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We studied electronic properties of the ground and lowest excited states of SiC defec-
tive nanoclusters falling into 3C, 2H and 4H polymorphic types. The standard time-de-
pendent DFT method was used along with the economical model-core-potential approxima-
tion. Basing on our earlier works, we performed the corresponding excited state structural
analysis and show for the lowest triplet-triplet transition a significant effect of excitation
localization in the defect vicinity.

Keywords: nanoparticles, carborundum polytypes, density functional theory, TDDFT,
model core potentials, excited state localization.

Wsydennl 3JeKTPOHHLIE CBOMCTBA OCHOBHOI'O M BO30YMKIEHHLIX COCTOAHUHN AePeKTHLIX
HanorJaacrepoB SiC, ormocsmuxca k noammopdebiM Tmnam 3C, 2H m 4H. Wcnoapsosan
cTaHIapTHBIN BpemsasaBucaiiuii meroq DFT coBMecTHO ¢ 9KOHOMHUYHBIM HPUOIHIKEHIEM MO-
OEeJIbHUX OCTOBHBIX HOTeHIasoB. OCHOBBIBAACH HA MPEALIAYINUX HAIINX WCCJIEIOBAHUAX,
IPOBEIEH COOTBETCTBYIOIIUHN CTPYKTYDPHBIN aHaJIU3 BO30YIKIEHHBIX COCTOSHHUA 1 IIOKA3aHO
HaJINYMe 3HAUUTEJBHOM JOKAJIM3aIUU BO3OYMKIEHUA B OKPEeCTHOCTU medeKTa I HAWHIS-
XX TPUILIET-TPUIJIETHBIX I1€PEX0I0B.

3acTocyBaHHA Teopii (PyHKIiOHANIE TyCTHHU 0 MOJENIOBAHHA ONTHYHUX BJIACTUBOC-
Tel BakaHCiiHMX nedexTis y HaHokjaactepax piznux mouaitumie SiC. O.AJKuroa, A.B.JTy-
sanos, H.B.Omeavuenkro, AJI.ITywrapuyr, B.A.Ilywrapuyrx, A.II.Husosyes, C.A.Kuaumn,
T.B.Bezsasuuna, CA.Kymeno.

BuBueno ejsleKTPOHHI BJIACTHBOCTI OCHOBHOIO Ta 30yIKEHMX CTAHIB Ae()EKTHUX HAHO-
kaacrepis SiC, xorpi crocyrorsca moaimopdprumx tuuis 3C, 2H ta 4H. Bukxopucrano cras-
maprHuil yacosajexuunii meron DFT y nmoengunanui 3 eKOHOMIUHMM HaOIMMKEHHAM MOJEJIBHUX
OCTOBHMX IIOTeHIianiB. Basyiouumce Ha IoIepemsHiX HAINKX [SOCHiIKEeHHAX, 3AilicHeHO
BigmoBigHMI CTPYKTYpPHUU aHAai3 30yIKeHNX CTAHIB Ta IPOJEMOHCTPOBAHO HAABHICTH 3HAU-
HOoro edeKry JokKasizamii 30ym:xeHHS mobausy medeKTy OAd HAWHMKINX TPUILIET-TPUILIeT-
HUX II€PEXOIiB.
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Fig. 1. Two projection views of 3C-SiC nanocluster SiyqCsgHgy with Vg~V divacancy. The Si and C
atoms are colored chocolate and lime, respectively; six dangling-bonds atoms are marked by yellow color.

I. Introduction

There is a large increase of interest in
carbon containing nanoparticles as perspec-
tive materials for future quantum-computa-
tion devises [1-5]. In particular, photo-
physical and paramagnetic properties of the
nanoparticles were broadly studied because
of their important role in forming entan-
gled quantum states (e. g., see [1, 5-8]). In
our previous works we have investigated,
mainly by semiempirical methods, various
electronic properties of nanographenes [9,
10], nanodiamonds [11-15] and carborun-
dum nanoparticles [16]. Specifically, density
functional theory (DFT) was used for esti-
mations of fine spin-spin interactions in the
triplet ground state of diamond clusters with
NV color centers [11, 12]. In the present note,
we compute and analyze low-lying triplet-trip-
let excitations in small defected nanoclusters
of carborundum (nano-SiC for brevity).

2. DFT modeling of electronic
states in defective nano-SiC

Current models of excited states in
nanostructures are typically based on time-
dependent DFT (TDDFT) techniques [17],
and our consideration follows this route as
well. To this standard (but not without
principal flaws [18]) approach we add here
the excited state visual analysis previously
proposed in [19-21]. More recently, the
analysis, termed as the excited state struc-
tural analysis (ESSA) [20], was successfully
applied to the paramagnetic color centers in
nanodiamonds [13, 15].

For our study here we selected small
clusters relating to cubic polytype 3C, and
hexagonal polytypes 2H and 4H. For the
given polytype, we started with the frag-
ments of the regular SiC crystal lattice.
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Surface dangling-bond atoms in the frag-
ments were passivated, as usual, by hydro-
gen atoms. In this way we constructed three
clusters of composition Si3;CyoHgg (3C
polytype), SigCsoHsg (2H polytype), and
Si1gCooHyo (4H polytype). The first one re-
tains the T, symmetry, and others retain
the Cg, symmetry. It is important that no
close H...H contacts take place in the result-
ing small clusters. These structures were
used only as initial ones. Subsequently, the
full optimization of geometrical parameters
was carried out at the conventional
B3LYP/6-31G (d,p) level. It produced quite
reasonable bond lengths (1.875-1.895 A),
with shorter bonds being closer to the clus-
ter surface. The experimental Si-C bond
lengths in the pristine carborundum struc-
tures are nearly 1.9 A [22].

The required defective systems were
built from the above structures by removing
either one silicon atom (monovacancy Vg;) or
two connected atoms (divacancy Vg—-V().
The defect was made in the respective clus-
ter centroid; and no further geometrical op-
timization was performed. Notice that addi-
tional optimization would lead to a consid-
erable distorsion of our not so large model
clusters. However, in real large nanoparti-
cles the analogous geometry relaxation
should be sufficiently small. As a result of
the simulations made, all final clusters with
color defects possessed the Cg, symmetry, as
it should be.

It is well established (e. g., see [23]) that
the ground electronic state of the studied
point defects is a spin-triplet state despite
of a formally large number of dangling
atoms (4 for Vg, and 6 for Vg—V). The
selected example of nano-SiC with diva-
cancy is shown in Fig. 1.
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Table 1. Squared total-spin expectation
values, <S2>, and Lowdin’s spin densities,
oc and GOg, on dangling atoms for the
ground triplet state of clusters with Vg—-V,
at the CAM-B3LYP/MCP-DZP level

Nanocluster <§2> oc O
3C-SiC 2.027 0.531 0.001
2H-SiC 2.025 0.522 0.005
4H-SiC 2.026 0.517 0.003

One difficult issue which we have grap-
pled in this work is pertinent to mention
now. It is a significant spin contamination
in the ground unrestricted DFT state of the
monovacancy clusters. In the case of all
polytypes with Vg; we obtained the expecta-
tion wvalue of the squared total spin
<82> = 2.8, instead of the correct value
<82> = 2. Recall that <S2>, is a direct sig-
nature of the state spin-purity. Therefore,
for our subsequent TDDFT studies, a poor
spin-purity of the monovacancy ground
states would preclude getting correct re-
sults for excited states. That is why we ex-
cluded all monovacancy structures from the
subsequent study. As to nano-SiC with diva-
cancy Vg—V¢, we found that in all the cases
studied, <82> =~ 2 with sensible spin densi-
ties on dangling atoms near the divacancy
(Table 1). Furthermore, we see from the
Table that the spin density is gathered pref-
erably on the carbon dangling atoms, that is
in the divacancy vicinity.

At this place we have to make clear why
in Tablel we employed CAM-B3LYP
method at the MCP-DZP level. The latter
means that we exploit the model core poten-
tial (MCP) approximation along with dou-
ble-zeta polarization (DZP) AO basis set. It
is well known that atomic core electrons
actually take no part in low-lying excita-
tions, especially in neutral systems. Taking
advantage of it, we chose an appropriate
valence approximation (it is not a semiem-
pirics!) of the MCP-DZP quality [24]. It per-

mitted to effectively ignore two electrons
from each C atom and ten electrons from
each Si atom, thereby providing a consider-
able alleviation of our numerically cumber-
some TDDFT problems.

3. ESSA for nano-SiC excited
states

Now we consider the ESSA results for
the lowest TDDFT electronic excitations in
the selected SiC nanoclusters with diva-
cancy. Recall that, ESSA [19, 20] treats the
excited-state wave-function structure by using
two kinds of atomic quantities, namely, excita-
tion localization indexes {L*,} and interatomic
charge transfer (CT) numbers {{,_,p}, where A
and B are any atoms in the molecule under
study. Localization index {L’A} gives a total
probability of A to be involved into the elec-
tronic excitation, whereas {l,_,p} presents a
chosen probability of the electron transfer
from A to B during the excitation. The two
sets, {L"4} and {l, g}, are naturally normal-
ized to unity, and furthermore {L*,} can be
explicitly expressed in terms of all possible
{l4_,p} (for detail see [20, 21]).

In our TDDFT computations of excited
states, the ’spectroscopic’ functional CAM-
B3LYP [25] and more contemporary func-
tional M11 [26] were applied. As in the case
of nanodiamonds with NV~ color centers, the
ground state of all defective nano-SiC has the
3A2 symmetry, and the lowest excitation has
the 3E symmetry. It is important that as a
result the utilized unrestricted TDDFT CAM-
B3LYP/MCP-DZP scheme predicted the cor-
rect lowest 3A2 — 3E transition (Table 2). It
allowed us to use soundly the above-men-
tioned ESSA method for analyzing the ob-
tained 34, — 3E transitions. The analysis was
performed via the authors’ ESSA code in-
serted in the GAMESS (US) computational
chemistry program [27] which we applied for
all presented calculations. In ESSA, one addi-
tional characteristic is also exploited. It is

Table 2. Calculated properties of 3A2%3E transition in clusters with divacancy: A is transition
energy in eV (oscillator strength f in parentheses); squared norm |(X, Y)ﬁ”2 is a full contribution
of spin-down one-electron transitions to the total TDDFT excitation; Kppppp is a collectivity
number; L gg; is the excitation localization index for three Si dangling atoms, and L"gg;3¢ is that
for all 6 dangling atoms (both indexes in %); CT,,, is a summary CT number (in %); R,,. in A.

Cluster MP) KyDDFT . )l L L'ssisc CT,p, Rove
3C-SiC |1.284 (0.03) 1.07 0.980 21.1 64.5 92 3.89
2H-SIC |1.306 (0.05) 1.09 0.974 13.9 63.2 90 3.64
4H-SIiC |1.283 (0.03) 1.07 0.977 18.7 64.6 92 3.63
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Fig. 2. Excitation localization diagrams in the 3C—SiC (the left panel) and 2H-SiC (the right panel).
C and Si atoms are colored red and magenta, respectively.

the excitation radius R,,. which is but the
average of all interatomic distances {R, g}
over CT distribution {l,_,p}. The ESSA char-
acteristics are also given in Table 2.

We find that the computed 3A2 — 3E
transition energy in 3C-SiC is in excellent
agreement with the bulk material DFT esti-
mation 1.27 eV from [23]. Moreover, the
excitation radius turns out to be about a
doubled Si—C bond length. It can be readily
understood by the Vg~V geometrical struc-
ture, and an essential localization of the
excitation in the defect vicinity (see the
L*SSiSC values in Table 2). Localization dia-
grams in Fig. 2 lead to the same conclusion.
In Fig. 2 we used {L",} averaged over two
components of the 3E transition. In the im-
ages, excitation indexes are shown by
atomic spheres of radius proportional to
corresponding {L*,}1/3 value. It is worth
noting that while the excitations are local-
ized mostly in the defect vicinity, the total
contribution of the first neighbor sphere for
dangling atoms is far from negligible.

Notice also that another DFT functional
used, M11, systematically gives the excita-
tion energies only a bit lower (=0.1 eV) than
CAM-B3LYP does, and all our ESSA results
remain nearly the same as well.

In our previous TDDFT computations on
the reasonably small nanodiamond with NV~
-center, Ci3NH3g™, we have obtained L* =
77 % for a summary excitation localization
on respective dangling atoms, and R,
about 3.5 A at r(C-C)~ 1.5 A. Thus, the
lowest excitation of the NV~ center is local-
ized in a smaller atomic region. It might be
related to a larger localization of frontier
MOs in the case of charged defects, but it
should be additionally examined.
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4. Conclusions

In this note, we have reported some pre-
liminary results related to computation and
analysis of the lowest excited states in nano-
SiC paramagnetic color centers. For this pur-
poses we employed our ESSA technique in the
framework of the conventional TDDFT tech-
nique. As in the earlier studies of nano-
diamond color centers, the lowest electronic
transitions are significantly localized in the
defect vicinity. This is not so surprising if
taking into account that frontier MOs (which
most contribute to the lowest excitations) are
normally well localized just near defects. Ac-
tually, the very fact of strong orbital localiza-
tions, when impurity atoms or vacancy cen-
ters occur, is well known long ago [28], and
the given quantum-chemical modeling sup-
ported and clarified these expectations for
triplet excitations in the carborundum nanos-
tructures by using the current advanced theo-
retical machinery. Strictly speaking, as pre-
viously for the defected nanodiamonds, we
also should investigate the orbital localization
in nano-SiC, say in the same manner as in
[29]; this is also among our plans for the
future. Furthermore, we showed that by
using valence-like MCP approach we were
able to perform economical computations of
TDDFT equations which are very time/mem-
ory consuming. We believe that the MCP ap-
proach used may essentially expand our possi-
bilities in ESSA/TDDFT applications to more
complex nano-SiC networks.
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