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Abstract. Birefringence in diamond is an optical phenomenon related to strain and various defects in crystal
lattices. Despite extensive investigations being done to characterize and quantify it, there is still controversy
about its origin in diamond lattices. Here we report the relationship between the distribution of birefringence
patterns observed under cross-polarized light, strain features analyzed by Raman mapping, and the impurity
characteristics revealed by Fourier transform infrared spectroscopy (FTIR) mapping in natural mixed-habit dia-
monds. It was deduced that the plastic deformation was enhanced with higher tensile residual stress, and nitrogen
and VN3H defects were more enriched as a result of the temperature increase during crystallization, at growth
bands showing straight birefringence patterns and the relative enrichment of graphite inclusions. These results
provided solid data and insights for birefringence-related properties in diamond and correlated the occurrence
of birefringence with diamond spectroscopic properties, which promoted the understanding of the formation
of birefringence in natural diamonds and would be helpful for the synthesis of high-quality, birefringence-free
diamonds.

1 Introduction

Diamond is an important mineral that forms in the mantle
(Bureau et al., 2016), whose characteristics, such as mor-
phology, inclusions, defects, strain, birefringence, and iso-
topic characteristics, could reveal massive detailed informa-
tion about the geochemical environment in which it crystal-
lized (Skuzovatov et al., 2011) as well as the migration pro-
cess of C–H–O fluids in the mantle and the tectonic move-
ment it had experienced before being ejected to the Earth’s
surface (Zedgenizov et al., 2004; Weiss et al., 2009). There-
fore, it is crucial to examine characteristics of diamonds
and look into their causes, especially for naturally occurring
diamonds with distinctive features that may reveal impor-
tant new information about geological processes taking place
deep inside the Earth.

Based on the theory of crystal optics, diamond, the typical
isotropic mineral, should exhibit total extinction under cross-
polarized light. However, natural diamonds almost always

show birefringence due to defects like cracks, dislocations,
inclusions, plastic deformation, and lattice parameter varia-
tions (Lang, 1967; Agrosì et al., 2013). To quantitatively an-
alyze this optical phenomenon of photo-elastic effect caused
by strain (Howell, 2012), considerable experimental work
has been performed to quantify the photo-elastic constants
of diamond (Grimsditch et al., 1979) as well as the relation-
ship between its refractive index and the ambient pressure
(Balzaretti and Dajornada, 1996). Also, extensive investiga-
tions have been undertaken to quantify strain, residual stress,
and birefringence in diamonds (Kurtz et al., 1956; Glazer et
al., 1996; Nasdala et al., 2005; Howell et al., 2010). Cur-
rently, the strength of birefringence has been widely used to
evaluate the crystalline quality of synthetic diamonds (Ma-
suya et al., 2017), and researchers have been actively look-
ing for methods to eliminate defects and birefringence in di-
amond to produce perfect crystals (Chen et al., 2020). In ad-
dition to the birefringence caused by inclusions, dislocations,
cracks, etc., natural mixed-habit diamonds (referring to nat-
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ural diamond crystals showing both octahedral {111} facets
and hummocky cuboid {100} surfaces) are characterized for
two other types of birefringence patterns: one is the birefrin-
gence that shows straight patterns consistent with the shape
of the growth band in the long range, which was thought to
be generated by lattice parameter variation between different
growth sectors (Sellschop, 1992), and the other is the bire-
fringence caused by dense directional micro-cracks in cuboid
sectors – around every micro-crack under cross-polarized
light, there were black lobes that passed across the entire
plane and revolved around the major axis of each oval micro-
crack (Sun et al., 2022).

Spectroscopic characteristics of natural mixed-habit dia-
mond had been studied to reveal the differential distribu-
tion of defects in different growth sectors (Lang et al., 2007;
Howell et al., 2012a), and these characteristics have been
compared to those of HPHT synthetic diamonds (Boyd et
al., 1988; Burns et al., 1990; Smith and Wang, 2016), in
which the impurities are more controllable. Impurity charac-
teristics of natural mixed-habit diamonds can be summarized
as follows: nitrogen-related absorption is stronger in octa-
hedral sectors, which correlates with higher nitrogen con-
centrations, but the aggregation rates of nitrogen in differ-
ent growth sectors seem to be at the same level (Howell et
al., 2012b). Hydrogen-related absorption peaks are stronger
in cuboid sectors, while the absorption intensity does not di-
rectly reflect the concentration of hydrogen. Because not all
hydrogen in diamond exists in IR-active forms (Connell et
al., 1998), irradiation-related defects also appeared in Zim-
babwean mixed-habit diamonds due to the long residency in
conglomerate containing radioactive minerals (Nasdala et al.,
2013; Smit et al., 2018), and all these defects may transform
differently in octahedral and cuboid sectors during the an-
nealing process (Eaton-Magaña et al., 2017). In addition, in
contrast to HPHT synthetic diamonds in which nickel atoms
mainly concentrate in octahedral sectors (Kanda and Watan-
abe, 1997), nickel-related centers in natural mixed-habit di-
amonds are stronger in cuboid sectors (Lang et al., 2004;
Howell et al., 2013).

The occurrence of birefringence in diamond may reveal
the existence of defects and reflect the geological history
of the diamond. However, to the best of our knowledge,
few studies had explicitly illustrated the relationship be-
tween birefringence and spectroscopic properties of dia-
mond. Based on the fact that birefringence, strain, and ab-
sorption peaks could all be related with impurities in dia-
monds, and mapping techniques could intuitively disclose
spectroscopic characteristics of the full sample without com-
promising accuracy (Agrosì et al., 2017), in this study we
took Zimbabwean mixed-habit diamonds for an example and
used a polarized microscope to observe the distribution of
inclusions and birefringence patterns, Raman mapping to an-
alyze the degree of plastic deformation and the strength of
residual stress, and micro-FTIR (Fourier transform infrared
spectroscopy) mapping to reveal the differential distribution

Figure 1. The Zimbabwean mixed-habit diamond section, NDS-
2, cut off along {111} planes of the diamond crystal. The brown
regions with dense inclusions are cuboid growth sectors, and the
inclusion-free colorless regions are octahedral growth sectors.

of impurities in different growth sectors. It was found that the
growth bands showing straight birefringence patterns in oc-
tahedral sectors and the growth bands enriched with graphite
inclusions in cuboid sectors presented similar anomaly char-
acteristics in both Raman maps and FTIR maps, which pro-
vided new insights for us to understand the optical and spec-
troscopic properties of natural diamonds.

2 Materials and methods

This study was based on 10 Zimbabwean mixed-habit di-
amonds collected from Marange deposits. These samples
were cut parallel to {111} planes and polished into triangu-
lar sections. Five sections with the most prominent charac-
teristic of mixed-habit were selected, which all displayed the
correlations. One section labeled as “NDS-2” was taken as
an example to demonstrate this finding (Fig. 1). This section
is about 7 mm long, 5 mm wide, and less than 1 mm thick.
These heavily included brown regions are cuboid growth sec-
tors, whereas these inclusion-free colorless regions are octa-
hedral growth sectors.

In order to observe the distribution of inclusions and bire-
fringence in mixed-habit diamonds, a polarizing microscope
(Leica DM 4 P) was employed in this work. The microscope
was equipped with a digital camera (Leica DMC 4500) and
an image acquisition software (LAS V4.12).

The degree of plastic deformation and the strength of
residual stress of diamonds were assessed by Raman spec-
tra obtained by a Renishaw inVia Raman spectrometer fitted
with a Leica DM 2500M microscope. Prior to mapping tests,
the spectrometer was calibrated according to the 520.7 cm−1

peak of the silicon wafer (Kadlecikova et al., 2018). Raman
mapping was conducted at room temperature using the laser
with a wavelength of 532 nm, with grating of 2400 L mm−1

and aperture of 30×30 µm. All Raman spectra were collected
under confocal mode with static scan ranging from 741.1 to

Eur. J. Mineral., 34, 539–547, 2022 https://doi.org/10.5194/ejm-34-539-2022



C. Sun et al.: Corresponding relationship between characteristic birefringence 541

1880.5 cm−1, with a laser power of 50 mW, an exposure time
of 1s, and an accumulation of one. Collected spectra were fit-
ted with a Lorentz function using WiRE 5.5 software to get
more accurate values of the Raman shift and FWHM (full
width at half maximum) of the diamond LO=TO bands.

The distribution of nitrogen and VN3H defects (a kind
of trigonal defect made up of a vacancy, a hydrogen atom,
and three nitrogen atoms, Goss et al., 2014) in diamonds
were determined by infrared spectra collected with a Nico-
let iN10 MX spectrometer equipped with a MCT (mercury–
cadmium–telluride) detector and a KBr beam splitter. The
sample was placed on a KBr circular plate to collect trans-
mission IR spectra in a 16-scan regime in the spectrum range
of 675–6000 cm−1 with a spectrum resolution of 4 cm−1. Af-
ter the detector was cooled to liquid nitrogen temperature,
mapping analysis was carried out at 50 µm intervals with an
aperture of 50×50 µm. To cover the whole range of the sam-
ple, a total of 3710 absorption spectra were collected, and
the baselines of all spectra were subtracted and normalized
to convert absorbance to absorption coefficients of different
peaks according to the intrinsic absorption of diamond. The
real intensities of various nitrogen-related absorption peaks
were calculated based on the formula proposed by Bokii et
al. (1986), and the concentration of nitrogen was estimated
using the ratios proposed by Boyd et al. (1994, 1995).

3 Results

3.1 Distribution of inclusions and birefringence

The mixed-habit diamond NDS-2 displayed apparent color
sector zoning under mono-polarized light as a result of the
differential distribution of inclusions (Fig. 2a): cuboid sec-
tors were brown due to the existence of massive graphite in-
clusions, while octahedral sectors were colorless. In cuboid
sectors, the graphite inclusions were distributed parallel to
three (111) planes and intersected with each other at an
angle of 120◦ (Sun et al., 2022). In addition, the distribu-
tion of graphite inclusions in cuboid regions was not totally
uniform, and the relative enrichment of graphite inclusions
would form parallel darker brown-colored bands, in which
the density and grain size of graphite inclusions were both
greater than those of lighter brown-colored areas (Fig. 2b). In
NDS-2, graphite inclusions were the densest around the oc-
tahedral core, and a narrow band consisting of much smaller
inclusions appeared as a transition band between the octahe-
dral core and surrounding cuboid regions (Fig. 2c).

Under cross-polarized light, NDS-2 mainly showed two
kinds of birefringence. One was the characteristic birefrin-
gence pattern only observed in mixed-habit diamonds that
mimicked the shape of diamond growth band (Lang et al.,
2007). This type of birefringence was more obvious in octa-
hedral regions and was shown as black lobes that constantly
twisted with the rotation of the sample. At certain positions,

Figure 2. The distribution of graphite inclusions in Zimbabwean
mixed-habit diamond (modified after Sun et al., 2022). (a) Color
zoning of NDS-2 under mono-polarized light. (b) Parallel enriched
bands of graphite inclusions in cuboid sectors. (c) Much smaller
inclusions between octahedral sectors and cuboid sectors.

Figure 3. Birefringence in NDS-2 under cross-polarized light (mod-
ified after Sun et al., 2022). (a) Sharp straight birefringence patterns
in octahedral sectors. (b) Birefringence caused by dense directional
micro-cracks in cuboid sectors.

these black lobes would transform into sharp, straight bire-
fringence patterns that were parallel to each other and con-
sistently run through the entire octahedral region in a long
distance. While in cuboid sectors, straight birefringence pat-
terns were virtually undetectable owing to the influence of
graphite inclusions (Fig. 3a). However, since graphite inclu-
sions existed in directional micro-cracks of cuboid growth
sectors, with the rotation of samples under cross-polarized
light, black lobes that passed through the oval planes of the
micro-cracks and twisted around the major axes of them
would appear (Fig. 3b). These birefringence patterns would
superimpose on each other to some extent and formed the
overall birefringence of the whole diamond.

3.2 Strength of plastic deformation and residual stress

The occurrence of stress would change the lengths of bonds
in crystal lattices, which thus affects vibration frequencies of
bonds and is expected to result in shift of Raman bands com-
pared to perfect strain-free crystals (Nasdala et al., 2005).
Additionally, it has been determined that the FWHM of dia-
mond Raman peak is highly sensitive to the disorder of di-
amond crystal (Stoneham, 1969); hence, it could be used
to indicate the degree of plastic deformation (Erasmus et
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al., 2011). Therefore, we could effectively analyze the strain
characteristics of diamond crystals based on the Raman shift
and FWHM of their LO=TO bands (Howell et al., 2010).
The LO=TO band of unstressed diamond crystal is charac-
terized for the peak position of 1332 cm−1 and the line width
of 1.6 cm−1 (Grimsditch et al., 1978; Izraeli et al., 1999),
while it would shift to higher wavenumbers with the increase
in compressed stress and to lower wavenumbers with the in-
crease in tensile stress (Nasdala et al., 2003).

Figure 4 shows an example of the Raman spectra of differ-
ent growth sectors in NDS-2; it can be seen that the Raman
shift of the octahedral growth sector was smaller than that
of the cuboid growth sector, while the FWHM of LO=TO
band of the octahedral growth sector was larger than that of
the cuboid growth sector. And the differences were more
pronounced in maps of Fig. 5. According to the map of
the FWHM of LO=TO bands of NDS-2 (Fig. 5a), the
FWHM of octahedral sectors, which was in the range of 3.8–
4.5 cm−1, was greater than that of cuboid sectors, which was
about 3.2–3.7 cm−1. This indicated that plastic deformation
in octahedral sectors was stronger than that in cuboid sec-
tors. Moreover, both sectors showed positive anomaly bands
of the FWHM; however, these anomaly bands of the FWHM
in octahedral sectors were relatively straight, while those in
cuboid sectors were relatively curved. These anomaly bands
could relate to one another to display the morphology and
thickness of growth bands in different growth sectors of dia-
mond. In addition, comparing Figs. 5a, Fig. 2a, and Fig. 3a,
it can be seen that the positive anomaly bands of the FWHM
in octahedral sectors could be correlated with straight bire-
fringence patterns, and those in cuboid sectors could be cor-
related with the more enriched bands of graphite inclusions.

Figure 5b is the map of the Raman shift of the diamond
LO=TO band; it was evident that the Raman shift of the
whole sample was smaller than 1332 cm−1, and there was
a clear difference at the bottom of NDS-2, which should be
accounted for by the uneven release of stress during cutting
process. Despite these abnormal areas, the Raman shift of oc-
tahedral regions was about 1331.06–1331.12 cm−1, and that
of cuboid regions was about 1331.13–1331.18 cm−1. This
demonstrated that there was tensile residual stress in both
growth regions, and larger shifts of the peak position in octa-
hedral sectors meant that residual stress in these sectors was
greater than that of cuboid sectors. Based on the equation
between the residual stress and Raman shift of diamond pro-
posed by Bergman and Nemanich (Bergman and Nemanich,
1995), it could be calculated that residual stress in octahe-
dral sectors was about 0.46–0.49 GPa, and that in cuboid sec-
tors was about 0.38–0.41 GPa. Moreover, negative anomaly
bands of the Raman shift also showed up at growth bands
where straight birefringence patterns and the relative enrich-
ment of graphite inclusions appeared, and it was worth noting
that these negative anomaly bands of the Raman shift corre-
sponded to the positive anomalies of tensile residual stress in
diamonds.

Figure 4. Two selected Raman spectra of different growth sectors
in NDS-2; the blue line is the Raman band of the octahedral growth
sector, and the red line is the Raman band of the cuboid growth
sector.

3.3 Distribution of nitrogen and VN3H defects

Nitrogen and hydrogen are two of the most common im-
purities in natural diamonds, both of which could exist in
diamonds in various forms (Mainwood, 1994; Fritsch et
al., 2007). However, due to the preferential incorporation
of different impurities of different growth sectors, nitrogen-
related defects are usually more enriched in octahedral sec-
tors, while hydrogen-related IR-active defects are more en-
riched in cuboid sectors (Howell et al., 2012a). According to
the FTIR absorption spectra in Fig. 6, we could see that ni-
trogen atoms in Zimbabwean mixed-habit diamonds mainly
exist in the form of A centers (1282 cm−1, a pair of neigh-
boring substitutional nitrogen atoms, Davies, 1976), B cen-
ters (1010 cm−1, four nitrogen atoms surrounding a vacancy,
Woods, 1986), and a small amount of platelets (1382 cm−1,
consisting of carbon atoms and nitrogen atoms, Allen and
Evans, 1981). Thus, these mixed-habit diamonds are at-
tributed to type IaAB diamonds. Additionally, it was also
clear that the absorption related to hydrogen (1405, 3050,
3107, 3236, 4496 cm−1) in the cuboid sector was stronger
than that of the octahedral sector.

The map of nitrogen concentration was shown in Fig. 7a.
It was evident that the nitrogen concentrations of octahedral
sectors were significantly higher than those of cuboid sectors,
and in both growth sectors, nitrogen concentrations displayed
an unstable decreasing trend from core to rim. In addition, the
concentration of nitrogen presented obvious positive anoma-
lies at growth bands showing straight birefringence patterns
and the relative enrichment of graphite inclusions, and the ni-
trogen concentration of positive anomaly bands in octahedral
sectors was also the highest of the whole sample.

The 3107 cm−1 peak, which is attributed to the absorption
of VN3H defects (Goss et al., 2014), is the most prominent
hydrogen-related absorption peak in diamonds. According to
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Figure 5. The maps of the (a) FWHM and (b) Raman shift of diamond LO=TO bands in NDS-2.

Figure 6. FTIR absorption spectra of different growth sectors in
NDS-2.

the map of absorption coefficients of the 3107 cm−1 peak
in Fig. 7b, the absorption coefficients of VN3H defects in
cuboid sectors were significantly higher than those in octahe-
dral sectors, and the highest value of µ(3107) was around the
octahedral core, which precisely corresponded to the densest
area of graphite inclusions in cuboid sectors. In addition, the
value of µ(3107) in cuboid sectors decreased steadily from
core to rim, and it also showed positive anomalies in octa-
hedral growth bands showing straight birefringence patterns
and in cuboid growth bands enriched with graphite inclu-
sions.

4 Discussion

Based on all the results above, straight birefringence pat-
terns in octahedral sectors of Zimbabwean mixed-habit di-
amonds could be accurately connected with the enriched
bands of graphite inclusions in cuboid sectors, and they all
displayed positive anomalies of the FWHM and peak shift
of Raman peaks (corresponding to stronger plastic deforma-
tion and larger residual stress), as well as the concentration
of nitrogen and the absorption coefficients of VN3H defects.
Previous research suggested that the straight birefringence
patterns that resembled the morphology of growth band were
induced by the lattice parameter variation caused by the dif-
ference of nitrogen contents between different growth sec-
tors (Howell, 2012). However, in this study, we hypothesized
that the straight birefringence patterns in octahedral sectors
and graphite enrichment bands in cuboid sectors might be
induced by the same cause during the growth of diamonds
based on the correlation between the distribution of straight
birefringence patterns and graphite enrichment bands as well
as the identical anomaly features they displayed.

Due to the fact that cuboid sectors grew faster than oc-
tahedral sectors over the majority of duration of crystalliza-
tion (Rondeau et al., 2004), graphite inclusions were pref-
erentially trapped in cuboid sectors of Zimbabwean mixed-
habit diamonds (Smit et al., 2016). These graphite inclusions
were mainly formed through graphitization of the host dia-
mond and exist in dense directional micro-cracks in cuboid
sectors of Zimbabwean mixed-habit diamonds (Sun et al.,
2022). The occurrence of graphitization or the crystallization
of graphite implied that the diamond had experienced anneal-
ing process of low pressure and high temperature, which usu-
ally happens above the temperature of 1150◦ in the mantle
(Butenko et al., 2000), but it could also happen in the temper-
ature range of 500–600◦ in the atmosphere containing oxy-
gen or other oxidizers (Matsumoto et al., 1977). Moreover,
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Figure 7. The maps of the (a) nitrogen concentration and (b) absorption coefficients of the 3107 cm−1 peak in NDS-2.

the relatively more enriched bands of graphite inclusions in
certain growth bands of cuboid sectors in NDS-2 reflected
that these growth bands had experienced more intense fluc-
tuations of pressure and temperature during crystallization.

This assumption could also explain the straight birefrin-
gence patterns in octahedral sectors, the positive anomalies
of residual stress, plastic deformation, nitrogen, and VN3H
defects in growth bands showing straight birefringence and
the enrichment of graphite inclusions: under the conditions
that were favorable to graphitization, metastable diamond
would still crystallize (Nechaev and Khokhryakov, 2014),
but its crystal lattice would be rather more disordered than
that of diamond crystallized under diamond-stable condi-
tions (Sokol et al., 2001). And because of the internal stress
resulting from the lattice parameter variation between them,
the shift of the peak position of the Raman band, which corre-
sponded to the strength of residual stress, was greater at these
more disordered growth bands (showing straight birefrin-
gence patterns and enrichment bands of graphite inclusions).
And with the increase in tensile stress, the plastic deforma-
tion was further enhanced at these growth bands (Schroeder
et al., 1995). As a result, birefringence that mimicked the
morphology of these growth bands was formed in Zimbab-
wean mixed-habit diamonds.

In terms of the distribution of nitrogen and VN3H defects
in NDS-2, during crystallization of natural mixed-habit dia-
mond in nitrogen, hydrogen-rich fluids and nitrogen and hy-
drogen atoms would first concentrate in octahedral sectors,
but the nitrogen concentration limit is higher in octahedral
sectors, while the hydrogen concentration limit is higher in
cuboid sectors (Boyd et al., 1988; Burns et al., 1990); thus,
the nitrogen contents of octahedral sectors were higher than
those of cuboid sectors, and hydrogen-related defects were
more enriched in cuboid sectors (Fig. 7). In addition, the
nitrogen concentration limit of diamond could be impacted
by the temperature of the external environment (Bursill and

Glaisher, 1985); hence, when the temperature rose, the nitro-
gen concentration limit was elevated, and positive anomaly
bands of nitrogen concentration were formed in Fig. 7a. Fur-
thermore, under the same condition, diamond with more ni-
trogen atoms in its crystal lattice should also contain more
VN3H defects, because nitrogen atoms are the main con-
stituents of VN3H defects. This was also true in this investi-
gation, as seen in Fig. 7a and b; the positive anomaly bands
of nitrogen concentration and the positive anomaly bands of
VN3H defects appeared in identical growth bands.

5 Conclusions

In Zimbabwean mixed-habit diamonds, the growth bands
showing straight birefringence patterns in octahedral sectors
could be linked with growth bands enriched with graphite
inclusions in cuboid sectors, and these growth bands were
formed at same growth stages. Because of the comparatively
intense fluctuations of temperature at these stages, nitrogen
and VN3H defects were more enriched in these growth bands
of both sectors, while graphite inclusions were more enriched
in cuboid growth bands. In addition, the lattices of diamond
crystallized during these stages were more disordered, result-
ing in positive anomalies of residual stress and plastic de-
formation. This finding clearly demonstrated the correlation
between birefringence and spectroscopic properties of dia-
monds, which furthered the understanding of the formation
of birefringence as well as the relationship between impuri-
ties, strain, and birefringence in natural diamonds.

Data availability. Data sets used in this paper are available upon
proper request.
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