pink due to a strong 2.25 eV absorption band, while samples III-V show

significant brown colouration (generated by a broad absorption continuum extending

across the visible spectrum and rising towards shorter wavelengths), with a secondary

pink component. Two “white” (colour-free) slices, labelled VI and VII, were also

available for comparison. The latter of these showed significant N3-defect absorption

peaks at 2.985 eV and beyond. Characteristic visible-light absorption spectra of samples

I, IV and VI are shown in figure 2. Table 1 includes an estimate of the relative strength

of pink and brown absorption in each sample derived by integrating the strength of

the 2.25 eV absorption band, and comparing this to the strength of the underlying

absorption continuum across the same wavelength range. This relative measure has

been normalised across the sample set.

The broadband “brown” colouration (shown by sample IV in figure 2) is generally

attributed to vacancy clusters - spherical voids consisting of ∼50 empty lattice

sites [18, 19]. Recent positron-annihilation measurements of Argyle brown diamonds

are in accord with this attribution [20]. The colour centre responsible for natural pink

colouration is still yet to be identified.

Infrared absorption spectra acquired with a Bruker IFS66 FTIR microscope

showed all samples to be type IaA/B - containing significant nitrogen impurities,

primarily in “A” and “B” nitrogen-vacancy aggregates (respectively N-N and N3-V-N).

Nitrogen concentrations for each sample were estimated by fitting the measured sample

spectra with analytic approximations of nitrogen-complex absorption features. These

approximations along with concentration coefficients were sourced from literature [21,

22, 23, 24, 25, 26].
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Sample Colour Abs. ratio N conc. (ppm)

I Pink 0.94 44 ± 2.5

II Pink 1 67 ± 5

III Brown/pink 0.19 90 ± 9

IV Brown/pink 0.28 279 ± 30.5

V Brown/pink 0.27 275 ± 31

VI White — 138 ± 10

VII White — 998 ± 91

Table 1. Diamond plate samples used in this work: apparent colouration, normalised

pink:brown band absorption ratio, and nitrogen concentration.
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Figure 2. Visible-light absorption spectra of white, pink and brown diamond samples.

The 2.25 eV absorption indicative of pink colouration is also present in the brown

sample. Beyond 2.985 eV, the absorption spectrum of the brown and white samples

show significant N3 defect absorption.

3. Experimental results

3.1. “Pink” colouration

Figure 3(a) shows the absorption depth of a∼2.25 eV probe beam passing through a pink

diamond, following exposure of the diamond to long-term optical pumping at selected

pump photon energies. We have previously shown that this absorption is a good proxy

for the strength of pink colouration in these diamonds [10]. Observations of optical

pumps within the visible light/near-ultraviolet range 2.25-4.1 eV (550-305 nm) show a

monotonic relationship between pump photon energy and the steady-state intensity of

the 2.25 eV absorption band: higher pump photon energies result in paler (“bleached”)

diamonds than a pump of lower photon energy. The green theory curve in figure 3

demonstrates the two-trap model described previously, which shows good agreement

with the data for visible-wavelength pumps. The model however fails for pump radiation

in the MUV; in this domain, a shorter-wavelength pump may in fact increase the

intensity of colouration in a diamond, in contradiction with the model. The threshold
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Figure 3. (a) Absorption depth of the 2.25 eV absorption band, following optical

pumping of a pink diamond at various wavelengths. Following MUV pumping, IR

light increases the absorption depth; MUV/IR pumping is not explained by a two-trap

model. The dashed blue and red lines are provided as guides to the eye. (b) Change

from the full-colour condition induced by UV and IR pumps in the pink diamond

absorption spectrum, demonstrating that the 2.25 eV absorption band is responsible

for the UV/IR effects in this diamond.

between these two domains is approximately 4.1 eV (∼305 nm).

In concert with this new bleaching behaviour emerges a sensitivity of the

photochromic state to infrared light. Following a period of optical pumping with a

MUV source, illumination of the diamond with IR or near-IR light results in a reduction

in the diamond’s pink colour intensity. This stands in stark contrast to the normal

photochromic behaviour, where IR light has no effect. Measurements with an UV/VIS

spectrometer confirm that this IR bleaching arises from changes in the 2.25 eV absorption

band, in the same way as is observed for the visible-light and MUV-driven changes

(figure 3(b)); these changes are not due to some other contaminating absorption feature

present at our probe wavelength.

The temporal evolution of the 2.25 eV probe absorption during three different pump

sequences is shown in figure 4. During an initial bleaching with a fixed-intensity pump

of 3.94 eV (315 nm, trace (i)) or 4.35 eV (285 nm, traces (ii) and (iii)), the photochromic

state changes approximately exponentially. In traces (i) and (ii), the UV is followed by

exposure to IR light at 1.41 eV (880 nm), however only following 4.35 eV exposure does

IR pumping have any influence on the photochromic state (as apparent in figure 3(a)).

When a 2.67 eV (465 nm) visible-light pump is applied to drive the diamond back to its

initial state, traces 4(i) and (ii) show a simple exponential recovery back to that state,

however trace (iii) demonstrates a more complex two-component recovery.

This IR bleaching provides some context for previously unexplained results that

have been presented in the literature. The time-dependence of colour restoration in

results of Fisher et al. (figure 10 in [13]) shows a two-component restoration process

following 4.88 eV (254 nm) pumping, which contrasts with our previous results (with

pumps restricted to the visible domain), where colour restoration proceeded with a
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Figure 4. Following bleaching by sources ϵ ≥4.1 eV (λ ≤305 nm), the diamond can

be bleached further by long-wavelength light. This can lead to the appearance of non-

monotonic behaviour (trace (iii)) when visible-light pumps - here 2.67 eV - are used to

restore diamond colour. Traces have been vertically offset for clarity.

single exponential time-constant. Thus, the behaviour shown in [13], and in trace

(iii), arise from the same root cause as the IR sensitivity. The complex behaviour

at ∼1700 s apparent in the lowest trace is due to the blue light simultaneously exciting

two processes: the post-MUV colour bleaching as driven by IR light (as in trace (ii)),

and the colour restoration process.

3.2. Infrared bleaching rate

A tunable Titanium:Sapphire laser was used to measure the dependence of a MUV-

primed pink diamond to the wavelength and intensity of long-wavelength light used to

bleach the diamond. The IR-induced photochromic bleaching was seen to vary in time as

a simple exponential for all pump wavelengths and intensities tested, and thus we used

the time-constant of this exponential as a measure of the bleaching rate. The bleaching

time-constant was observed to vary inversely with pump intensity as one expects for

a photon-driven process. Figure 5 shows the bleaching rate, normalised for incident

photon number, as a function of pump photon energy. The normalised bleaching rate

decreases with decreasing pump photon energy, approaching a threshold near 1.35 eV.

The Lucovsky cross-section

σ ∝ (ϵ− ϵ0)
3/2

ϵ3

has proven a suitable first approximation for the processes governing pho-

tochromism in pink diamond [27, 10]; fitting this form to our data recovers a threshold

energy value of 1.353±0.001 eV. We find that we need to include a small constant offset

in our model, which we believe is associated with background light leaking onto the

diamond.
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Figure 5. Rate of IR-bleaching vs pump photon energy, normalised for incident

photon number. The rate of bleaching approaches a threshold at 1.35 eV.

3.3. Background absorption

A broadband increase in absorption across the visible spectrum has been reported

previously in pink and brown diamonds under UV pumping, and was attributed to

the vacancy cluster absorption continuum [11, 12, 13]. Vacancy cluster trap states are

estimated to lie 1-2 eV above the valence band (3.5-4.5 eV below the conduction band),

and the associated continuum absorption arises from optical excitation of electrons from

the valence band to empty cluster states [13, 18]. It has also been previously suggested

that vacancy clusters may participate in the pink diamond photochromism, acting as a

deep electron trap [13].

Our standard approach for measuring diamond photochromism (absorption of a

2.25 eV probe beam) can respond to changes in both the pink 2.25 eV band and

the underlying brown absorption continuum. In order to distinguish between these

effects, we made spectrally resolved measurements of the diamond absorption, which

allowed independent measurement of changes in the pink band depth and the continuum

absorption. We found no measurable change in the continuum absorption in the pink

samples I and II (as evident in figure 3(b)) while measurements of the brown/pink

hybrid samples IV, V and VI showed a strong increase in continuum absorption when

using pumps of energy >4 eV (see figure 6). Exposure to IR light following this MUV

pumping restored transmission to its initial level. Though we did see a slight change

in absorption in white sample VII under ultraviolet pumping, no ∼4 eV threshold was

apparent in either samples VI or VII.

Our results thus agree with previous suggestions that the photochromic broadband

absorption in pink and brown diamond is from the absorption band generated by vacancy

clusters. However, our results demonstrate that increases in the broadband absorption

will only occur when using pump sources with energies in the MUV range or higher.
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Figure 6. Change in absorption in brown/pink hybrid sample IV, following MUV

excitation. While the 2.25 eV absorption band is reduced in intensity by the MUV

pump, there is a simultaneous increase in broadband absorption.

4. Discussion

The IR-stimulated colour bleaching cannot involve direct electronic excitation out of

the pink colour centre, as these IR-induced changes are only observed priming with

MUV irradiation; furthermore the measured photoionisation energy theshold for the

pink colour centre is far above 1.35 eV [10]. The threshold energies we have observed in

this paper for the MUV and IR pumping processes are at 4.1 and 1.35 eV respectively.

Together these closely approach the 5.5 eV width of the indirect diamond bandgap. This

strongly suggests that the MUV and IR-stimulated processes may well be electronic

transitions of a single species of defect centre, bridging the centre’s local ground state

to the conduction and valence bands. We locate the ground state of this defect centre

(which we shall for now refer to as “T”) 1.35 eV above the valence band, capable of

being photoionised upon MUV excitation.

Figure 7 shows the T state, together with the states P and N localised to the pink

colour centre and substitutional nitrogen centre respectively. Ionisation of electrons

from T with MUV light will raise the electron occupancy of P and N states, resulting

in an increase in the intensity of the pink absorption bands. The T trap can be refilled

via IR excitation of electrons from the valence band; if the holes created by this process

propagate away from the T centre, then they may recombine with electrons decaying

from either the pink colour centre or nitrogen donor. This would reduce the occupancy

of P states and hence decrease the intensity of the pink absorption bands, resulting in

exactly the effects observed. Similar recombination mechanisms have been suggested

for other photochromic diamond defect systems (eg. [7, 8]). One might hope to see

fluorescence associated with these recombination events, and we have observed such

evidence relating to recombination occuring at N centres [28].

Previous measurements of the energy levels of vacancy clusters show that they lie

close to those of our proposed T state [13, 18]. If we consider the possibility that free

electrons ionised from nitrogen donors can become trapped in these low-energy defect
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Figure 7. Ionisation of a deep trap state T (1) increases electron occupancy of

other centres, increasing absorption in the pink bands. Subsequent filling of T via

IR excitation (2) generates holes in the valence band, which may propagate through

the band. Recombination of these holes with electrons at other centres (3) results in

IR-pumped bleaching.

Figure 8. Simulated intensity of absorption due to (top) the pink colour centres,

and (bottom) vacancy clusters under optical pumping from light of a specified photon

energy. State T of the model in figure 7 is interpreted as a state intrinsic to vacancy

clusters. The modelled results closely match experimental observations.

states, then under ambient conditions, trapped donor electrons will block the excitation

of valence electrons to the cluster states, and thus lower the intensity of continuum

absorption which is generated by these transitions. Ionisation of the trapped electrons

would however re-open the occupied cluster states, and hence indirectly lead to an

increase in the absorption band strength. We have performed numerical simulations of

rate equations using the model illustrated in figure 7 as a guide, with vacancy clusters

acting as the T defect. From this simulated model we obtain results consistent with the

experimental observations presented in figures 3 and 6, as shown in figure 8.

5. Conclusion

The variety of point defects present in natural pink/brown diamond lead to complex

charge- and energy-transfer behaviour under ultraviolet optical pumps. A deep
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electron donor state 1.35 eV above the valence band, which may be attributable to

vacancy clusters, is stimulated by a middle-UV pump and results in the appearance of

complex pink diamond photochromism dynamics. A multiple-trap model is capable of

reproducing the described experimental observations, as well as explaining previously

observed effects in literature.
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are subsequently exposed to infrared light (even with a delay of many hours), a

transient burst of blue N3 fluorescence is observed. The dependence of this IR-

triggered fluorescence on pump wavelength and intensity suggest that this fluorescence

phenomena is intrinsically related to pink diamond photochromism. An energy transfer
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light. From this standpoint, we consider the implications of this N3 fluorescence

behaviour for the current understanding of pink diamond photochromism kinetics.
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1. Introduction

The large range of optically-active defect species found within diamond makes

luminescence a frequently employed tool for determining which diamond defect species

exist within a bulk sample [1, 2, 3]. Luminescence measurements can also provide insight

into the dynamics of electronic processes involving diamond defects by, for instance,

acting as a probe of a targeted defect centre’s charge state during excitation of the

centre [4, 5, 6].

The N3 centre, with structure N3-V and a zero-phonon line (ZPL) at 2.985 eV

(415 nm), commonly occurs in natural diamonds, where it is readily identifiable from its

luminescence spectrum [3]. In this paper, we discuss a regime of anomalous fluorescence

behaviour in pink and brown Argyle diamonds, that has properties relating to both the

N3 defect centre, and to the photochromism properties of Argyle pink diamond. To our

knowledge these effects have not been described before. We present an experimental

exploration of the anomalous fluorescence behaviours, in both the spectral and temporal

domain. We propose that an energy transfer mechanism from the diamond defects

responsible for pink diamond photochromism, to readily-fluorescing N3 centres, is

responsible for the observed phenomena.

2. Samples

These experiments focused on a series of Argyle pink and brown diamond samples,

across a range of colouration. Two samples displayed an obvious pink colouration, three

samples were coloured predominantly brown with a pink undertone, and two samples

were “white”/colour-free. All samples were of type Ia - containing a concentration of

nitrogen impurities in aggregated form, ranging between 50-1000 ppm.

The N3 defect is typically found throughout the bulk of Argyle pink diamonds,

acting as a dominant feature in both absorption and fluorescence spectra [7, 8]. All

samples tested here displayed visible N3 absorption features, with one of the white

diamonds displaying the strongest N3 concentration of all diamonds tested. These same

samples have also been employed in recent photochromism experiments, to which we

refer the reader for further details [9]. As we will show, there is a close connection

between the anomalous fluorescence and photochromic behaviours.

3. Results

3.1. UV- and IR-stimulated fluorescence

In both pink and brown diamond samples, we observed that constant-intensity optical

pumping in the middle ultraviolet (MUV, 4.1-6.2 eV) leads to an emitted N3 fluorescence

signal that increases in intensity over time, asymptotically approaching some higher

level (see figure 1(a)). This is in strong contrast to pumping with longer-wavelength

UV radiation, where the intensity of N3 fluorescence is constant. The threshold photon
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Figure 1. (a) Fluorescence intensity over time, under MUV and IR pumps.

A constant-intensity MUV pump stimulates an increasing fluorescence intensity;

after MUV-priming, IR light induces a transient, decaying burst of fluorescence.

Contamination of the measurement by the IR pump light has been subtracted for

clarity; the measurement is insensitive to the MUV pump light. (b) The measured

change in MUV-induced fluorescence (from ti to tf ) mimics the initial fluorescence

spectrum (scaled for clarity). The fluorescence excited by long-wavelength pumps also

has the same spectrum.

energy for this new behaviour to occur was found to be in the region of 4.1 eV. The

increased level of N3 fluorescence intensity is stable - re-exposure of the sample to the

MUV pump after storing the sample in the dark for some time ∆t will immediately

generate the same increased level of fluorescence.

Once primed by MUV light in this fashion, the N3 fluorescence intensity could

be promptly reset to its initial level by exposure to IR light. Intriguingly, this IR

pump is also observed to trigger a transient emission of N3 fluorescence (which has

a far higher photon energy than the triggering IR light). The intensity of this IR-

stimulated fluorescence decays away exponentially with continued pumping, and IR

light only generates such fluorescence when applied subsequent to MUV pumping of the

diamond.

Figure 1(a) shows the intensity of fluorescence emitted from a pink diamond over

time, during both MUV-stimulated fluorescence priming and subsequent IR-stimulated

transient decay, measured with a large-area silicon photodetector. The fluorescence

signal was isolated using appropriate optical filtering prior to the detector. The signal-

to-noise ratio of the measurement was improved by mechanically chopping the pump

light to generate amplitude-modulated fluorescence. The photodiode signal was then

recovered using a lock-in amplifier.

The spectrum of this fluorescence was recorded at various times within the pumping

cycle using an UV-Visible spectrometer, integrating multiple measurement cycles to

achieve a higher signal-to-noise ratio. The dashed line in figure 1(b) shows the

standard fluorescence spectrum for these diamonds, showing both the characteristic ZPL

(2.985 eV) and phonon sidebands of the N3 defect. The blue trace on this figure shows
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Figure 2. The decay time-constant for IR-stimulated fluorescence is inversely

proportional to IR pump intensity, but the total yield of fluorescence (normalised

scale) is constant.

the difference between the fluorescence spectrum at the start of MUV excitation ti, to

that at the end of the pumping period tf (when the system has reached the maximum

fluorescence intensity). This difference spectrum is nearly identical to the spectral shape

of the initial fluorescence, demonstrating that this increase in fluorescence intensity is

merely an amplification of the usual fluorescence rather than the emergence of some

other fluorescence signal. The spectrum of the IR-stimulated fluorescence (shown as the

red trace on the figure) again mimics the N3 fluorescence profile.

While all the pink and brown samples showed this dynamic N3 fluorescence, the

two white samples showed no such behaviour despite one of these containing the highest

N3 concentration of all tested samples. Thus these phenomena are not intrinsic to N3,

but depend also upon the presence of some other defect that acts in concert with N3 to

produce the observed effects.

3.2. IR-stimulated fluorescence yield and decay rates

The total integrated fluorescent output (yield) generated by IR-pumping is constant

regardless of the IR pump intensity, or whether the pump is interrupted and resumed.

Figure 2 shows measurements of IR-induced fluorescence for a MUV-primed diamond

subsequently pumped with a 2.0 eV LED at various intensities. The decay rate of the

IR-stimulated fluorescence is inversely proportional to the intensity of the IR pump,

however the fluorescence yield remains unchanged. Pumps at other wavelengths show

equivalent results.
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Figure 3. The yield of the IR-stimulated fluorescence process (normalised scale) is

independent of delay time ∆t on timescales up to hours.

The “storage time” of the system was also investigated, by priming a diamond

with MUV light and then waiting some time ∆t before applying an IR pump of fixed

intensity. As evident in figure 3, no net loss in the output fluorescence yield of the

system was detected, even when storing a UV-primed diamond in the dark for several

hours before IR exposure. It appears that at room temperature and in the dark, the

UV-primed system is entirely metastable.

3.3. Excitation threshold for IR-stimulated fluorescence

To determine the photon energy threshold for the emission of IR-stimulated fluorescence,

the rate of fluorescence decay was measured by using a Ti:Sapphire laser as a tunable

IR pump. The resulting fluorescence decay rate was normalised to the incident pump

photon flux to reflect the cross-section of the IR-stimulated interaction (figure 4). A

photon energy threshold is evident, which was determined to lie at ϵ0 =1.357±0.001 eV

by fitting the Lucovsky cross-section [10] to the data, together with a small constant

term that we attribute to weak fluorescence excitation induced by background light

leaking onto the sample.

4. Discussion

Photochromism of the N3 centre via optically-induced charge transfer has been

documented in literature [11], albeit resticted to treated type-Ib diamonds. However,

charge trapping and photoionisation at N3 defects is unlikely to be responsible for

the phenomena described above, given that the white diamonds did not show this

dynamic fluorescence. Additionally, although the photon energy necessary to excite N3

fluorescence (2.985 eV) is well above that required to photoionise the pink colour centre

and thus induce photochromic bleaching of a pink diamond (2.7 eV [12]), no variation

is seen in either the spectrum or the quantity of N3 fluorescence when near-ultraviolet

pumps (e.g. 3-3.5 eV) are applied to our diamonds, indicating that the N3 centres are

not trapping electrons photoionised from the pink colour centres.
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Figure 4. Rate of fluorescence decay normalised to incident pump photon count.

Fitting the Lucovsky cross-section to the data shows a clear photon energy threshold

at ϵ0 =1.357 eV.

The photochromic response of pink and brown diamonds to UV and IR pumps [9]

displays strong similarity to the fluorescence behaviours described here. A new regime

of pink/brown photochromism, believed to correspond to the ionisation of electrons

at vacancy cluster defects, appears under the influence of MUV sources with photon

energies >4.1 eV; electrons ionised from the vacancy clusters may then be trapped at

other defects such as substitutional nitrogen and pink colour centres (see figure 5). Later

exposure of the diamond to IR light results in further photochromic change consistent

with the excitation of valence electrons to empty vacancy cluster states, and subsequent

recombination of electrons trapped at other centres into the new valence holes.

The cross-section of the IR-stimulated photochromic change (figure 5 in [9]), with

a photon-energy threshold measured to lie at 1.353±0.001 eV, is essentially equivalent

to the excitation cross-section measured here for IR-stimulated fluorescence (figure 4,

threshold at 1.357 eV). The very close similarity between the measured MUV and IR

threshold energies in photochromism and fluorescence experiments - as well as the

observation that IR sensitivity in both fluorescence and photochromism is a secondary

phenomenon, dependent on earlier exposure of the sample to MUV light - suggests that

the same phenomena underlie both sets of observations.

Recombination of electrons trapped at pink colour centres and substitutional

nitrogen centres would liberate energies of 2.8 eV and 3.3 eV respectively. The latter is

easily of sufficient energy to excite an N3 centre from its ground state, and the N3 centre

has been seen to participate in energy transfer interactions with other defect species in

natural diamond samples [13]. We thus suggest that these recombination transitions, at

the centres participating in the photochromic electron exchange, result in energy transfer

to N3 centres, whether radiatively or via some local energy exchange process, resulting

in the transient blue-light fluorescence signal which is emitted under IR excitation.

From this model, we can understand the total fluorescence intensity generated by MUV

pumps, measured in figure 1(a), as being due to two separate processes: MUV light
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Figure 5. N3 fluorescence may be generated via internal energy transfer from

other centres participating in the IR-induced photochromism transitions: (a) MUV

excitation ionises vacancy cluster electrons, which are trapped at other centres

participating in the photochromic process. (b) IR light excites valence electrons into

empty vacancy cluster states. (c) Electrons trapped at other defects recombine with

the created valence holes, releasing sufficient energy to excite a nearby fluorescent N3

centre.

directly exciting N3 centres and generating a steady output (indicated by the dotted

line) and, simultaneously, recombination events at other defects in the crystal generating

additional N3 fluorescence via energy exchange.

Using a rate equation model of the energy level system shown in figure 5, we

calculate the expected rate at which electrons decay from the N and P centres over

time as a result of optical stimulation with MUV and IR pumps. The result of this

modelling is shown in figure 6, using the count of recombinations as a proxy for the

temporal variation in N3 fluorescence. The model only assumes that a constant fraction

of the recombination events will excite the fluorescence process. The calculation predicts

that under MUV excitation, the rate of recombination events rises approximately

exponentially, asymptotically approaching some constant value in agreement with

experimental observations. When the MUV pump is switched off, all traps are thermally

stable, and no electronic transitions occur. Upon IR irradiation, there is an immediate

burst of recombination events as holes are created in the valence band; the number of

recombination events per unit time decays exponentially to zero as the population of

valence holes is exhausted, once again in close agreement with observations. Comparing

the calculations shown in figure 6 with the experimental observations in figure 1(a)

demonstrates this agreement.

5. Conclusion

We have observed anomalous fluorescence from N3 defect centres in pink/brown Argyle

diamonds. The photon energy threshold and time-dependence of these processes imply

a strong link with the photochromism system that is also seen in pink/brown diamond.

We deem it likely that the defects that drive the photochromic response in the diamond
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Figure 6. The rate of recombination events from photochromism traps mimics the

dynamics of the fluorescence response seen at the N3 centre.

(and hence also give the diamond its pink colouration) have an energy coupling to nearby

N3 centres which result in these new fluorescence behaviours.
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