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The outline

• Carbyne: an elusive allotrope of carbon
• Laser ablation and stabilisation of C-chains
• Deposition on a substrate 
• TEM and X-ray analysis, Raman spectra
• Low-temperature photoluminescence reveals 

strong exciton features!
• Conclusions



Carbon hybridization and resulting nano-objects
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Carbyne: the ultimate one-dimensional crystal

20101996

An elusive allotrope of carbon

Polyyne
(-C≡C-)n

Cummulene
(=C=C=)n

The most robust of all known crystals!



Carbyne: high expectations



CUMULENE AND POLYYNE ARE 

SEMICONDUCTORS

ACS-NANO, 7(11), 10075 (2013); Synthetic Metals, 17, 557(1987);

Nat. Commun. 6, 6636 (2015) 

The band gap predicted for infinite chains:
cumulene (=C=C=)n - 0.41eV (under high pressure)
polyyne (-C≡C-)n - 1 eV (atmospheric pressure)

8

CUMULENE

POLYYNE



The problem:

Freestanding linear chains of over 6 atoms are 
theoretically unstable to bending and folding

They need to be stabilized!



Our method of the carbyne synthesis

Graphene decomposition into the polyyne chains

-CΞC-
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1. Jagdish Narayan and Anagh BhaumikJournal of Applied Physics 118, 215303 (2015); 
2. M. C. Downer et al, International Journal of Thermophysics, Vol. 14, No. 3, 1993

LASER HEATING OF CARBON TARGET
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Stablization of linear carbon chains by metal 
nanoparticles in a solution

Ag

Au

Ag

Au

Ag
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THE EXPERIMENTAL CONCEPT

Second step: laser-induced fragmentation of carbon flakes

First step: laser-ablation 
in water
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Au NPs mixed irradiated

THE EVOLUTION OF A COLLOIDAL SYSTEM AT 
DIFFERENT STEPS OF THE EXPERIMENT

shungite
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lext=532 nm

C-C

Carbyne

Carbyne stretched 
between Me NPs

twisted chains

Initial shungite system

RAMAN SPECTRA OF A COLLOIDAL SYSTEMS

2100-2300cm-1 – polyyne chains ( –С≡С– )n

1900-2100cm-1 – commulene chains ( =С=С= )n

D G

C-C 
stress

C-C 
stress

D+G



Initial amorphous flakes



Polycrystalline structures Graphite Diamond

Carbyne



HR TEM vs X-ray data



Carbon “onion”-structures



Carbyne based metasurfaces



OPTICAL SPECTRA OF IRRADIATION COLLOIDAL SYSTEM

Photoluminescence spectraOptical absorption



Carbyne deposition



The deposition of monoatomic carbon chains 
end-capped with Au NPs in the presence of a 

static electric field



Deposited carbynes on a Au/Pt grid



The X-ray diffraction pattern

It shows the fragments of a one-dimensional crystal structure. 

The positions of the maxima of the diffraction pattern correspond to the 
carbyne crystal with a lattice constant a=5.35 A of the space group P6.3 / 

mmc zone axis [001].



The photoluminescence spectrum 
of a carbyne at Troom

The photoluminescence spectrum of a carbyne film 
deposited on a fused quartz glass substrate (red 

line) and its fit by a distribution of Gaussian 
functions corresponding to individual carbon chains 

of fixed lengths

the approximated length 
distribution of linear parts of  
the deposited carbon chains 

extracted from the 
photoluminescence 

measurements



The luminescence mechanism 
of a white carbon

Luminescence vs Absorption

Lamp pumping Laser pumping

Pan et al. Sci. Adv. 2015;1:e1500857
Carbyne with finite length: The one-dimensional sp carbon

Jun Xiao et al  Molecular Luminescence of White Carbon
Small 2017, 1603495



The temperature dependence of PL spectra 

The fine structure is visible on the top of 
wide peaks associated with chains of 

different lengths

The sharp triplet structure repeats 
itself for chains of different lengths

T=4K

390 nm
380 nm
370 nm



Excitons are artificial hydrogen atoms 
formed in semiconductor crystals



To compare with the Excitons in CNTs

The CNT exciton binding energies on the order of 300–400 meV for the 
tubes with diameters between 6.8 and 9 Å

J. Maultzsch* et all, Excitons in carbon nanotubes, phys. stat. sol. (b) 243, No. 13, 3204 – 3208 (2006) / DOI 
10.1002/pssb.200669131 



The time-resolved photoluminescence data

The extracted decay 
times of the TRPL signal:

the non-radiative 
decay time from Troom

the radiative decay 
time from Troom

the radiative decay 
time from T4K

The exciton radiative life-time decreases 
with the decrease of the length of the chain



Ab-initio calculation

HOMO

LUMO

Total e density

Molecular orbitals for polyyne C14 - Au132 fragments. 



Molecular orbitals for polyyne C14 H-terminated.
Red and blue lobes correspond to positive and negative values

HOMO and LUMO electron densities are spread over the whole 
chain in the absence of gold anchors at the ends!

Ab-initio calculation



The scheme of excitonic transitions 
in monoatomic polyyne chains

The neutral exciton (X) is formed 
by even and odd edge states that 
originate from the HOMO-LUMO 

pair. 

PL triplet spectrum

C14 capped with 
2Au NPs

The trion transitions in charged 
chains, where the left-right 

symmetry is broken so that the 
optical transition occurs between 

either the original HOMO state 
and the spin polarised electron 

state localised at one of the 
edges (X-) or between the hole 

state localised at one of the 
edges and the original LUMO 

state (X+).
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1. The laser induced fragmentation of colloidal carbon systems
leads to the formation of monoatomic linear carbon chains.

2. We fabricate monoatomic carbon chains attached to the
golden nanoparticles that may serve as electrical contacts.
This paves the way to the development of integrated nano-
electronics.

3. We deposit carbynes on a substrate and demonstrate the HR
TEM images of the chains containing over 50 atoms, that is an
absolute length record. The diffraction pattern of carbynes
confirms their one-dimensional crystal structure that is
expected to possess a variety of unique physical properties.

CONCLUSION



Thank you for 
kind attention !!!
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Tmax< 5000K

Phase diagramMaximal temperature

Mie-parameter for spherical particles

Ip – peak power 109 W/cm2

c – liquid thermal conductivity
d = 100 nm (initial diameter)

LASER HEATING OF CARBON PARTICLES IN A LIQUID MEDIA

𝑻𝒎𝒂𝒙 =
𝐈𝐩𝐤𝐚𝐝

𝟖𝛘
, 

𝐤𝐚 = 𝐞 −𝟎.𝟐  𝐧𝟐+𝐤𝟐−𝟏   𝟏 − 𝐞 −
𝟒𝛑𝐤𝐝

𝛌
   

Tmax doesn’t  reach  to the  sublimation temperature for carbon

The second stage - fragmentation of carbon particles



K. Lambropoulos, C. Simserides
Phys.Chem.Chem.Phys., 2017, 19, 26890

Fig. 1 (a) Dispersion relation [(inset) width of each band 
and bandgap], (b) eigenspectra for up to N = 60, (c) density 
of states of polyynic carbynes as a function of the hopping 
integral ratio, t1/t2.

Formation of p-electron delocalization in carbyne. (A) Process 
of atomic orbital sp-hybridization. (B) Existence of extensive p-
electron delocalization in carbyne.

Giant nonlinear optical responses of carbyne
C. R. Ma, J. Xiao and G. W. Yang//J. Mater. Chem. C, 2016, 4, 4692



J. S. Anjali Devi et al Solvent Effects: A Signature of J- and H-Aggregate of 
Carbon Nanodots in Polar Solvents// J. Phys. Chem. A 2019, 123, 7420−7429



E. Mostaani et al Quasiparticle and excitonic gaps of one-dimensional 
carbon chains //Phys. Chem. Chem. Phys., 2016, 18, 14810--14821

BLA=abs(L1-L2)
L1 – is single bond length
L2 – is triple bond length



Liu M. et al.  ACS-nano, 7(11), 10075 (2013)

Structures and electrical transport
O. V. Kibis, D. G. W. Parfitt and M. E. Portnoi



V/ I. Artyukhov Mechanically Induced Metal−Insulator Transition in Carbyne//
Nano Lett. 2014, 14, 4224−4229

Figure 2. Zero-point vibrations under strain. (left) Evolution of the
vibrational structure of carbyne with strain. The ω-shaped lines show
the potential energy as a function of BLA. Horizontal lines show the
vibrational levels, and the shaded region is below the ZPV level. All
quantities are normalized per 2-atom cell. (right) Real-space atomic
density distributions based on ZPV wave functions (three one-atom
unit cells shown, color indicates which part of the BLA wave function
the density comes from).

Figure 4. Effect of end groups on carbyne BLA. 
Termination of the chain with sp3 groups 
(methyl CH3 and phenyl C6H5) increases the 
BLA, whereas the sp2 methylene group (CH2) 
decreases it, as compared to an unterminated 
infinite chain (black dashed line). The data for 
12- and 100-atom chains show a weak decrease 
of BLA with chain length away from the ends 
with methylene termination.



C. R. Ma, J. Xiao and G. W. Yang Giant nonlinear optical responses 
of carbine//J. Mater. Chem. C, 2016, 4, 4692

p-conjugated linear part



Theresa Eder et al Switching between H- and J-type 
electronic coupling in single conjugated polymer 
aggregates//NATURE COMMUNICATIONS  8: 1641



Curves on the plane

Peano-curves (1D-strucures)

Fractal-curves (1D-strucures)

Topologies
Stabilities
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STABILITY OF LINEAR CARBON CHAINS
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STM measurements on carbyne samples
(collaboration with Prof. Manuela Scarselli,Tor Vergata, Rome, Italy)

Scan size 400 nm x 400 nm
(file name: m56)

Grid A7
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Summary of STM measurements on the sample (grid) A7

Scan size 8nm x 8 nm 
(from file m15)
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Theoretical calculation 
(Prof. Olivia Pulci)This is a semiconductor!



LT NANOPROBE

2-probe spectroscopic measurements at atomic level
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• Lateral electrical transport measurements 
with atomically precisely positioned probes

• Can the transconductance component 
experimentally be extracted ?

In contact
above DBs
-0.5V,50pA
Z: -0.45nm
R25M

GND

TIP 2

GND

I1
VTip1

in tunneling
regime
-0.5V
20pA

TIP 1

Transconductance

J.M. Byers, M.E. Flatte, Phys. Rev. Lett. 74, 2, 306-309 (1995)

Q. Niu, M.C. Chang, C.K. Shih, Phys. Rev. B, 51, 8, 5502 (1995)



The future Carbyne laboratory

The International Center of Polaritonics invests in 1D crystals

Why?
• Very interesting new physics

• Applications in nano-electronics

• Applications in lasing and photonics

• Applications in quantum technologies

• SERS possibilities for biosensing and medicine

We do not want to repeat what Cambridge, Stanford and Tokyo do: 
we want to develop a new field and be the world leaders







Carbon perspectives


