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Abstract

Carbyne, an infinite-length straight chain of carbon atoms, is supposed to un-
dergo a second order phase transition' from the metallic bond-symmetric cumulene
(=C=C=)4 towards the distorted insulating polyyne chain? (-C=C-),, displaying
bond-length alternation. However, recent synthesis of ultra long carbon chains (~ 6000
atoms)® ™ did not show any phase transition and detected only the polyyne phase, in
agreement with previous experiments on capped finite carbon chains.® Here, by per-
forming first principles calculations, we show that quantum-anharmonicity reduces the
energy gain of the polyyne phase with respect to the cumulene one by 71%. The mag-
nitude of the bond-length alternation increases by increasing temperature, in stark
contrast with a second order phase transition,” confining the cumulene-to-polyyne
transition to extremely high and unphysical temperatures. Finally, we predict that a
high temperature insulator-to-metal transition occurs in the polyyne phase confined in
insulating nanotubes with sufficiently large dielectric constant due to a giant quantum-

anharmonic bandgap renormalization.
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Charge density waves (CDW) are broken symmetry states in solids in which the crys-
tal acquires a periodic modulation of a given wavevector at low temperature. They are
ubiquitous as they occurs in many different systems ranging from high-Tc superconduc-

W2 and one dimensional systems. %2

tors,® transition metal dichalcogenides,” 2D materials
The understanding of this phenomenon is difficult as it is determined by the interplay of
three effects: the electron-electron interaction, the electron-phonon coupling and quantum
anharmonicity. On a general basis, the electron-phonon interaction enhances the tendency
towards CDW while quantum anharmonicity suppresses it.*44% Nevertheless, few estimates

14310 mostly because of

of the magnitude of quantum anharmonicity are present in literature
its non-perturbative nature. Moreover, in the case of light atoms, the quantum nature of
the ions is crucial and difficult to treat with conventional density functional theory (DFT)
L% or standard molecular dynamics approaches.

8 is considered the physical realization of a one

Linear acetylenic carbon, or carbyne,*
dimensional CDW. Therefore, the understanding of the finite temperature phase diagram of
this system and the comprehension of the mutual role of the relevant interactions (electron-
phonon, electron-electron and quantum anharmonicity) is of paramount importance. His-
torically,™ the cumulene-to-polyyne transition was attributed to the electron-phonon inter-
action and the perfect nesting condition at 2kr in cumulene, leading to a divergence in the
real part of the charge-charge response function at 7' = 0 K. This consequent large single
particle energy gain due to gap opening should stabilize the polyyine phase. However, this
hipothesis, valid in the small displacements regime, is unlikely.

Several density functional theory based calculations (neglecting quantum anharmonicity)
showed a band-gap opening larger than 2 eV (see Tab. , with a total energy gain of the
polyyne phase with respect to the cumulene one smaller than 150 meV."™ Moreover, the
bond-length alternation (BLA), defined as the length difference between the single (r;) and

the triple (r3) bonds of polyyne, is found to be substantial and ranging between 0.09 —

0.14A4 (corresponding to 7 — 10% of the average bond length of polyyne). These structural

3
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distortions from the ideal cumulene phase are definitely not in the small displacement limit.
Still one would expect that raising temperature the BLA should progressively reduce, as
it happens in a second order phase transition, and the cumulene phase becomes stable at
some critical temperature Topy . This argument, however, does not account for quantum-
anharmonicity, whose magnitude and temperature dependence are still largely unexplored in
literature. Moreover, the experimental data are in stark disagreement with the occurrence
of a cumulene-to-polyyne phase transition as at any temperature cumulene observations are

20—22)

very rare (and mostly related to strain and charging effects , while polyyne has been

023 or through

obtained either in relatively small (up to ~ 44 atoms) end-capped chains
encapsulation in single-,?*2% double-#2% and multi-walled?” carbon nanotubes, with chains
as long as ~ 6000 atoms.

In this work we investigate the ground state and the CDW transition of infinite carbon
chains by using hybrid functionals, self-consistent GW, the Bethe-Salpeter equation and by
including quantum anharmonicity within the Stochastic Self-Consistent Harmonic Approx-
imation (SSCHA).2550 We show that quantum anharmonicity completely reshapes the
stability of the different carbyne phases, reducing the energy difference between the polyyne
and cumulene phase by 71%. Even more surprisingly, we show that the BLA increases by
increasing temperature, the opposite of what is expected in a second order phase transi-
tion. Finally, we demonstrate that quantum-anharmonic effects on optical properties are
extremely large and strongly temperature dependent.

In order to do so, density functional theory (DFT) calculations are performed both with
the plane-wave pseudopotential method, using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation (xc) functional and Quantum ESPRESSO,*"#2 and with localized gaussian ba-
sis, using both the PBEO and CAMB3LYP hybrid xc functionals and CRYSTAL."%3 In
the Quantum ESPRESSO code we use a norm-conserving pseudopotential, while in the

t.35

CRYSTAL code we use the triple-¢-polarized Gaussian type basis se Quantum anhar-

monicity is taken into account via the stochastic self-consistent harmonic approximation

4
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(SSCHA), #2550 for which we use the CRYSTAL®#* code as force engine: forces and ener-
gies are computed on supercells with 20 atoms per unit cell, containing the unstable phonon
mode. Optical properties of the distorted phase are computed within the self-consistent GW
approximation on eigenvalues only (evGW) using the Yambo=*** code within the plasmon-
pole approximation.”¥ Excitonic effects for the freestanding carbon chain are then evaluated

by solving the Bethe-Salpeter®*" equation (BSE) on top of the evGW band structure. More

details concerning computational methods can be found in the Supporting Informations.

A large number of first-principles calculations have been performed on linear carbon
chains of both finite and infinite size, however almost all of them neglect quantum anhar-
monicity and its temperature dependent effects as well as its interplay with electron-electron
interaction. The calculated quasiparticle band gap as well as the BLA value are strongly de-
pendent on the assumptions employed to model electron-electron interaction®#3 (Tab. [1)).
The best results with respect to more accurate treatments of electronic correlation (e.g.
quantum Monte Carlo®® or RPA“®) for carbyne in vacuum are obtained via DFT and partial
inclusion of the exact exchange from Hartree Fock (HF), as parametrized in hybrid function-
als with unscreened long range exchange such as CAMB3LYP#4 %4 (see the inset of Fig. |3|(a)
and Sec. S4 in the SI). However, even if the PBEO hybrid functional gives a slightly reduced
BLA in vacuum, its value is very close to that of very long carbon chains inside the dielectric
environment of the carbon nanotube“® (see Tab. [1] as well as Sec. S4 in the SI). Indeed, the
BLA is expected to strongly depend on the environment around the carbyne chain. For this
reason, and to better compare with experiments, in the following we adopt the CAMB3LYP
functional to model carbyne in vacuum and PBEQ to describe carbyne in the presence of the

dielectric environment of the nanotube.*”

5
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Table 1: Structural, optical and vibrational properties of carbyne for different
exchange correlation functionals with and without quantum anaharmonic (QA)
effects. The column n shows if the calculation is obtained on an infinite system
with periodic boundary conditions (PBC) or on chains of finite size of length n.
The subsequent four columns are used to describe the accuracy of the computa-
tional methods: MF refers to a mean-field approach, X and C are used to signal
a more accurate treatment for electronic exchange interaction and correlation
respectively, while QA indicates if quantum nuclear fluctuations are taken into
account. The polyyne lattice parameter is labeled 2¢, while r; and r3 are the sin-
gle and triple bond lengths, respectively. The bond length alternation (BLA)is
defined as r3 —r;. Finally AF and wyp represents the quasiparticle energy band-
gap and the longitudinal optical frequency at the zone center, respectively.

Method | n [MF[X[CJQAT] 2c(4) r (A)  r3(A) BLA(A) AE (eV) wro (cm™)
This work
DFT-PBEO PBC| o | @ 2.534 1.3156  1.2183 0.0973 2.03 1986.57
DFT-CAMB3LYP PBC| o | @ 2.526 1.3286 1.1973 0.1313 4.39 2277.22
DFT-PBEO + QA PBC| o | @ ° 2.534 1.3154 1.2185 0.0969 1.63 (0 K) 1909.3
DFT-CAMB3LYP + QA | PBC | o | @ ° 2.526 1.3304 1.1955 0.1348  3.94 (0 K) 2226.5
evGW@PBEO PBC L) 2.534 1.3154 1.2185 0.0969 3.21 -
evGWQCAMB3LYP PBC L) 2.526 1.3304 1.1955 0.1348 4.32 -
Literature
DMCE PBC o e 25817(9) 1.350(2) 1.223(2) 0.136(2)  3.4(1) 2084(5)
DMC+ZPE on AE®! | PBC oo 2.5817(9) 1.359(2) 1.223(2) 0.136(2) 3.3(0) -
RPA (vacuum )@ PBC| o | o | @ 2.590 1.36 1.23 0.129 - 2000
RPA (nanotube)4® PBC| o |0 | @ 2.590 1.3405 1.2495 0.091 - 1614
HF42 72 o | o - - - 0.183 8.500 -
Mp242 40 o e - - - 0.060 5.541 -
MPp24. PBC oo 2.554 1.337 1.217 0.120 - -
CCSD(T)#8 36 oo - - - 0.125 - 2090
CCSD(T)# PBC oo 2.565 1.358 1.207 0.151 - -
DFT-LDA®L PBC| e 2.532 1.286 1.246 0.040 - -
DFT-PBE# PBC | e 2.565 1.300 1.265 0.035 - -
DFT-HSE064 PBC| o | @ 2.56 1.323 1.237 0.086 - -
DFT-B3LYPH2 72 o | o - - - 0.088 1.487 -

The role played by quantum effects on the BLA is still undisclosed. The zero point energy
contribution to the free energy is larger than the energy gain between the cumulene and
polyyne structures.* The only existing calculation performed by including to some extent
quantum anharmonicity confirms this argument and shows that polyyne is not anymore
stable if a semilocal fucntional (PBE) is used as force engine,™ in qualitative disagreement
with experiments and again pointing to the crucial role of quantum anharmonicity and
electron-electron interaction. However, PBE is known to be largely inaccurate for carbyne

as it underestimates the BLA by ~ 75% with respect to quantum Monte Carlo simulations

(Tab. [1).

6
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The relative stability of the cumulene and polyyne phases inside CNTs as a function of
temperature can be determined by calculating the quantum free energy in the SSCHA as
a function of the BLA (Fig. |1l and Sec. S2 in the SI) using PBE0. At T" = 0, cumulene is
unstable towards polyyne. The quantum total energy difference is &~ 9 meV/atom, while
the classical total energy difference (reported in the inset of Fig. |I]) is ~ 34 meV/atom.
The comparison between these two results highlights the crucial role of quantum anhar-
monicity leading to a 71% suppression of the energy gain by the distortion (a reduction of
25 meV/atom). If quantum anharmonicity is neglected, the phase stability of polyyne is

significantly overestimated.

4 . . . — —

- T= 0K ——
2+ T= 200K -
ol T |

T=1200K ——

Tot. Eﬁergy A |
Quant. Tot. Energy ——

F-F, (meV/atom)
A

0 002 004 006 0.08 01 012 0.14
BLA (A)

Figure 1: First-order phase transition in carbyne. a) Quantum anharmonic free energy
difference per carbon atom between the polyyne and cumulene phases as a function of the
bond length alternation (BLA) and temperature. The inset shows the comparison between
the total energy difference and the quantum free energy difference at T = 0 between the two
phases as a function of the BLA.

As temperature is raised, cumulene becomes metastable, with a small local minimum in

7

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

the quantum free energy at BLA= 0 (Fig. 1) that occurs for T > Tp &~ 75K (see Sec. S2.4
in SI for the estimate of Tp). This metastable minimum is the one described by the Peierls
theory at high temperature (i.e. stabilization of the the cumulene phase by temperature). As
T approaches Tp from above, the free energy curvature at zero BLA is reduced, becomes zero
at T' = Tp and negative below, as it happens in a prototypical second order phase transition
(see also Fig. S9 in the SI). However, this minimum is, by far, not the global minimum of
the free energy curve that occurs at large finite BLA values of the order of ~ 0.1A . Even at
temperatures as large as 1200 K, the quantum free energy calculation shows that polyyne
is the most stable phase with an energy gain with respect to cumulene of ~ 6 meV per
atom. The transition between the two structures occurs at extremely high and unphysical
temperatures (extrapolated to ~ 3500 K whithin PBEO, see SI Sec. S2.5). Our calculation

explains why only polyyne is always detected in experiments and not cumulene, even at very

high temperatures,#0024727
a) 9s0—— o1l b —c : — )
) )2500 T=0K )2500 T= ISOOK 0.01
Loodh Jo.108 m /—\
1 2000 M 00000 4 2000 0.008
H0.106
1850 2¢
—‘E 10.104 E 2~ 150 Harmonic 7o 1500 Harmonic 0.006
& 1800 > § QA — 5 QA —
2 70102 3= 3 o0t 3 1000 0.004
S 1750 BLA —&—
H0.1
W o —A—
o 500 500 F 0.002

w{l(:)enn. Expan. &
off [4] ——

L L L L L L L L X 0 e T L L L 0 ; .
0 200 400 600 800 1000 1200 1400 1600 180%096 0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18

e —
40.098

1650

T (K) q (A1) q (A1)

Figure 2: Vibrational properties of polyyne. a) Bond length alternation and longi-
tudinal optical phonon frequency (including quantum anharmonic effects) for the polyyne
. . Ezp. Therm.Expan. : 4]
phase as a function of temperature: w; ", wro and w;, are the experimental® and
theoretical longitudinal phonon frequencies at fixed and relaxed lattice parameters (for more
details see Sec. S2.6 in the SI) b)-c) Harmonic (black solid line) and quantum anharmonic
(color map) phonon dispersion relation of polyyne at 7= 0 K (¢) and 7" = 1800 K (d) The

color bar represents the magnitude of the phonon cross-section o (Eq. ST7).

Finally, we remark that in a second order CDW phase transition, the magnitude of the
order parameter (BLA) should decrease as temperature increases and, ultimately, becomes

zero at and above the CDW transition. In the case of polyyne the opposite occurs, namely

8
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the BLA increases by increasing temperature up to ~ 1200K (Fig. [2| (a)) and ultimately it
saturates above 1200 K due to the occurrence of an unexpected insulator-to-metal transition
driven by quantum anharmonic effects (see later). We underline that the results in Fig.
(a) (black line) for the BLA have been obtained by performing the full quantum anharmonic
optimization of the internal coordinates at fixed cell.

The phonon dispersions of polyyne are shown in Fig. 2| (b)-(c), both in the harmonic ap-
proximation (black solid line) and by including dynamical effects in the anharmonic phonon
spectral weight (color maps, see Sec. S2.1 of SI and Ref.*” for more details). In the static
case, quantum anharmonicity lowers the energy of the longitudinal optical mode (Fig. S6
(a) ). However, dynamical effects in the phonon spectral weight enhance the quasiparticle
energies with respect to the static case both of optical and acoustic modes, as shown in Fig.
(b)-(c) (see also Sec. S2.3 in the SI). Finally, the dependence on temperature of the dynami-
cal phonon frequency of the longitudinal optical Raman-active mode at fixed cell is reported
in Fig. [2[ (a) and in Tab. |1, The phonon frequency decreases linearly with temperature up
to the insulator-to-metal transition at ~ 1200 K. At T'= 0 (7" = 800K) the blueshift of the
Raman active mode due to quantum anharmonicity is &~ 77 cm™' (~ 137 cm™!), namely
approximately 4% (7%) of the harmonic PBEO phonon frequency.

In the 0 — 200 K temperature range, where experimental data are available, we per-
form the complete quantum anharmonic optimization of the crystal structure to account for
the thermal expansion. Going from 0 to 200 K, Carbyne tends to contract by increasing
temperature (see SI Sec. 2.6) which affects the temperature dependence of the longitudinal
optical phonon frequency. If the (negative) thermal expansion is included, the behaviour
of the longitudinal optical phonon frequency versus temperature is in good agreement with

available experimental data, as shown in Fig. [2| (a).

The zero temperature electronic structure and optical properties of carbyne in vacuum on

the CAMB3LYP geometry are shown in Fig.|3|(a) and (b). Asit can be seen, the CAMB3LYP

9
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direct band-gap at zone border is very similar to the one obtained with self-consistent GW
(evGW). The optical properties have been calculated using the Bethe-Salpeter equations
on top of the evGW eigenvalues. In the absence of quantum anharmonicity, the lowest
energy exciton is dark triplet at 2.27 eV, followed by a dark singlet state at 2.55 eV and the
bright singlet state at 2.95 eV. The bright singlet exciton corresponds to optical transition
across the direct band gap at zone border. However, given the importance of quantum
anharmonic effects, a substantial renormalization of the optical gap and optical properties
due to vibration occurs in polyyne. We evaluate the effect of quantum anharmonicity on
the single particle gap by averaging the density of states over the SSCHA configurations in
a 200 atoms polyyne supercell. At T'= 0, the quantum anharmonic renormalization of the
single particle gap is ~ —0.56 eV (= 13% of the evGW gap). This is shown in Fig. [3|(b),
where all the optical spectra are redshifted of the quantum anharmonic renormalization.
Thus, we conclude that (i) the effect of quantum-anharmonicity are large and relevant on
the optical spectra and (ii) the hybrid functional direct gap is in excellent agreement with

Bethe-Salpeter and with that extrapolated from coupled cluster.?

a b T=0K eVGW —— c
) 8__// 1 D) ast 195 INSULATOR METAL
evGW + BSEsy,)
6 12 QA evGW + BSEs) <
B 20¢ -~ > g p
4 3 § evGW + BSE() o fF—§ % CAMB3LYP ----oe-
% Z b\ bue — s = CAMB3LYP + QA —&—
~ 2L CAMB3LYP = L
3 s 15 O 3 PBEQ --eeenen
) = 2
2 " \ J g 55 PBEO + QA —a—
£ oA =TT S SO
BLA-b, (A) é =% 1
4+ 1 < sk < 1r
CAMB3LYP ——
6F eVGW —— 1
0 I t T s L L L L L L L
0 0.2 04 0.6 08 1 o 1 2 3 4 5 6 7 8 0 200 400 600 800 1000 1200 1400 1600 1800
k (uni 2
(units 7/2¢) Energy (eV) T (K)

Figure 3: Insulator to metal transition in polyyne. a) Electronic structure of polyyne
with different approximations for the electron-electron interaction. (b) Optical absorption
spectra of carbyne in the Bethe Salpeter approximation on top of evGW with/without in-
clusion of quantum anharmonic (QA) effects. (¢) Quasiparticle band gap in polyyne as a
function of temperature computed both with PBEO and CAMB3LYP functionals, displaying
the occurrence of an insulator to metal transition at 1200 K with PBEO.

For what concerns the modeling of Carbyne inside the nanotube, the situation is some-
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what more complicated as experimental details on the nanotube shape and transport char-
acteristics are missing.#” As a working hypothesis, we assume the nanotube to be semicon-
ducting and to act as an effective dielectric environment. For what concerns the evGW
and Bethe Salpeter calculations on top of the PBE(O geometry, they include the effect of
the environment only on the structure but not on the optical spectrum, as they are carried
out without explicitly including the nanotube. However, the reduction of the quasiparticle
band gap due to the environment can be understood as a polarization effect®” and therefore
treated as an effective dielectric constant,” assuming not too strong overlap between the 7
orbitals of the chain and nanotube. A quantitative estimate of the screening of the dielectric
environment can be obtained by considering the difference between the evGW (3.21 eV) and
PBE (0.93 eV) gaps in the PBE0O geometry, dividing this difference for a typical dielectric
constant of an insulator (ep; = 3 —4) and adding it back to the PBE value. This procedure
leads to direct single particle gaps of 1.5 — 1.69, slightly lower than the PBEO gap of 2.03
eV. This suggests that the PBEO single particle gap is of the same order of magnitude as
the one obtained in a typical dielectric environment.

Even in this case, quantum-anharmonicity is large and leads to an additional suppression
of the band-gap of 0.4 eV, only a factor of 2 smaller than the gap-enhancement found via
evGW. However, the effects of quantum anharmonicity strongly increase with temperature.
By assuming the evGW correction to the single particle gap to be temperature independent,
as it is reasonable to think, we find that the effects of vibrations on the optical gap become
dominant at high temperature and lead to a gap closure and a stabilization of a metallic
distorted polyynic phase above Ty ~ 1200 K (Fig. |3 (¢) ) in the presence of an external
dielectric environment. This insulator-to-metal transition is then observable and will occur
earlier the larger the dielectric constant of the nanotube. In vacuum the larger size of the
gap pushes the insulator-metal transition to very large unphysical temperatures, as shown
in Fig. 3| (c).

The structural fingerprints of the metallic distorted phase are then a very weak temper-

11

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

ature dependence in the BLA and an enhancement of the phonon softening of the optical

Raman active mode as a function of temperature, as shown in Fig. [2] (a).

In this work, we have shown that the cumulene-to-polyyne phase transition occurs only
at unphysically large temperatures, with a bond length alternation that increases as temper-
ature increases. The finite-temperature effects of quantum anharmonicity, poorly explored
in literature, are extremely large and strongly affect the structural and vibrational proper-
ties as well as the optical absorption. The large band-gap renormalization due to quantum
anharmonic effects leads to a completely unexpected insulator-to-metal transition at high
temperature stabilising a metallic polyynic phase. The larger the environmental dielectric
constant of the nanotube, the lower the temperature for the insulator-metal transition. The

5

experimental synthesis of ultralong polyyne carbon chains®™® and temperature dependent

optical measurements will allow for an experimental verification of this claim.
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