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Abstract
We study optical properties of lowest-energy carlatintropes in the infrared, visible and

ultraviolet spectral ranges in the general gra

dapproximation of the density functional theory.

In our calculations we use an all-electron appracivell as a pseudo-potential approximation. In

the infrared range, complex dielectric functio

mdgrared and Raman spectra have been calculated

using aCRYSTAL14 program. Electronic properties and energy-degendielectric functions in
the visible and ultraviolet spectral ranges areudated using a VASP program. We describe with
good accuracy the experimentally known optical préps of a cubic diamond crystal. Using the
obtained set of relevant calculation parameters, predict the optical constants, dielectric
functions and Raman spectra of the lowest-energytetical carbon allotropes and lonsdaleite.
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Introduction

Diamond and different forms of carbon materialsthee
subject of the intensive theoretical and experialestidy
[1, 2]. It is well known that carbon can forn?smd sp hy-
bridized bonds which are realized under ambientliGons
in cubic diamond, graphite, fullerene and graph&heAt
high temperature and pressure graphite can be tedve
cubic diamond or to the lonsdaleite (2H hexagoizahdnd)
[4, 5]. For a long time, hexagonal diamond has l@en
duced artificially by static and shock wave comgias of
well-crystallized graphites [6]. Recently it wasoaim that
hexagonal diamond can be also obtained from culic
mond [7]. It was found that graphite cold-comprasdeads
to a creation of the new ponded stable forms of carbo|
allotropes [8]. Nowadays, there are about two hedlof
different predicted hypotheticalsparbon allotropes, whicH
are collected in the SACADA database [9]. The sl
ference of energy of several these allotropesvelgtto the
diamond, 0.0%0.10 eV per atom, raises the idea of a po
bility to find these allotropes in the mixed carbpimases.
The experimental search of such carbon allotropesid be
based on some new physical information about foomaif
these new phases. The most probable signals canrbe
nected with optical properties of the materialghsas Ra-
man spectra, optical coefficients in the regionsnéred
(IR), visible and ultraviolet (UV) spectra, as wadl the en-
ergy dependence of the absorption and refractideds.
Here we calculate different optical propertieshef $ix low-
est-energy spcarbon allotropes: cubic diamond, lonsdalé)
[4], 4H-diamond [10], SiC12 [11], C28 [12] and nii8].
The main goal of our study is to find the quarititatevel of
difference between optical properties of cubic diachand

mentally. We start with a prediction of Raman shjfectra
and IR active mode spectra, than we will study @gnrer
dependent complex dielectric functions and theiivetve

in the ranges of visible and ultraviolet light. rGaalcula-
tions are based on density-functional-theory (DFi€thods

[14, 15] as it is implemented in CRYSTAL14 [16] and
VASP [17] program packages. The calculations fer IR
range have been done using CRYSTAL14 program, which
uses the all-electron approach with atomic orlbigalis sets.
The relevant calculations in the visible and uloket ranges

of light have been done using VASP program package
4 which uses plane-wave basis sets and the pseuelotipbt
approach.

n Computational methods and details

Raman and IR spectra of crystal structure are edfin
by the set of harmonic phonon frequencies afltip@int
which can be obtained from the diagonalization lad t
Hessian matrix of the second derivatives with respe
atomic displacements [18]:

r 1 0°E
Hag = '
JM.M, (auaiauoj]
whereu, anduy; are displacements of atorasandb in
the reference cell along the i-th and j-th Caaesiirec-
tions, respectively.

The Raman intensity of the Stokes line of a phonon
| modeQy, active due to thejj component of the polariza-
It&pility tensora, is expressed as follows:

2
1P 0(d0, /0Q, ) . @)
The scheme of calculation, recently implementetha

bS

relevant carbon allotropes, which can be measuxpdrie

CRYSTAL14 program [16], explores second-order Cedpl
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Perturbed Hartree-Fock/Kohn-Sham (CPHF/KS) equati
[19]. The Raman spectrum is then computed by censgl
the transverse optical (TO) modes and by adoptipspado-
Voigt functional form: a linear combination of arkeatzian
and a Gaussian curve with full width at half maximaf 8
cnt®. Raman intensities are normalized so that theesar
value is conventionally set to 100 a.u.

To calculate IR spectra we should know the comp

priirst one incorporates the Perdew-Burke-ErnzerR&EH)
exchange-correlation functional [21] at generaldgrat
approximation (GGA) of DFT and POB-TZVP all-
electron basis set [22], and the second one — 8ie&/B
hybrid functional [23] and adopted Pople’s 6-21Qu&a

j ian all-electron basis set [24, 25]. The levehofuracy
of calculating the energies of Coulomb and Harfeek

lexexchanges is controlled by a set of TOLINTEG parame

dielectric tensor g;(v) which is computed for each ters, which were chosen as {8, 8, 8, 8, 18}. Tbmver-

inequivalent polarization direction on the basisialassical
Drude-Lorentz model:

||( )_ Optll+zfpll p/(v -V _lvyp) (2)

whereii indicates the polarization directiogyy,i is the
optical dielectric tensom, f, andy, are the TO frequen-
cy, oscillator strength and damping factor for fhth vi-
bration mode, respectively. The real and imaginzasts

of €ii(v) are computed and the maxima of this functipn

correspond to the TO frequencies. The optical gh-hi
frequency dielectric tensor is computed in a qfis-

electron approximation via coupled perturbed Hartrg

Fock (Kone-Sham) method [20]. The refractive (n§l ah
absorption (k) indices are computed as real angdjiimaay

parts of the complex refractive index(v) = Je , also for

each inequivalent polarization direction.
In the projector augmented plane wave method rg

gence threshold on energy for the self-consistetd-f
(SCF) calculations is t0Hartree for structural optimiza-
tion and 16® Hartree for vibration frequency calculations.
The number of basis vectors in the irreducible [8uih
zone is given by the shrink parameteei&for structural
optimization and 1S 16 for vibration frequency calcula-
tions. The relaxation of cell parameters and atgpaoisi-
tions to equilibrium values was carried out urtié tlat-
tice stress became less than 0.02 GPa.

Computational setupyASP

The computations of the complex dielectric funcsion
in the visible and ultraviolet regions were perfedrby
the VASP package [17] at the level of GGA and witio
functionals: the above-mentioned PBE [21] and the
screened Heyd, Scuseria, and Ernzerhof (HSEO0G6)ichybr
functional [26], since the latter is well-suitedraproduce
bathe electronic properties including the band gaps o

ized in VASP the frequency-dependent dielectriccfun number of elemental and binary insulators and semic

tions is obtained in the random phase approximati
where the imaginary part of the frequency-dependant
lectric tensor is written as

e (w) = (4r0€? /Q)I|m(1/q )Z 2wy x

avk _w)<uck+ [ ql u vl«>< u ck ge fJ u v><*'

where the indices ¢ and v refer to conduction aaldnce
band states respectively in the sum over the estatgs,
gk are the corresponding eigenenerdi2ss the volume of
a primitive cell, k-point weightsw are defined such thal
they sum to leup are the unit vectors for the three Cartes

®)

><6(gck -

directions, andi is the cell-periodic part of the orbitals at

point k. The real part of the dielectric tensff} () is ob-
tained by the Kramers-Kronig transformation

o £ (0) 0
e (w) = 1+2P e () (4)
0 W? - W +in
where P denotes the principal value. By cubic symme

the following relation is satisfied for diamond amdin

gh? = s“ HD=gl? sa‘é'z): 0,a £, (5)
so the real and imaginary parts of the complexedieic
constante =g +iez can be determined by, , =€l In

the case of the other, anisotropic, structures see the
average values:

£,=8,,=U3)EL? +e5+e ().

(6)

Computational setupCRYSTALL4
We use the two schemes of DFT calculations, b

orductors. For this purpose, at first we performesrilax-
ation of the discussed structures with a cutoffrgnef
700 eV for the plane-wave basis set, until the gneras
converged up 10eV per unit cell and the residual stress
was less than 1PeV per atom. The integration over the
Brillouin zone was performed using Monkhorst-Pack
grids with the number of k-points along each diatbf
the reciprocal cell equal to an integer diviso268 over
the length of corresponding lattice vector. Thesghmoset
of input parameters gives the reliable resultsthier main

t physical properties of diamond as it was shown un o

arprevious work [12].

Structural properties

The full geometry optimization of studied structure
have been performed using the quasi-Newton algarith
in CRYSTAL14 program. The relaxed lattice constant
and atomic Wckoff positions are presented in the Tables
6 and 7. The differences between lattice constahts
tained in two schemes of calculations are abot. 1
While the energy differences per atom relativelnaond
are equal, see Tables 1 and 2. To check a mechataea
bility of hypothetical allotropes under study, welaulat-
ed the elastic constants and phonon spectra whicbcd
lected in the Fig. 4. Our results for structurabgerties
agree with previous DFT calculations [203].

Raman and IR spectra

Raman identification of new carbon allotropes nesds
precise calculation of vibration spectra. We penfed
btfhese calculations applying quasi-harmonic appration

are implemented in the CRYSTAL14 program [16]. T

N€at thel” point as it was done for Raman identification of

Computer Optics, 2017, Vol. 41(4)

477



Optical properties of lowest-energy carbon allo&®from first-principles

calculations V.A. Saleé&vV. Shipilova

lonsdaleite in Refs. [27, 28] and for Raman spsctpy
of nanocrystalline diamond in Ref. [29]. We haverfd
for cubic diamond that the position of single Rarpaak,
corresponding to the first-order scattering gfdymmetry,
is 1297 cm! (PBE, POB-TZVP ) and 1332 ci(B3LYP,
6-21G). The last one is in a best agreement wiffeex
mental value. Such a way, we perform calculatidnrBa
man and IR spectra here and after using B3LYP exgda
correlation functional and modified Pople’s-B1 basis set
[25]. The presented in Fig. 1 polycrystalline (p@ndRa-
man spectra were computed by averaging over thEos
sible orientations of the crystallites.

Table 1. Energy difference per atom relatively diah density
and bulk modulus of the allotrope (PBE, POB-TZVP)

AE/atom, P, B,

Structure eV glcn? GPa

diamond 0.00 3.51 443
4H-diamond 0.01 3.61 445
SiC12 0.01 3.53 444
lonsdaleite 0.03 3.51 445
C28 0.07 3.35 427
mtn 0.11 3.06 383

Table 2. Energy difference per atom relatively diah density
and bulk modulus of the allotrope (B3LYP, 6-21G)

AE/atom, eV | p, glcn? | B, GPa
Structure
diamond 0.00 3.43 428
4H-diamond 0.01 3.53 429
SiC12 0.01 3.43 428
lonsdaleite 0.03 3.43 429
C28 0.07 3.37 413
mtn 0.08 2.98 371

For the lonsdaleite we predict three Raman acf
modes: &y (1336), Ag(1312) and & (1209). Up to now,
the pure monocrystalline lonsdaleite have not Heand
or synthesized and there is a well-known problernarf
rect diagnostics of lonsdaleite phase within cutbia-
mond-lonsdaleite intergrowths. Possible attendaate
nanocrystalline cubic diamond can be a reason afrin

rect interpretation of Raman spectra in experinients

study. It was found that the Raman modes dynanmdsiu
laser heating allows splitting of cubic diamond dods-

In Fig. la—e, we present our results for polycrystal-
line (powder) Raman spectra with intensity plotiedr-
bitrary units. Of course, it has the dependencealioec-
tion for monocrystalline structures, but it is shaid we
discuss it later for real refractive indices onlfe single
peak of cubic diamond corresponding(E332) mode is
shown in all figures for comparison.

The number of active Raman modes or peaks depends
on symmetry of crystal lattice and on the numbenaf-
equivalent atoms in the asymmetric unit. As we gean-
tum-mechanical approach predicts a very specifimdta
spectrum for every allotrope, which can be consideas
“finger prints” of these structures in the expenad
search. The improvement of experimental method$fido
level of accuracy of theoretical calculations ved crucial
for search and recognition of diamond polymorphs.

The high-frequency refractive indices for different
direction (i =xx, yy, z3, accordingly Voigt notation, are
collected in the Table 3. The calculation with PBE
functional and POB-TZVP basis set gives answer khic
is very close to the experimental value for cubambnd
(~2.40) instead of the calculation with B3LYP funcial
used successfully for Raman spectrum calculatidre T
refractive asymmetry factor can be defined as vadlo
A =2(ni —ny) / (ni+n;). The values ofy; for lonsdaleite,
C28, sic12 and 4H-diamond are about-23%%. This is
enough large values for experimental test
recognition. The list of calculated IR active moaésch
initiate absorption of light in IR region are press in
Table 4. The ideal cubic diamond and lonsdaleiystats
do not absorb IR light. It means that experimental
viewing of absorption for diamond-like structureayrbe
used for recognition of new $parbon allotropes.

Ve Taple 3. High-frequency refractive indices along tlifferent

and

directions
Basis set POB-TZVP, Pople-6-21G,
PBE B3LYP

Structure Nxx, Nyy, Nz Nxx, Nyy, Nzz
Diamond 2.40, 2.40, 2.40 2.34,2.34, 2.34
lonsdaleite 2.36, 2.36, 2.44 2.30, 2.30, 2.34
A Mtn 211,211,211 2.10, 2.10, 2.10
SiC12 2.38, 2.38, 2.42 2.32,2.32, 2.36|
C28 2.35, 2.38, 2.43 2.29, 2.32,2.36
1 4H-diamond 2.37,2.37,2.43 2.32,2.32, 2.34

daleite modes and recognize diamond polymorphs. [2
The measurements in the region of 130340 cm® show
the presence of two Raman active modesg,(A319) and

F1g (1322). The control measurement for co-sized cupi
diamond particles give downshift of a Raman active

mode Ry (1332) up to 1326 cth Taking into account
this downshift effect, we can declare the agreerotatr

prediction with the experimental data for lonsdal¢28]

at least for two high-frequency modes. We also iobda
rough agreement with recent measurements of R@f, [
in which the most intensive band at 1292303 cm* and
at 1219-1244 cm are interpreted as contributions from

N

Aig and Eq vibration modes of lonsdaleite phase in Pgp

igai impact rock. Early DFT calculations, performid
the local density approximation (LDA), gave theldol-
ing results: Ey(1312), Ag1305), EB¢1193) [30] and
E14(1338), A4 (1280), By(1221) [31].

T

Table 4. IR active modes

Basis set
C Structure

Pople-6-21G, B3LYP

2 SiC12

E(425), &(578), Au(728), A(1075),
Eu(1271),A24(1330)

4H-diamond

E(1248), A4(1316)

C28

Bu(443), Bu(539), Bu(547), Bi(586),
B1(719), Bu(742), Bu(786),
B2u(862), Bu(878),

B2u(962), Bu(1000), By(1002),
B1(1071), By(1074), By(1172),
Bay(1203), By(1211), By(1220),
B2u(1239), B(1260), By(1278),
Bau(1279), Bu(1298), By(1352),
B2u(1356), B.(1400)

mtn

Fu(735), Ru(871), Ru(891),
F1(1059), Fu(1144), F(1223),
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Fig. 1. Raman shift spectra in arbitrary units faarbon allotropes: a) lonsdaleite, b) mtn, c) SiCARC28, e) 4H-diamond. The

peak at the 1332 crhin all panels corresponds cubic diamond

Optical and UV spectra

Optical properties are immediately connected wiité
electronic band structure of the crystal. To calmuthe in-
terband and intraband electron optical transitoms needs
to solve the band structure of the system and ktsoband
gap in different symmetry points of reciprocal spaBe-
cause of this reason, we calculated the electtwamid struc-
ture for all the allotropes under study (see Figaad col-
lected to the table our results for indirect angati (inI—
point) band gaps for all the considered structures witi
and HSEO6 functionals (see Table 5). It is wellsknahat
the former fails to reproduce the optical band galpite the
latter provides the reliable results. Our result5@8 eV
band gap for diamond successfully reproduces thié W
known experimental value of 5.47 eV [1].

Then, we calculated the complex dielectric functi
for diamond, lonsdaleite and considered lowestgnal-
lotropes in the random phase approximation as & eva
plained in the Sec. “Computational methods and iB&ta
In the Figs. 2 and 3 we present our predictionsdiar
mond obtained with PBE exchange-correlation fumzio
(bold solid line) and HSEOQ6 functional (dashed )ite
gether with experimental data (solid line) from therk
[1] and PBE based predictions for lonsdaleite (da
dotted line). We find a good agreement betweenrthe
and experiment within PBE functional calculationghe
position and highness of the peaks, while withHisE=06
functional calculations, although providing correptical
band gaps, leads to the shift of the peaks apprateimto
1 eV towards the high frequencies. Also, our rasfdt
cubic diamond and lonsdaleite are consistent \highetar-

lier calculations in the work [32].

10 125 15 17.5 20 22.5 25

a) hv(eV)
20—
e 18+
16 —
pn 14—
2+
% 0+
s
61
.
Py
sh 00 25 5 75 10 125 IS 175 20 225 25
[e) b) hv(eV)

Fig. 2. Real (a) and imaginary (b) dielectric fuoas: solid line —
experiment for cubic diamond, bold solid line —dicéons for
cubic diamond in PBE, dashed line — predictionscfdsic diamond

in HSE, dash-dotted line — lonsdaleite in PBE

The predictions for allotropes C28, mtn, sic are-pr

sented in the Fig. 3 in comparison with diamond.The
most of new allotropes (SiC12, H-Carbon, C28) demon
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strate the very similar behavior ef(v) to diamond or
loncdaleite in the optical and UV region, so theyribt

lose the desirable optical parameters of diamamaoh-

trast, the mtn shows 2 times shorter and the sresot
peaks and has the smallest band gap in comparisg
other allotropes, but the position of the peaksaiesithe

same. Such a way, a presence of mtn in the polgdry
line sample can contribute a visual opacity.

The effect of the anisotropy of the optical projesrt
for non-cubic structures is found to be small, so do
not show the dependence of the dielectric tenson tthe
crystal directions in the figures, but only the rmage val-
ues as defined by formula (2.6).

Table 5. Band gaps for carbon allotropes

PBE, HSEO06, PBE, HSEOQ6,
indirect | indirect | direct direct
Structu
diamond 4.67 5.38 5.64 7.04
lonsdaleite 3.34 491 4.96 6.37
mtn 3.76 5.09 3.76 5.03
Sic21 4.44 5.64 5.25 6.65
Cc28 4.77 5.96 4,77 6.06
4H-diamond 4,53 5.73 5.29 6.68
Conclusion

In summary, the first-principles quantum-mechani
calculations have been performed to obtain theuiaqy
spectra and optical properties of lowest-enerdycapbon
allotropes, such as: cubic diamond, lonsdaleit€13j
4H-diamond, C28 and mtn. We have obtained Raman
IR spectra for all discussed allotropes and stheyr tpe-
culiarities. The electronic structure as well as timear
photon energy-dependent complex dielectric funetig

Our investigations are beneficial to the experirent

search and to the practical applications of thegmthetic
carbon allotropes in IR, visible and UV photonig3,[34].

h

al

15

) N U R R
0 25 5 75 10 125 15 175 20 225 25

hv(eV)

0 25 5 75 10 125 15 175 20 225 25

hv(eV)

b)

and Fig. 3. Real (a) and imaginary (b) dielectric fuincts in

predicted for carbon allotropes in PBE: solid lirecubic

diamond, bold solid line — C28, dashed line —mtrshddotted

n

and related optical properties were computed.

line — SiC12

Table 6. Lattice parameters for carbon allotropescalated with POB-TZVP basis set and PBE exchawogeslation functional

Structure N a, A b, A c, A Atomic positions
diamond 227 | 3569 - - (0.125, 0.125, 0.125)
lonsdaleite 194 2.507 - 4.169 (0.333, 0.667, 0.062)
mtn 227 9.625 - - (0.880, 0.067, 0.683), (0.12528, 0.625)
(0.033, 0.033, 0.716)
SiC12 166 | 2511 - 24822 (0.667, 0.333, 0.740)6(0.6.333, 0.572)
(0.667, 0.333, 0.511), (0.000, 0.000, 0.656)
C28 55 7.298| 7.728 2.535 (0.398, 0.039, 0.0), (0.6761, 0.5)
(0.207, 0.270, 0.5), (0.239, 0.384, 0.0)
(0.015, 0.196, 0.5), (0.460, 0.408, 0.0)
4H-diamond 195 2.534 - 8.355 (0.000, 0.000, 0.0@BH67, 0.333, 0.155)

Table 7. Lattice parameters for carbon allotropadculated with Pople’s 6-21 basis set and B3LYEBharge-correlation

functional
Structure N a, A b, A c, A | Atomic positions
diamond 227 3.594 - - (0.125, 0.125, 0.125)
lonsdaleite 194 2.527 - 4.2085 (0.333, 0.667, 0.063)
mtn 227 | 9688 - - (0.880, 0.068, 0.683), (0.12528, 0.625)
(0.033, 0.033, 0.716)
SiC12 166 2.534 - 25.067 (0.333,0.667, 0.073)3®.8.667, 0.916)
(0.333, 0.667, 0.844), (0.667, 0.333, 0.999)
C28 55 7.301| 7.73% 2.538 (0.398, 0.039, 0.0), (0.67%1, 0.5)
(0.268, 0.270, 0.5), (0.239, 0.384, 0.0)
(0.015, 0.197, 0.5), (0.460, 0.408, 0.0)
4H-diamond 195 | 2513 - 8.266  (0.000, 0.000, 0.08BE67, 0.333, 0.156)
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