
Multi-wavelength Raman spectroscopy of natural nanostructured carbons

Sergey Isaenko1,*, Tatyana Shumilova1, Vladimir Bocharov2, and Vasily Ulyashev1

1Institute of Geology, Federal Research Centre, Komi Science Centre of the Ural Branch of the Russian Academy of Sciences, Pervomayskaya 54,  
Syktyvkar 167982, Russia

2St. Petersburg State University, Ulyanovskaya 1, St. Petersburg, Peterhof, 198504, Russia

Abstract
There is an extensive range of carbon substances with poorly ordered structures that are not well 

understood. Yet they are important indicators of conditions of related geological processes. The carbon 
minerals include nanocrystalline graphite, natural analogs of glass-like carbon (GLC)—shungite and 
impact ultrahigh-pressure GLC, recently discovered ultranocrystalline diamond, as well as natural 
carbon nanocomposites of diamond, lonsdaleite, and graphite. Studying these natural carbon substances 
using a standard Raman approach with excitation by visible radiation may lead to a significant distortion 
of the understanding of their phase states. This paper presents in detail for the first time the spectral 
features of natural, poorly ordered, and multiphase sp2-sp3 carbon composites by multi-wave Raman 
spectroscopy using laser excitations from visible to ultraviolet light applied to natural low-ordered 
carbon substances—nanocrystalline graphite and shungite, nanocrystalline and ultranocrystalline 
diamond, and multiphase carbon aggregates. The carbon state resolution advantages of ultraviolet 
Raman spectroscopy for phase analysis of nanostructured and poorly ordered polycomponent car-
bon substances containing sp2- and sp3-carbons are presented. Raman spectroscopy with ultraviolet 
excitation can also be applied in the analysis of industrial carbon materials, such as glassy carbon and 
functional carbon nanocomposites, including ultranocrystalline diamond, lonsdaleite, and amorphous 
sp3-carbon components.
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Introduction
Raman spectroscopy is currently highly sought after as a tool 

for studying carbon-based substances. Raman spectroscopy can 
readily identify crystalline substances such as diamond (Krishnan 
1946; Ferrari 2002), graphite (Tan et al. 1999a, 2004; Saito et 
al. 2010; Ferrari 2007; Tuinstra and Koenig 1970), and fullerite 
(Buseck et al. 1992; Kovalevski 2008). Great opportunities are 
also open to study molecular (Shumilova et al. 2014; Tan et al. 
1999b; Wang et al. 2012), amorphous (Golubev et al. 2019) 
and low-ordered carbon substances including soot (Sadezky et 
al. 2005), shungite (Isaenko et al. 2018; Golubev et al. 2016; 
Kovalevski et al. 2001), glassy carbon (Yasumaru et al. 2004), 
nanocrystalline graphite (Ferrari 2007; Gupta et al. 2003; Khan-
chuk et al. 2013; Plyusnina et al. 2013; Berdnikov et al. 2014; 
Piscanec et al. 2004), diamondlike carbon (Ferrari 2002; Ferrari 
and Robertson 2001, 2004; Shumilova et al. 2013), nanocrys-
talline diamond (Chen et al. 2018; Davydov et al. 2004, 2006; 
Goryainov et al. 2014; Filik et al. 2006; Prawer et al. 2000; Kis 
et al. 2016; Shumilova et al. 2016; Mermoux 2017; Sun et al. 
2000), and ultrananocrystalline diamond (Shenderova and Gruen 
2006; Shumilova et al. 2020). The analysis and interpretation 
of low-ordered substances are more complex, often necessitat-
ing the use of complementary techniques such as transmission 
electron microscopy (TEM) for structural and chemical analyses. 

Although amorphous carbon, nanocrystalline diamonds, and 
diamondlike carbon were studied by multi-wavelength Raman 
spectroscopy (Ferrari and Robertson 2001, 2004; Filik et al. 
2006), low-ordered/nanocrystalline carbonaceous matters with 
sp2 hybridization have mostly been investigated by visible Raman 
spectroscopy (Wopenka and Pasteris 1993; Tuinstra and Koenig 
1970; Beyssac et al. 2002).

When comparing Raman spectroscopy data of nanocrystalline 
diamonds, diamondlike carbon, and graphite-like substances, it 
has been observed that the Raman signal originating from the sp3 
carbon state, which is excited by visible lasers in low-crystalline 
and amorphous substances, can be overlapped by the D-band of 
graphite-like carbon (Ferrari and Robertson 2004). It is known 
that a visible 633 nm laser beam excites a D-band centered at 
1330 cm–1, which is a characteristic of low-ordered sp2 carbon 
substances, such as shungite (Golubev 2013; Golubev et al. 2016; 
Sychov et al. 2017) and nanocrystalline graphite (Danilova et al. 
2015; Tan et al. 2004; Merlen et al. 2017). The band is close to 
the diamond T2g mode position at 1332 cm–1 (Krishnan 1946), 
which complicates the interpretation of the Raman spectra of 
poor-crystalline carbon substances with multiple phases, includ-
ing nanocrystalline matter due to the 50–250 times more intense 
scattering by sp2 carbon compared to sp3 sites (Ferrari and Rob-
ertson 2004). The latter results in a very weak sp3-carbon band 
in the spectra of poorly ordered carbon multiphase substances 
or even complete overlapping by the D-band of sp2-carbon com-
ponent. For this reason, the sp3-carbon band becomes invisible 
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