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3-D microspectroscopy of optical centers in color natural diamonds
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A study of three-dimensional photoluminescence of natural diamonds of two types, differing in morphology and

absorption in the infrared range, was carried out. It is shown that, depending on the type and concentration of

nitrogen defects in natural diamond, the position of the absorption band maximum can shift, which determines

the pink or brown color of diamonds. The results of the study were carried out photoluminescence spectra at two

pump wavelengths (488 and 532 nm), which make it possible to determine the optical centers that contribute to

the color of diamonds. It is shown that complex nitrogen defects appear in natural colored diamonds as a result of

plastic deformation, which determine the properties of the diamond.
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Introduction

Inscribing of unique photoluminescent micro-mark (QR-
code) in diamonds and gemstones is in great demand

with manufacturers worldwide to ensure protection against

fakes and for tracking [1]. Ultra-short laser pulses make it

possible to mark transparent materials, however, a security

concern in terms of natural diamond microstructure still

exists [2]. Many main physical questions regarding the

origin and growth of microstructures inside the diamond

crystals still require more in-depth study. Besides the

diamond structure itself, the diamond properties are greatly

influenced by the distribution of natural color centers,

defects and inclusions existing both on the surface and

in the bulk of the diamond. One of the main issues

is the unknown initial distribution of nitrogen impurities

that may be both low and highly aggregated and may

be characterized simultaneously by different spectroscopy

methods (optical, infrared, Raman scattering (RS), electron
paramagnetic resonance, etc.).

Photoluminescence (PL) is currently the most informative

and popular gemological analysis method. Therefore,

identification of color center, crystal lattice defects, inclusion

distribution patterns within the diamond and transformation

mechanisms is an crucial challenge. In PL spectra, color

centers form specific spectral bands which are unique for

each center and, thanks to strong laser emission exposure,

optic center association/dissociation processes may occur [3]
allowing to control

”
spectral imprint “ of the diamond and

to have multiple applications. Thus, NV center existing in

the diamond can be used as a quantum bit because it has

two steady states with possibility of controlled transition

between each other [3–5].

Since the natural diamond grows for a long period of time

and is subjected to several stages, the resulting gem usually

has many individual features (lattice defects, inclusions,

etc) that form zones which respond to laser exposure

differently [3,5,6]. Thus, initial diamond characterization

is one of the most important diamond application stages.

Two types of natural diamonds are used as specimens

herein: diamonds in the form of dodecahedral habit with

negligible signs of dissolution having high nitrogen fraction

in the form of B defects (pink diamond
”
8−1“ and

brown diamond
”
31−1“) and in the form of strongly

dissolved dodecahedron with low fraction of B defects (pink
diamond

”
24−2“).

Color centers were studied by optical methods and

scanning confocal 3D Raman microspectroscopy at two

exciting wavelengths (488 nm and 532 nm).

Experimental

Primary characterization of specimens (Figure 1) per-

formed by infrared (IR) spectroscopy methods (Vertex V-

70, Bruker) allowed to define the optical centers existing

in the diamonds and to classify the types of studied

diamonds. For 3D RS/PL scanning of diamonds, two pump

wavelengths were used — 488 (Alpha 300 AR, WITec)
and 532 nm (Confotec MR350, SOL Instruments), which

allowed to expand the studied spectral range and revise the

results.

Nitrogen concentration in
”
8−1“ pink diamond in the

form of A defects achieves [A(2N)] ∼ 653 ppm, in the

form of B defects achieves [B1(4NV)] ∼ 910 ppm and

corresponds to type IaAB. Band absorption factor at
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Figure 1. IR absorption spectra of the test diamonds.

3107 cm−1 of N3VH(a3107) center is equal to 8.1 cm−1.

In
”
31−1“brown diamond : [A(2N)] ∼ 106 ppm,

[B1(4NV)] ∼ 170 ppm, [B2] = 2.1/1365 cm−1 and cor-

responds to type IaAB. However,
”
24−2“ pink dia-

mond contains nitrogen primarily in the form of A
defects, [A(2N)] ∼ 44 ppm, which corresponds to type

IaA. IaAB type diamonds were subjected to more pro-

longed or high-temperature annealing in natural conditions

then IaA type diamonds[3–10].

It is interesting that, despite similar color (pink),
”
24−2“

and
”
8−1“ diamonds differ considerably in nitrogen con-

centration (difference in defects in IR absorption) and,

therefore, are of different types [1–5,6–11]. According to the

type and concentration of nitrogen defects initially present

in the diamond, position of the absorption band peak

may be shifted and this defines pink or brown color of

diamonds [4,5,7,12,13].

Figure 2 shows optical photos of the tested diamond

surfaces. It may be noted that all diamonds have many

plastic deformation regions caused by diamond growth in

natural environment and appearing in the form of parallel

hatching lines on the surface. Plastic deformation of

crystals is implemented by two possible mechanisms such

as twinning or dislocation slip in different temperature

conditions [4,10,11–16].

Plastic deformations take a special place among di-

amond defects and require thorough investigation be-

cause their geometrical parameters (length and depth)
considerably influence the diamond transmittance and

PL spectra. During diamond growth, inclusions and

inhomogeneities [5,6,8–12,15,17] aggregate around the

crystal lattice defects throughout the crystal, which in-

creases their local concentration by several times and,

thus, PL intensity is considerably increased in such

zones.

Maximum/minimum PL signal ratio

Diamond Imax/Imin to 488 nm Imax/Imin to 532 nm

”
8−1“ 1.47 1.94

”
31−1“ 1.709 2.09

”
24−2“ 1.78 2.15

Figure 3 shows PL spectra taken on the diamond

surface. Scanning was performed on 170µm long line (red
arrowhead line in Figure 2). It can be seen that spectra

obtained from the deformation region completely duplicate

the typical view of the initial diamond spectrum, i.e.

chemical composition of the diamond remains unchanged

(without shift on PL wavelengths), however, due to higher

concentration of nitrogen and related aggregates, PL signal

from such zones becomes brighter.

Results and discussion

Detailed study of PL spectra allows to expand the

considered spectral range and to define optical centers that

contribute to the diamond color [18,19].

Figure 4 shows comparative spectra of plastic deformation

zones (Imax) and diamond without plastic deformations

(Imin). Scanning was performed using two devices

having different settings, therefore the obtained spectra

have different width (different diffraction gratings) and PL

signal strength (different pump lasers). Ratio Imax/Imin

characterizes nitrogen redistribution inside diamond and

may indirectly indicate the degree of deformations occurring

in the diamond. The curves show that the spectra of

the studied diamonds differ a little.
”
8−1“ diamond

(Figure 4, c) has typical lines of 2NV defect (optical center
H3 with zero-phonon line (ZPL) 503.2 nm) generated by

single nitrogen atoms at high temperatures and being a

permanent companion of crystal lattice defects [4,5,16].

”
31−1“ IaAB brown diamond spectrum (Figure 4, b) has

2NV (H3) and NV defects (optical center NV0 with

ZPL at 575 nm). In this case, in
”
24−2“ IaA pink

diamond (Figure 4, a) having, as IR spectroscopy shows

(Figure 1), the lowest nitrogen concentration, such cen-

ters are not observed. Meanwhile, all diamonds have

wide PL bands 450−550 nm and 650−800 nm. Occur-

rence of such bands may be caused by the presence of

optical centers in the diamond that emit in a shorter

spectral range (< 480 nm) beyond the detection limits

of our equipment. Ratios Imax/Imin are shown in the

table.

It is shown that in
”
8−1“ diamond with the high-

est nitrogen concentration according to IR spectroscopy

data, the difference in PL intensity between the zone

with observed plastic deformations and the zone without

such deformations is minimal. For
”
24−2“ diamond,

on the contrary, strong conversion takes place at low
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Figure 2. Optical photographs of diamond surfaces: pink IaA (a), brown IaAB (b), pink IaAB (c). Red arrowhead line shows scanning

areas (arrow indicates scanning direction).
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Figure 3. Surface luminescence spectra in natural diamonds when pumped by 488 nm laser: pink IaA (a), brown IaAB (b), pink
IaAB (c); red line — 170 µm long line, on which scanning was performed. Green arrowhead line shows plastic deformation area on the

diamond surface and its PL spectrum in the same area (plastic deformation zones are highlighted in Figure 2).

nitrogen concentration in the diamond. This is probably

attributed to the
”
saturation“ of dislocations with mov-

ing nitrogen atoms and impossibility of further absorp-

tion [5–12].

Figure 5 shows distribution of the intensity of RS

signal in the depth of the diamond. It may be

noted that plastic deformation zones on the surface

continue also inside the diamond. Moreover, their
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Figure 4. PL spectra in natural diamonds when pumped by 488 nm and 532 nm laser: pink IaA (a), brown IaAB (b), pink IaAB (c).

period remains unchanged and angle to the surface

depends on the diamond growth conditions and per-

formed cutting. Therefore, regular nitrogen-vacancy

transformation chains in the plastic deformation zone

are intensified, which is of great interest for diamond

defect detection and identification of growth condi-

tions [4,5,7,17].

Conclusion

Division of diamonds into two groups allowed to es-

tablish connection between the morphological features

and their color, nitrogen defects concentration and PL

properties. The study of layout and composition of

plastic deformation regions has shown that occurrence

of complex nitrogen defects defining the diamond prop-

erties in natural colored diamonds is more preferable

in the disturbed crystal lattice structure regions and

the view of and concentration of the defect depend

on growth temperature conditions of the whole crys-

tal.
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