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High-order harmonic signal of bond-length-variable C18 and its application in optical logic gates
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Recently, a solid-state-like high-harmonic generation (HHG) mechanism has been proposed from rotationally
periodic molecules. Based on the quasi-energy band model, we investigate the HHG of ring-type polyynic
cyclo[18]carbon (C18) by further considering its bond length difference (Rdiff ) between the short and long C-C
bonds. For Rdiff values ranging from 0.06 to 0.12 Å with a linearly polarized laser, the seventh harmonic intensity
of polyynic C18 exhibits the most significant structural sensitivity compared to the third and fifth harmonics.
Transition energy level distribution, paired with time-frequency analysis and transition dipole moment behavior,
indicate that the seventh harmonic arises from pure interband processes. Conversely, the HHG properties driven
by two consecutive circularly polarized laser pulses at each considered laser intensity combination remain
unaffected by changing these Rdiff values. This characteristic allows polyynic C18 to be utilized for designing
a variety of logic gate operations based on its harmonic ellipticity in ultrafast strong laser fields.
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I. INTRODUCTION

Carbon, a ubiquitous nonmetallic element, is found ex-
tensively in both the atmosphere and the Earth’s crust in
a multitude of forms. Over the past 50 years, a myriad of
novel carbon allotropes such as graphene [1], fullerene [2],
and carbon nanotube [3] have garnered a lot of attention. It
is fair to state that these novel carbon allotropes have been
instrumental in driving advancements in chemistry and mate-
rials science, thanks to their unique properties and exceptional
practical applicability. Consequently, even today, carbon al-
lotropes continue to be at the forefront of both experimental
synthesis and theoretical research [4–9].

Recently, the carbon family has welcomed a new member,
an all-carbon atomic ring comprising 18 sp-hybridized car-
bon atoms, referred to as cyclo[18]carbon (C18) [Fig. 1(a)].
This remarkable accomplishment by Kaiser et al. [10,11] in
the synthesis and characterization of C18 has immediately
sparked a surge of interest, prompting widespread investiga-
tions [12–14]. Particularly in recent years, many theoretical
studies revolving around C18 have been undertaken, exploring
aspects such as aromaticity [15,16], tunneling effect [17],
vibrational spectra [18], and more.

In their groundbreaking work, Kaiser et al. identified
that C18 exhibits a polyynic structure with alternating short
and long C-C bonds instead of the cumulenic structure
with equivalent C-C bonds, characterized by scanning tun-
neling microscopy (STM)/atomic force microscopy (AFM)
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techniques [10]. Baryshnikov et al. subsequently employed
a comprehensive series of electronic structure calculations
on C18, utilizing both density functional theory (DFT) and
the complete active space self-consistent field (CASSCF)
methodology [15]. The polyynic molecular structure of C18,
as determined by DFT calculations, depends on the selection
of appropriate functionals and is consistent with the results
from CASSCF calculations.

Although Baryshnikov et al. identified the polyynic struc-
ture of C18, the calculated bond length difference between the
long and short C-C bonds shows discrepancies by different
computational methods, ranging from about 0.06 to 0.12 Å.
So far, the imaging resolution of conventional STM/AFM is
inadequate for discerning such small spatial differences. To
our understanding, these subtle structural alterations (0.06 −
0.12 Å) are also elusive even with some advanced imaging
techniques, e.g., the high-angle annular dark-field imaging
technique (∼0.5 Å) [19,20], and the state-of-the-art electron
ptychography (∼0.39 Å) [21].

Interestingly, the change in symmetry of cumulenic C18

(D18h) to polyynic C18 (D9h) with slight geometric variances
can alter the wave function pronouncedly, thereby notably
affecting its nonlinear optical properties. The high-order har-
monic generation (HHG), a vibrant area of interest in ultrafast
strong field physics, has significantly expanded optical and
spectroscopic approaches for exploring electronic structures
as well as the dynamics of matter, which not only provides
an effective means to achieve attosecond light sources, but
also reveals more detailed structural information of the molec-
ular and material systems. Therefore, the determination of
structural information could potentially aid in assessing theo-
retical calculation strategies, such as functional selection. On
the one hand, our earlier work confirmed the solid-state-like
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FIG. 1. (a) The structure of C18. Note that C18 is an all-carbon
atomic ring and it belongs to the D9h point group. (b) The quasi-
energy band structure of C18 with the Rdiff of 0.12 Å in the framework
of a generalized Bloch theorem with rotational invariance. Here,
the four bands are abbreviated as VB1, CB1, VB2, and CB2.
(c) Simulated harmonic spectrum of C18 based on the quasi-energy
band model including π -in and π -out bands.

HHG of C18 and proposed its odd-even property as an all-
optical method to address the symmetry puzzles [cumulence
to polyyne (D18h vs (D9h))] about C18. On the other hand,
based on laser-driven quantum rings, the applications of HHG
in logic gates have attracted interest [22,23]. Boolakee et al.
measured the current response for different carrier envelope
phases to realize light-field control of real and virtual charge
carriers, bring petahertz logic gates processing closer to reality
[24]. It is believed that logic gate operations utilizing ultrafast
laser technology may play a pivotal role in optical communi-
cation, data processing, and enhancing the speed of computer
operation.

In this paper, we further study the HHG characteristics of
bond-length-variable C18 and seek its potential application
in optical logic gates. Here, we define a parameter Rdiff =
R1 − R2 for the bond length difference between the long (R1)
and short (R2) C-C bonds of C18, as shown in Fig. 1(a).
Our simulated results indicate that the HHG driven by lin-
early polarized lasers shows a notable structural sensitivity
of polyynic C18. This Rdiff -dependent HHG appears to be
more remarkably modulated by an interband process than
by an intraband process. Moreover, the HHG characteris-
tics of polyynic C18 driven by two consecutive circularly
polarized laser pulses are almost unaffected in the consid-
ered Rdiff values range. Extending from this observation, we
hold the promise for multiple logic gate operations by har-
nessing the ellipticity of high-order harmonics of polyynic
C18.

II. COMPUTATIONAL DETAILS

We perform the HHG simulation at seven Rdiff values (0.06,
0.07, 0.08, 0.09, 0.10, 0.11, 0.12 Å) of C18. Since the STM and
AFM measurements have accurately determined the radius of
C18, the radius and the C-C-C bond angle of C18 are fixed at
3.7 Å and 160 °, respectively.

As established in our previous work [25], for N-fold ro-
tationally periodic systems, their eigenfunctions satisfy a
generalized Bloch theorem [26–28],

ψJ (θ + θ0) = ψJ (θ )eiJθ0 , (1)

where θ0 = 2π/N represents the rotation angle and J is
angular momentum. According to the boundary condition
ψJ (θ + 2π ) = ψJ (θ ), J should be an integer, and ψJ = ψJ+N .
It is obvious that N = 9 and θ0 = 40◦ for the polyynic C18

with the (D9h) symmetry. On this basis, the values of J are
from −4 to 4. Then a quasi-energy band structure of C18

can be obtained by combining the eigenenergies of all J.
It is important to point out that C18 has two sets of 18-
centered delocalized π electrons [29,30] (labeled π -in and
π -out, respectively), of which 18 are occupied molecular or-
bitals (MOs) and 18 are unoccupied MOs. According to their
energies and corresponding J values, the 36 π -in and π -out
MOs are divided into four quasi-energy bands, as exhibited in
Fig. 1(b) for Rdiff = 0.12 Å. Herein, the occupied band can be
viewed as the quasi-valence band (quasi-VB) and the unoccu-
pied one as the quasi-conduction band (quasi-CB). Therefore,
the four bands are labeled as quasi-VB1, quasi-CB1, quasi-
VB2, and quasi-CB2, in which the π -in bands are subscribed
by 1 and the π -out bands are subscribed by 2.

The calculations of the energy and wave function of C18 are
carried out using the GAUSSIAN16 program packages [31] with
the M06-2X [32] functional and 6-311++G(d,p) [33–35] ba-
sis set. Because the bound-state wave functions of the C18

molecule obtained by quantum chemistry calculations are
real, a linear transformation [36] (ψ±J = φa

J ± iφb
J ) is required

to satisfy Eq. (1), where φa
J and φb

J represent a pair of degen-
erated π -in (or π -out) MOs.

By numerically solving the time-dependent Liouville–von
Neumann equation, we can study the interaction between C18

and the external laser field,

i
∂ρ

∂t
= [H, ρ] − ρd − ρd

0

T1
− ρ − ρd

T2
, (2)

where ρ is the density matrix, ρd and ρd
0 are the diagonal

terms of ρ and the initial density matrix ρ0, respectively.

The Hamiltonian matrix H = U J
n + ⇀

E (t ) · ⇀

D
JJ ′

nn′ , consists of
the diagonal term of quasi-energy band U J

n and the nondi-

agonal term of the transition dipole moment (TDM)
⇀

D
JJ ′

nn′ =
〈ψnJ |⇀r |ψn′J ′ 〉 where n/n′ represents the band index. As is well
known, the relaxation time T1 of conventional semiconductors
is about hundreds of femtoseconds or a few picoseconds and
the dephasing time T2 is usually assumed to a few femtosec-
onds (about half of an optical cycle) [37–39]. Here, we set T1

and T2 to 200 and 4 fs, respectively. In fact, we have evaluated
the dephasing time in the range of 1–10 fs which indicates

a slight influence on the simulated results of C18.
⇀

E (t ) is
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FIG. 2. (a) The intensities of the third (H3) and seventh (H7)
harmonics of C18 at various Rdiff values. The left axis corresponds
to the intensity of H3 and the right axis corresponds to the intensity
of H7. (b) The wavelength-dependent intensity of the seventh (H7)
harmonic on C18 at various Rdiff values. The colored dashed lines
indicate the locations of the H7 minimum at various Rdiff values.

the laser electric field, as shown at the bottom of Fig. 3(c).

The time-dependent induced dipole
⇀

P(t ) = Tr[ρ(t )
⇀

D] can be
calculated through the density matrix, then the HHG can be
obtained from the Fourier transform of the dipole accelera-

tion
⇀

a(t ) = ⇀̈

P(t ). More computational details can be found in
previous work [25].

III. RESULTS AND DISCUSSION

We first examine the Rdiff -dependent HHG of C18 by con-
sidering the linearly polarized driving lasers. The polarization
direction is fixed in the ring plane and the harmonic spectra
are averaged at various directions. The laser wavelength of
1600 nm, the peak intensity of 1.0 × 1013 W/cm2, and the full
width at half maximum of the laser pulse of 45 fs are selected.
Figure 1(c) depicts the simulated harmonic spectrum of C18 at
various Rdiff values. As the Rdiff increases, the intensity of the
third harmonic is basically unchanged, the intensity of the fifth
harmonic exhibits a gradual increase, and the intensity of the
seventh harmonic escalates much more notably. As plotted in
Fig. 2(a), the intensity of the seventh harmonic (H7) monoton-
ically increases as a function of Rdiff , while for comparison,
the intensity of the third harmonic (H3) is found basically
unaffected by changing Rdiff . This suggests that the seventh
harmonic intensity could serve as a valuable metric for char-
acterizing the subtle structural alteration of the polyynic C18

molecule. To corroborate the feasibility, we further investigate
the wavelength-dependent behavior of the seventh harmonic
intensity. From Fig. 2(b), distinct variation is observed by
changing the incident laser wavelength. The intensity of the

seventh harmonic changes dramatically when Rdiff is small,
and an obvious minimum at 1650 nm can be found when Rdiff

is 0.06 Å. However, when Rdiff becomes larger than 0.09 Å,
the wavelength-dependent behavior of the seventh harmonic
intensity is reduced. We can also see that as Rdiff increases, the
minimum position of the seventh harmonic intensity moves in
the direction of the long wavelength. Consequently, the sev-
enth harmonic intensity properties under laser irradiation can
be utilized as an optical method for reflecting the structural
information of C18.

To gain deeper insight into the structure-sensitive charac-
teristics of the seventh harmonic intensity of C18, we delve
into the quasi-energy band structure, transition energy level
distribution, time-frequency analysis, and TDM behavior. In
fact, the quasi-energy bands of polyynic C18 display a very
similar pattern for all considered Rdiff values, i.e., a minor
alteration in Rdiff of C18 has a negligible impact on its quasi-
energy band structure. Considering the quasi-energy band
structures for seven Rdiff values and according to the transition
selection rule, we depict all the transition energy levels includ-
ing intraband and interband processes in Fig. 3(a). It should
be noted that the transition energy levels >6.5 eV are omitted,
since these energies substantially exceed that of the seventh
harmonic. As seen from Fig. 3(a), the interband transition
energies for all considered Rdiff values align with the energy
interval corresponding to the seventh harmonic of fundamen-
tal laser wavelengths from 1550 to 2000 nm. By contrast, the
intraband transition energies closely match the energy interval
corresponding to the third harmonic. Hence, it is plausible
to infer that the seventh and third harmonics originate dom-
inantly from interband and intraband processes, respectively.
In Fig. 3(b), we present a time-frequency analysis with Rdiff of
0.12 Å to track the temporal evolution of harmonic intensity. It
is evident that the seventh harmonic is produced separately for
each optical cycle (o.c.) while the third harmonic is generated
continuously. This substantiates the finding in Fig. 3(a) that
the primary contributions to the seventh and third harmonics
are attributed to the interband and intraband processes, respec-
tively. It is worth noting that the signal strength around the
center of the laser pulse shown in Fig. 3(b) is asymmetric. This
phenomenon can be attributed to the depletion of the ground
state. As depicted in Fig. 3(c), the time-dependent J-specific
population of quasi-VB1 oscillates obviously and becomes
depleted (especially J = ±4) during the laser interaction. Fur-
thermore, the intraband and interband TDMs for π -in bands
of polyynic C18 with Rdiff of 0.12 Å are plotted in Fig. 4. The
calculated intraband TDM values nearby the diagonal squares
are all close to 3.5 a.u. [Fig. 4(a)], which aligns with the
half of the radius of C18 [25]. Nevertheless, the calculated
interband TDM values [Fig. 4(b)] nearby the diagonal squares
are notably smaller, ranging between 0.1 and 1 a.u. Compared
with the intraband TDM values of 3.5 a.u., a notable increment
in interband TDM values of C18 with the increasing of the Rdiff

value [Fig. 4(c)], reasonably explains the Rdiff -independent
third harmonic intensity and the Rdiff -dependent seventh har-
monic intensity. Moreover, TDM analysis can reasonably
explain that the wavelength-dependent behavior of the sev-
enth harmonic intensity seems to increase sharply [Fig. 2(b)]
whereas the third harmonic intensity decreases linearly with
the increasing of laser wavelength.
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FIG. 3. (a) The transition energy level distribution of C18 at
various Rdiff values. The two types of transitions are identified
as intraband (VB1, CB1, VB2, CB2) and interband (VB1 ↔ CB1,
VB2 ↔ CB2). The lilac and orange areas indicate the energy ranges
covered by the third and seventh harmonics, respectively. (b) The
time-frequency analysis of C18 with the Rdiff of 0.12 Å. The three
dashed lines indicate the locations of the third, fifth, and seventh
harmonics. Here, the photon energy (ω0) of 0.775 eV and optical
cycle (o.c.) of about 5.3 fs correspond to the laser wavelength of
1600 nm. (c) The time-dependent J-specific population of quasi-VB1

of C18 with the Rdiff of 0.12 Å. The light-red curve at the bottom
indicates the waveform of the laser field. The left axis corresponds to
the population of quasi-VB1 of C18 and the right axis corresponds to
the strength of the laser field.

Subsequently, we examine the HHG of polyynic C18

when subjected to circularly polarized lasers oriented in the
ring plane. There have been several strict theoretical proofs
[40–43] of the HHG selection rule for the N-fold system
driven by a circularly polarized laser, and the kN±1 (the
integer k�1) harmonics are found. Such a selection rule is also
valid in the polyynic C18 of ninefold symmetry. Therefore, it
is easy to understand that the 10th, 19th, and 28th harmonics
of polyynic C18 are right-handed with the same polarization of
the incident light, while the 8th, 17th, and 26th harmonics are
left-handed. We further study the HHG properties of polyynic
C18 using two consecutive circularly polarized laser pulses
with a time delay of 68 fs, of which the first is right-handed

FIG. 4. (a) The intraband and (b) interband TDM values for π -
in bands with the Rdiff of 0.12 Å. Here, the absolute values of (a)
intraband TDMs for quasi-VB1 (the values for quasi-CB1 are almost
the same as quasi-VB1) and (b) interband TDMs between quasi-VB1

and quasi-CB1 are shown. For π -out bands, the calculated intraband
(between quasi-VB2 and quasi-CB2) and interband (between quasi-
VB2 and quasi-CB2) TDM values with the Rdiff of 0.12 Å are similar
to π -in bands. (c) The interband TDM values involved in the seventh
harmonic at various Rdiff values of C18. Here, the π -in bands are
subscribed by 1 and π -out bands are subscribed by 2.

and the second is left-handed with the laser wavelength of
1600 nm and the full width at half maximum of 45 fs. Figure 5
shows the high-order harmonic spectra of C18 at Rdiff = 0.06,
0.09, and 0.12 Å for the different laser intensity combinations
of two circularly polarized lasers. From the top to the bot-
tom of each laser intensity combination, it is evident that the
harmonic characteristics of polyynic C18 maintain consistency
regardless of Rdiff values. This observation means that the
HHG driven by two consecutive circularly polarized lasers
does not depend on subtle structural alteration of polyynic
C18. For simplicity, our discussion and exploration of potential
application focus on the HHG of C18 at Rdiff = 0.12 Å.

In earlier studies, the application of HHG from ring model
systems in logic gates was explored [22,23]. Our current re-
search advances this concept to a realistic molecule, utilizing
the unique HHG characteristics of polyynic C18. Herein, we
prompt the proposition of using the intensity of two driving
laser pulses (I1 and I2) as logic input signals and the harmonic
ellipticity of different orders as logic output signals. Specifi-
cally, the driving laser intensity of 1 × 1012 W/cm2 is defined
as input 0 and 1 × 1013 W/cm2 is defined as input 1, i.e.,
I1 = 1 × 1012 W/cm2 and I1 = 1 × 1013 W/cm2 correspond
to logic input (0,1). Then, the four logic inputs (0,0), (0,1),
(1,0), and (1,1) can be obtained by considering the distinct
intensity combinations of two laser pulses. Analogously, the
harmonic ellipticity of polyynic C18 lower (higher) than the
threshold value 0.5 is defined as output 0 (1).

Hereafter, we consider only the harmonic orders of
polyynic C18 with higher intensity prior to the occurrence
of the first main peak position (k = 1, the eighth and tenth
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FIG. 5. Simulated harmonic spectra of C18 driven by two consecutive circularly polarized laser pulses across various Rdiff values. Each row
shares the same Rdiff value, while each column shares the same intensity combination.

harmonics). Based on HHG characteristics of polyynic C18,
we demonstrate the feasibility of constructing optical logic
gates using the ellipticity values of the third (H3), fifth (H5),
sixth (H6), eighth (H8), and tenth (H10) harmonics under
four distinct logic inputs. The construction of XOR and OR

logic gates and the corresponding truth tables are provided
in Figs. 6(a) and 6(b). We can see that the ellipticity values of
all considered harmonics (H3, H5, H6, H8, and H10) output 1
in the presence of inputs (0,1) and (1,0), while output 0 in the
presence of input (0,0). With the input (1,1), the ellipticity val-
ues of the third, fifth, and sicth harmonics output 0, while the
ellipticity values of the eighth and tenth harmonics output 1.
What is more, by inverting the assignment of the logical input
and output, the H8 and H10 signals can be utilized to construct
logic AND gates operations. When the threshold of harmonic
ellipticity is set to 0.8, the RESET gate can be achieved by using
the H3 and H5 signals, the XOR gate can be obtained by the H6

signal, and the OR gate can be still achieved by the H8 and

FIG. 6. The designed XOR (a) and OR (b) optical logic gates and
the corresponding truth tables.

H10 signals. Moreover, these elementary logic gates can be
obtained by considering a broader set of laser intensity combi-
nation and threshold value of harmonic ellipticity. Finally, we
also examine the harmonic spectra of cumulenic C18 driven
by two consecutive circularly polarized laser pulses. However,
the spectral peaks we are concerned about are flooded in many
cases. Consequently, it is difficult to realize the logic gate
operations based on the HHG properties of cumulenic C18 by
exploring various laser intensity combinations.

IV. CONCLUSION

In summary, on the basis of the quasi-energy band model
proposed in our previous work, we simulate the HHG of
C18 at various Rdiff values. Our results indicate the sensitive
dependence of the seventh harmonic intensity on Rdiff of C18

in linearly polarized laser fields. The wavelength-dependent
behavior of the seventh harmonic intensity is further sug-
gested to optically discern subtle structural alterations of
polyynic C18, which potentially outperforms traditional imag-
ing techniques. The transition energy level distribution and the
time-frequency analysis find that the seventh harmonic pre-
dominantly stems from interband processes, while the TDM
behavior properly explains the interband and intraband pro-
cesses of HHG. More interestingly, when we fix the laser
intensity combination of two consecutive circularly polarized
laser pulses, the properties of the radiated HHG are hardly
influenced by subtle structural alterations of polyynic C18.
By modulating the intensity combinations of the two delayed
laser pulses as the logic input signals and the harmonic ellip-
ticity as the logic output signals, a variety of elementary logic
gates (xor, OR, AND, RESET) can be designed. The realization
of multiple logic gate operations supported by ultrafast laser
technology will provide more possibilities for fundamental
discoveries and prospective technological applications in the
future.
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