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Nitrogen-vacancy (NV) complex in diamond is one of the most prominent solid state defects as
the negatively charged NV defect (NV ™) is a leading contender for quantum technologies. In quan-
tum information processing applications, NV~ is photoexcited that often leads to photoionization
to neutral NV defect, NV°, and re-ionization back to NV~ should occur to control the S = 1 spin
of NV~. As a consequence, understanding the photophysics of NV° is crucial for controlling NV~ .
Furthermore, recent studies have shown that the S = 1/2 electron spin of NV° can be also initial-
ized and read out at certain conditions that turns single NV° a potential quantum bit. Quantum
optics protocols rest on detailed knowledge on the electronic structure of the given system which is
obviously missing for NV® in diamond. In this study, we combine group theory and density func-
tional theory calculations towards exploring the nature of the ground and excited states of NV°.
We show that the effective three-electron system of NV leads to high correlation effects that makes
this system very challenging for ab initio simulations.

I. INTRODUCTION

Nitrogen-vacancy (NV) center! in diamond has been
received a continuous interest due to its broad applica-
bility for quantum technologies® 8. Most of these applica-
tions utilize its negative charge state (NV ™) that belongs
to the 637 nm' (1.945 eV) zero-phonon-line (ZPL) pho-
toluminescence center. The NV~ color center possesses
S =1 electronic spin that can be initialized, coherently
driven and read out, thus NV~ may act as an exemplary
qubit operating at room temperature’'2. An early the-
oretical work suggested!® that the neutral counterpart,
NV may also act as a qubit. This has been recently
realized in experiments'* 17 where NV possess S = 1/2
electronic spin in the ground state with the correspond-
ing 575 nm (2.156 eV) ZPL emission (Fig. 1). However,
in stark contrast to the extensively studied NV, various
magneto-optical properties of NVY are vaguely studied
and the underlying physics is left unknown.

Both 1.945 eV21!820 and 2.156 eV2122 color centers are
active in both absorption (ABS) and photoluminescence
(PL) processes. NV~ defect’s 1.945 eV ZPL is accom-
panied'? by a broad phonon sideband both in PL and
ABS exhibiting only minor asymmetry [c.f., Figs. 2(c)
and (d)]. The sideband mainly couples to a iw = 64 meV
quasilocal vibration and the strength of coupling can be
depicted by S ~ 3.5 Huang-Rhys (HR) factor. Con-
sequently, the ZPL exhibits a Debye-Waller factor of
DW = e =~ 3% thus only 3% of total intensity re-
sides in the ZPL in agreement with previous ab initio
simulations within?324 and beyond the HR approach?®.

Both 1.945-eV and 2.156-eV ZPLs are attributed to
transitions between the same a; and e electronic orbitals
[Fig. 1(b)] that would imply comparable optical features.
Surprisingly, however, there is a significant asymmetry in
NVO defect’s PL and ABS phonon sidebands as plotted

CB © carbon ‘ nitrogen ‘
©o-¢-© ©-¢-©
vacancy
C (%/
S ) ) e
€+ € aq
T2.156 ev \\/_/
A lay) — °%°
wavefunction phase W
+1 +H -1 - #1
VB T~ 1ad) > |a))
(a) (b)
FIG. 1. Electronic structure of the neutral nitrogen-vacancy

(NV?) center of diamond. (a) Defect levels inside the band
gap of diamond. (b) Single particle (Kohn-Sham) orbitals of
defect levels.

in Figs. 2(a) and (b), respectively. S = 2.35 HR factor
of the PL spectrum was reported for NV° defect?S and
another study reported S = 1.9(1) at 77 K (Ref. 15).
ABS spectra exhibits much broader sideband quantified
by an S = 3.9 HR factor?!. Interestingly, the PL signal
is coupled to phonons with significantly smaller energy
hw ~ 42-45 meV'®>27 than those of NV~. The radia-
tive lifetime of the excited state of NVO is reported as
13.2(2)%8, 19(2)%?, 17(1)3°, 20(1)3! ns in different stud-
ies.

The 2.156-eV ZPL of NV? occurs between 2E orbitally
degenerate ground state to an orbitally non-degenerate
2 A5 confirmed by uniaxial stress measurements?'34. Fur-
thermore, 2E splits to two Kramers doublets (F; /2 and
E3/5) due to spin-orbit coupling. In this context, we
note that NV~ defect’s spin-orbit splitting was already
reported as A = 5.3 GHz%® or A = 5.33(3) GHz>® by var-
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FIG. 2. Comparison of theoretical and experimental phonon sidebands for the negative and neutral NV defects. (a,c)

Absorption lineshape of the 2.156-eV and 1.945-eV peaks of NV® and NV, respectively. We scaled the experimental and the-
oretical lineshapes to exhibit the same area under their curves between the ZPL and 100 meV, 200 meV for NV?, NV~

respectively.

(b,d) Luminescence lineshapes for 2.156-eV NV and 1.945-eV NV~ respectively. We normalized the ex-

perimental (expt.) and theoretical lineshapes in their full range. Expt. data are taken from different sources as follows:
[el; Fig. 1(b) from Ref. 21 P Fig. 2(a) data from Ref. 29 at 1400°C anneal. [): Ref. 32

[l Fig. 4 in Ref. 33 ). Fig. 6(b) in Ref. 19

ious experiments more than a decade ago, yet the A\ for
NVO has not been reported until recently. The exact spin-
orbit splitting value®” is still ambiguous as A = 4.48(10)4
and 9.8(8)'6 GHz were reported by two different research
groups. Additionally, we note that electron paramagnetic
resonance (EPR) for NV defect’s S = 1/2 spin has not
yet been reported, to our best knowledge. The lack of
EPR signal is attributed to linewidth broadening caused
by the Jahn-Teller effect3®:3.

On the other hand, under continuous green illumina-
tion at 532 nm, an S = 3/2 spin associated with the
metastable 445 state of NV? was indeed observed in
EPR?® where early ab initio calculations confirmed the
model based on the favorable comparison of the observed
and calculated hyperfine signatures between the S = 3/2

. Fig. 3(b) in Ref. 20 .

electron spin and I = 1/2 "N (4 = —35.7(3) MHz
and A} = —23.8(3) MHz in experiments) and 3C nu-
clear spins'®. The observed near free electron g-factors
(gp = 2.0029(2), g1 = 2.0035(2)) imply very small
second-order spin-orbit interaction associated with this
state. In this case, the Cs, symmetric axial field causes
a zero-field splitting between the E, /5 and E3/o levels at
D = 1685(5) MHz as observed in the EPR spectrum?®.

The existence of the metastable A5 state has been
confirmed by ab initio calculations with various levels of
theory!34042 " However, the level position referenced to
the 2F ground state scatters between 0.4 eV to 0.86 eV
(see Table I). According to a recent theoretical study
with combining selection rules and ionization potentials
of NV~ (Ref. 42), successive two-photon absorption of



NV~ via 3E excited state could populate the m, = +1/2
state over the m, = 43/2 state of the *A, state which
would explain the occupation of the * A, metastable state
and the EPR signal of this metastable state under green
optical pumping that is enhanced by the population dif-
ference in their spin levels. This theory sets the position
the *A4, level over 2F level at around 0.4 eV.

This example shows that it is crucial to know the life-
time of this metastable state so one can reliably setup
quantum optics protocols for this potential qubit state.
This is associated with the intersystem crossing (ISC)
between *A45 and 2E as well as the photoionization cross-
section from *A, to the ionization bands. To our knowl-
edge, this issue has not yet been resolved for NV° as
well as the origin on the phonon sidebands of the absorp-
tion and luminescence spectra. In this study, we aim
to understand the photophysics of NV° and the non-
radiative decay routes that are all associated with the
strong electron-phonon coupling of the system.

The paper is organized as follows. In Sec. II we de-
scribe our ab initio methodology. Then, we depict the
electronic structure of NV® and establish the nomencla-
ture of our paper in Sec. III. Next, we discuss the inter-
actions that governs the 2E ground state and its optical
excitation at 2.156-eV in Sec. IV. After understanding
both spin-orbit and electron-phonon couplings of NVY,
we show and discuss our results on the ISC rates of A,
in Sec. V and the photoionization threshold energies and
processes in Sec. VI. Finally, we will conclude our paper
in Sec. VII.

II. METHODOLOGY ON ATOMISTIC
SIMULATIONS

We apply ab initio calculations with the use of simple
cubic 512-atom supercells embedding NV defect within
the framework of spinpolarized density functional theory
(DFT) as implemented in the vAsp 5.4.1 code®®. The
512-atom model suffices to sample the Brillouin zone of
the supercell at the I' point. We converged the electronic
structure by self-consistent cycles with 10~° eV conver-
gence threshold. The applied projector-augmentation-
wave method (PAW)%44% on the core electron orbitals
made possible to use a relatively low cutoff (370 V) plane
wave basis for electron wavefunctions. We converged the
forces acting on ions below 1073 eV /A.

We applied the Heyd-Scuseria-Ernzerhof (HSE06) hy-
brid functional?®4” that reproduces the experimental
band gap and the charge transition levels of defects in
Group-IV semiconductors within 0.1 eV accuracy*®4°.
We determined the excitation energies for excited states
within 0.1 eV accuracy with the ASCF method®® that
provides accurate ZPL energy and Stokes-shift for the
optical excitation spectra of the triplets of NV center?324
and group-IV impurity-vacancy centers®':°? of diamond.

We used the HR theory?3:°3:4 to predict the phonon
sidebands near the ZPL emission. We used the Perdew-

Burke-Ernzerhof (PBE) semilocal functional®® to deter-
mine the vibration frequencies and eigenvectors as PBE is
reported to accurately predict these features?®. However,
we employed the computationally demanding HSE06 to
determine the optical excitation energies by means of the
ASCF method where the atomic positions upon excita-
tion are relaxed.

We determined the spin-orbit coupling as implemented
in the VASP code within the scalar-relativistic approxi-
mation®®. During the non-collinear calculations for spin-
orbit coupling we fixed the spin quantization axis along
the trigonal symmetry axis of the defect. We deter-
mined the spin-orbit coupling parameters directly from
matrix elements between single particle Kohn-Sham or-
bitals that reproduced the observed fine structure of de-
fects within 20% accuracy?#:51:52:57:58,

III. PRELIMINARIES: ELECTRONIC
STRUCTURE

Here we define the basic nomenclature of the paper.
We note that the orbitals and levels of NV~ from DFT
calculations have been already published in several pa-
pers?0-59-66  Pyurthermore, the respective many-body
states and spin-orbit coupling coefficients acting between
them were also thoroughly analyzed5”:58. As we will show
in this paper, the strong electron-phonon coupling should
be explicitly considered for the many-body states of NV
that was lacking in previous studies. Therefore, instead
of referring towards these papers, we explicitly reiterate
the respective wavefunctions and interactions that we use
in the entire paper. Therefore, we begin our discussion
presenting electronic structure of NV? in Sec. IIIA. We
describe the different forms of electronic correlations gov-
erning multiconfigurational character |?E), [*A5), [2As),
|2 E*) multiplets of NV in Sections III B-ITI D. We sum-
marize the multiplet energies within different levels of
theory from the literature accompanied by our present
results in Table I.

A. Electronic structure of NV°

The NV defect introduces an a; and a double degen-
erate e level in the gap (see Fig. 1) that are occupied
by three electrons in the relevant neutral charge state.
The |?E’) ground state has (aae) electron occupation.
The [*E’) multiplet is split into two |2E%) and |*E%)
Kramer’s doublets as ’ ’

\QEQ_%> = Alalatel),

|2E;%) = Alatalel),
PE ) = Alatalet),
2

1
2 ) = Aafatel)
2
where we label them by their mj:i%, i% total angular
momentum that includes both spin ms=(1,]) and effec-
tive orbital momentum (m;==1) from e levels by intro-
ducing |ey) = % (lex) £1iley)) complex combination of



TABLE I. Electronic excited states for NV°. All energies
are in eV units. We note that we optimized the atomic posi-
tions of atoms in our present work (p.w.) with HSE06, PBE,
LDA functionals. However, the atomic positions were not re-
laxed within configuration interaction (conf. int.)¢ and Hub-
bard modeling (Hubbard)® results.

method [*As) [2A45) [2E*) [24;)
expt. ~0.4* 2.156 n.a. n.a.
HSEO06 0.48P" 2.36P 2.33PW ~2.8P W
PBE 0.58P": 1.20P™ 1.24P n.a
LDA 0.86" 1.22P% 1.26P" n.a
conf. int. 0.68° 1.65¢ 2.04¢ 2.93¢
Hubbard 0.684 2.644 2.884 3.294

2 Although directly not known, the difference between
photoionization thresholds of |2 A3) — |2E) and |2E) — |*A43)
are 432 meV and 342 meV, respectively, which hints for
~0.415 eV energy position for the |*As) multiplet. However,
these photoionization thresholds were recorded at room
temperature where phonon-assisted transition can also occur
thus ~0.415 €V is still an estimate.

Ab-initio taken data from Ref. 13

Ab-initio data by means of screened configuration interaction
on top of LDA (local density approzimation of DFT) from
Ref. 41

Ab-initio data by means of generalized Hubbard Hamiltonian
on top of B3LYP functional from Ref. 40 in a C7;Hgs diamond
molecular cluster

o

e}

[eN

the ey, .} real orbitals. Electronic excitation of NVO will
promote an electron from the |aq) orbital to an |e) or-
bital giving rise the (aee) electronic configuration. We
construct these states as tensor products of NV~ with
(ee) configurations coupled to an (a) hole. The latter
can be labeled as |?A;) while the (ee) gives rise the fol-
lowing [345) @ |'E) @ |1 A;) two particle wave-functions,

PA) = Alelel),

PA3) = J5( Alelel) +Aletel)),

PAy) = Aleget), (2)
I'Ey) = Alelet),

T41) = L5 A|£ef_> ~Aletel))

We then take the combinations with the additional |a;)
orbital thus the optically excited states can be labeled as

P42) @ 'E) @' 4))| @ [241)] =
1142) ® 2 42) @ PE) @ P A,).

According to Hund’s first rule, |*As) with maximized
spin is the lowermost excited state

3)

faghy = Alafelel),
|4A2+%> = %(AMIJ ety +Alalet el )+ Alatel el)),
|4A2_%> = %(AkﬁeieT) A\aleJre )+ Alalel et ),
f4;%) = Alafelel).

(4)

4

The triplet configuration | A3) may couple to |2A;) with
opposite spins that results in

?A7) =
?A3) =

= (Alalelel) + Alaletel) -
(A\aieieT )+ A|Uﬁelei ) —

2Aate’ el )
2A|aIeie¢ ))
(
a

)

\%\

5)
1)

multiplets. Additionally, |' E') singlet can couple to |
that gives rise

PELY) = Aaletel) PEL) = Aapelel),
2B y) = Alateleh),  PE)) = Ala]etel).

When [ A1) couples to |*a;) then it results in [2A;) that

can be written as
2A]) =
?A7) =

(.A|aIeT ef_) Alaler el))
(A\ale+e ) — A|ale+ei )).

\%\

(7)

Finally, we show the high-energy |2E’’) state for the
sake of completeness when all three electrons occupy the
e levels as (eee) electronic configuration,

2B = Aletelel),  [PEY) = Aletelel),
|2ET§> A\e eT ¢>, |2E/// >:A|eleieT>

(8)
However, these configurations can be excluded from the
discussion as the corresponding levels lie higher than the
ionization bands.

B. Dynamic correlation in the |*E) ground state

We recognize in our spinpolarized DFT calculations
that the symmetry of |2E) is spontaneously broken even
if the geometry is constrained to Cs, symmetry. That is,
the orbitals follow the reduced Ci; symmetry where only
a single ¢ mirror plane remains. Therefore, |ay) level is
allowed to mix with |e,) because they both belong to
A’ representation while |e,) cannot mix because it trans-
form as the antisymmetric A” representation. In order to
identify electronic correlation in |2E) we decompose the
broken symmetry single determinant obtained by DFT
into symmetric orbitals respecting Cs3, symmetry as fol-
lows

Alual + vel; wat + le}; y> =

A(uw|a1ale )+ vwlel ale ™+ ullalete > + vl|e;eiel>
———— \‘/_/ ——
=|2E/> ~ |2A2> N|2E//> =|2E///>

~71% ~0.2% ~28 % ~0.1%

(

9)
where u = +0.998, v = —0.06, w = 4+0.85, [ = —0.53,
thus (uw)? = 0.71, (vw)? = 0.002, (ul)? = 0.28, (v])? =
0.001. Our results indicate that there is correlation in
|2E’). We note that the non-negligible |> A5) contribution
occurs in the broken-symmetry solution as an artifact.



This term should be exactly zero with a multiconfigura-
tional wavefunction method. Finally, the [*E”’) contri-
bution is only perturbative and can be again neglected.
We additionally note that the |aleieT> configuration is
not a pure |2E”) (see Sec. IIID). However, we neglect
this issue for the sake of simplicity and assume that all
|aleiez) electronic character belongs to [2E”). To sum
up, we assume that the two orbital doublet multiplets
are mixed by the expressions,

?Er) = c[Ep) + d|”Ep),

E¢) = dI*Er) - P ED), 1o
where I' runs over I' = {£1 43} and we used the

2 =~ (uw)?=71% (85%), d*> ~ (ul)?*=28% (13%) pa-
rameters inherited from Eq. (9). We derived these pa-
rameters purely from DFT by means of HSE06 (PBE)
functional. For comparison multiconfigurational meth-
ods report these parameters as ¢ = 90 % and d> = 8%
(see Table II. in the Supplemental Materials of Ref. 41).

We quantify the effect of electronic correlation in en-
ergy units by removing the symmetry constraint on the
wavefunctions and enforcing Cs, symmetry only on the
atomic positions. We report 12.5, 139, 891 meV energy
gain by means of LDA, PBE, HSE06 functionals, re-
spectively, where we enforce symmetrization by putting
two electron halves on |e;), |e,) orbitals resulting in
the (amauegT egf 3¢62¢) electron occupation. We note
that we determined the vibration frequencies and modes
within this smeared occupation by means of PBE func-
tional to avoid broken symmetry wavefunctions as given
in Eq. (9). However, this introduces an artificial self-
interaction as the electrons on e and e, repel each
other due to exchange integrals present in hybrid func-
tionals such as HSE06. In summary, we highlight that
the electronic correlation between the two |?E), |2E*)
multiplets is a significant effect that cannot be neglected.
We set the reference point of our electronic total energy
(for example in Fig. 3) to this broken symmetry solution
on which we removed all possible symmetry constraints
both on electronic and ionic degrees of freedom with the
spinpolarized DFT method.

C. Correction scheme for |*4,) excited state

The single configuration that resembles |2 Ay) at largest
extent that of Eq. (5) is the

(ﬁe/reT+ \/7| AJr2 \/7| A) (11)

determinant.
the Alate” el) configuration accessible within our DFT
method corresponds to 66% of |2A4s) and 33% of |*As)
character, respectively. In order to approximate the en-
ergy of multiconfigurational |?A4,) we utilize a correc-
tion scheme similar to the method of von Barth orig-
inally proposed in 1979 (see Ref. 69). We multiply

In simple words, according to Eq. (11)

Eq. 11 in the left side by (ale e+|ATfI that results
in EDFT(./LUcﬁeT 61>) = (ate" 6T |ATH Alate” eE_> =

+ +
(hea?-/2ea0) e(ﬁmz? —\214)) =
1Eppr(|*4s)) + 2E(]?As)) where H. is the full elec-
tronic Hamiltonian and off-diagonal matrix elements

(2A5|H.|*As) are zeroes. Therefore, we can approximate
the energy of multiconfigurational |2A4,) excited state by

the following scheme

B(]?Ay)) ~ ;EDFT(AmleT T>)—%EDFT(|4AQ>), (12)
where Eppr(Alafelel)) = 1.22, 1.20, 1.74 eV with
LDA, PBE, HSE06 functionals, respectively, and we al-
lowed the atomic positions to relax and Eppr(|*A2)) =
0.86,0.58,0.48 eV that of Table I. We note that this is
only a crude approximation; nevertheless, we success-
fully applied this assumption in Eq. (6) of Ref. 70
and in Eq. (A5) in Ref. 52. In this case, we approx-
imate the |2A3) level at 2.36 eV by means of HSE06
which experiences a correction on its Stokes-shift*? by
ABgores = Tw[S(|2A2)) — S(Alafe’el))] = 0.07 eV,
where S(|?A2)) = 1.91, S(.A|a¢eT 61_;_>)] = 1.16 and
hw = 93.9 meV that yields 2.22 eV ZPL energy close
to the experimentally observed data at 2.156 eV.

D. Correction scheme for |?E3) excited state

Similarly to considerations that of Sec. II1C for |?Asz)
we estimate the energy of |2 E*) excited state by left mul-

VEED + 1A + /iral)

by (aTeiemA‘Lﬁe. Therefore, the approximated energy
of |2E*) will be

tiplying Alale} el) =

E(|2E*>) ~ 2EpFT (|a169¢567§>) - *E(|4A2>) - *E(|2A2>)7

(13)
where Eppr(jajebe])) = 1.26, 1.24, 1.72 eV for LDA,
PBE, HSE06 functionals, respectively, where we allowed
atomic positions to relax. We used Eq. (13) to determine

excitation energies for Table I.

IV. NATURE OF THE GROUND STATE

Upon depicting the electronic structure of the |*E)
ground state, we aim to describe the observed fine struc-
ture of the |2E) « |?A3) optical transition. We ana-
lyze the adjoint Jahn-Teller (Sec. IV A) and spin-orbit
coupling (SOC) (Sec. IV B) effects. Additionally, local
and external strain around the defect may affect the op-
tical lines. Therefore, we will discuss both effects to
approximate the A effective SOC parameter that splits
the |2E) multiplet into two electron-phonon coupled dou-
blets: |E%>, |E%> Finally, we will discuss the possible
excitation schemes from the ground state in Sec. IV D.



TABLE II. Jahn-Teller (JT) coupling parameters for the |*>E)
ground state by means of various DFT functionals: LDA,
PBE, HSEO06.

LDA™ LDAPY PBEP™ HSE06""“: expt.

hwg:  62.5 64.5 63.5 62.5 meV

Eyr: 732 61.2 49.9 30.1 meV

dyr: 10 9.9 6.0 20.7 meV
3eun. ™ 214 25.5 29.2 14.0 13.6° meV
p factor: 0.118° 0.161 0.199 0.304

2 Energy of first vibronic excited state of JT system depicted by
Eq. (14) known as tunneling splitting”"»72.

b Experimentally observed via uniaxial stress measurements?! on
the ZPL where 110 cm™~! fine structure was reported. Baier et.
al reported this splitting as 12(2) and 13(4) meV by fitting
thermal activation energy for an Orbach process'®.

¢ We applied Eq. (14) on data found in Ref. 73 to calculate the
Ham reduction factor as expressed in Eq. (17).

A. Jahn-Teller effect in the |?E) ground state

The ground state of NVY is a Jahn-Teller (JT) sys-
tem where the |?E) degenerate orbital interacts with a
degenerate E vibration mode as the double degenerate
e orbital is occupied by a single electron. We map the
adiabatic potential energy by means of HSE06 functional
to derive the JT Hamiltonian as

ﬁDJT = hwE(ajg(aX + ai,ay + 1)+
F(X6, - Y5,)+G((X? Y5, +2XY5,)

acting between orbital 6, = [*E,)(*E,| — |°E,)(*E,| =
(Y1), 60 =1PE.)PEy|+*Ey)(®E,| = (; !) and vibra-
tional X = (a; +ax)/V2, YV = (a{, + ay)/V/2 degrees
of freedom. We determined the hwp frequency of the
harmonic oscillator by a parabola fit in the adiabatic po-
tential energy surface (APES). We formulated F and G
electron-phonon interaction strengths”>"? from JT dis-
tortion energy as Ejr = {F?/[2(hwg — 2G)]} and the
barrier energy as 0y = [(4E;1G)/(hwg+2G)]. The com-
puted first vibronic level (14.0 meV) is in excellent agree-
ment with the experimentally observed one?! at 13.6 meV
(see Table II). Therefore we expect that our reported p
Ham factor is reliable?*7172 that is used throughout our
study.

(14)

B. Spin-orbit coupling in |>E) ground state

Spin-orbit coupling (SOC) arises due to parallel or an-
tiparallel spin and orbital momenta within |eIF’¢> orbitals.
Therefore the single particle spin-orbit operator can be
depicted as

Hsoc = Moloé, + A (l4s- +1-84)/2, (15)

where we show both parallel (I.]e.) = +|e+)) and per-
pendicular SOC components that flip the orbital charac-
ter as li]a;) = Fv/2Jex)™. We depict the electron spin
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FIG. 3. Jahn-Teller effect for the ground state of NV, (a)
Adiabatic potential energy surface (APES) of NV° defect’s
|E) ground state. We relaxed the atomic positions that of
Jahn-Teller minima (green dots) and barrier saddle points
(blue dots) Cin by means of HSE06 functional. Additionally,
we obtained the Cs, case (red dot) by enforcing symmetry
constraints only on atomic positions and thus electronic cor-
relation effects that of Eq. (9) can appear. Finally, we inter-
polated the geometries and calculated the electronic structure
along the purple line to ensure the continuous shape of the
APES. Additionally, we depict purple route in (b) inset that
shows the raw HSE06 data points while (a) depicts the APES
defined by Eq. (9) thus X and Y are dimensionless therein.
We note that only the green and blue data points that of (a)
follow the axis on the top while the purple data points do not.

by 5, = %(1 ), 8y = %(l
standard spin operators.
One may recognize that the net effect of two e orbitals

are completely canceled out for |EY /§> configurations
2/ 2

), 8. =2(1_1), 81 = 8, +43,

(Eq. (6)) thus it is unaffected by any spin-orbit coupling.

Therefore, only the |E} / 5 ) configurations of Eq. (1) are
2/ 2

subject splitting by Ao as

E(EY)) - E(BY)) = (el |holz3.lel) — (el |hol.5.]el).
(16)
Therefore, the spin-orbit coupling for the correlated

|E% / %> SOC parameter will be partially quenched by the

¢? correlation parameter of Eq. (10) and p Ham reduction

factor?» 7172 simultaneously as
)\theory = p)\z = p02A07 (17)
where ¢? is the probability that the system is in the |2E")



configuration and p is the Ham reduction factor of JT
effect.

Firstly, we determined the Ag SOC parameter by con-
straining a half-half electron into |e}) Kohn-Sham or-

bitals and leave |ei> orbitals empty. This way, we com-
pletely cancel out the symmetry breaking effect both JT
and electronic correlation origins thus the wavefunctions
will be complex valued, that is, |e1), where only spin-
orbit coupling can split the degeneracy. We approxi-
mated the spin-orbit coupling parameters as \g = 290
(318) GHz with HSE06 (PBE) functional depicting neg-
ligible difference on the choice of DFT functional.

We evaluate Eq. (16) by means of HSE06 functional,
thus we used ¢? = 0.71, p = 0.304 and g = 290 GHz that
results in Atheory = 31.4 GHz that is significantly larger
than that of the experimentally derived ones at Acxpt. =
4.48 GHz (Ref. 14) or 9.8 GHz (Ref. 16). The p and ¢?
factors cannot correspond to this degree of discrepancy.
Therefore we conclude that the (ajaj efe®2e} e )
constrained occupation that we forced upon our SOC cal-
culations is not a reliable method. However, the broken
symmetry solution of Eq. (9) cannot be used to this end
as a and e orbitals are mixed in that case which also
brings A l+5+ matrix elements.

Nevertheless, we attempted to determine Ao from
the correlated Eq. (9) wavefunction. Therefore, we
determine \o from the SOC matrix elements |(ual +
Ue;|ﬁsoc|efl>| = vAg &= A9 = 71.1(74.7) GHz between
unoccupied and occupied orbitals by means of HSE06
(PBE) functionals. However, it still overestimates exper-
imental data as the reduced value is pc?\g = 15.4 GHz
with HSE06 functional. We note that the Ay value might
be estimated by the non-correlated e orbital in the 3E ex-
cited state of NV~ which results in A\g = 31.6 GHz with
HSE06 functional (Ref. 24). From this estimation the fi-
nal spin-orbit gap yields pc?\g = 6.8 GHz. In summary,
our results cannot accurately determine the spin-orbit
gap from Kohn-Sham DFT level of theory because of the
highly correlated nature of the |2E) ground state.

Lastly, we mnote that we determine A, as

(a1y|Hsocle—1) = v2AL = V2 x 107.3 GHz matrix
1 .1 ,05,05,0 ,0

element' as Calculate'zd from the (al.Ta1¢6+Te—Te+Le—¢)

constrained occupation. We use this A value for the

ISC transition [2A3) — |*E) (see Section V for details).

C. Quadrupolar and hyperfine parameters

We determine the hyperfine and quadrupolar parame-
ters to a central **N nucleus as we described in Ref. 75.
We used an increased (600 eV) plane wave basis for elec-
tron wavefunctions during the determination of spin pa-
rameters with HSEO6 functional. The spin Hamiltonian
that depicts the motion of N nuclear spin (I = 1) goes

TABLE III. Theoretical hyperfine and quadrupolar parame-
ters for "N within |?E) ground state.

A= -28 MHz A, =  -32 MHz
A = 0.1 MHz Ao = —-0.1 MHz
Q= —48 MHz,

Q1= 9.6 kHz Q2 = -9.7 kHz

as

Al |:( zéz
Ay [(fy Sy — 1,8,)6. + (IS, + 1,5:)6,| +
> }
Q(I2 = S1+ 1)+
Ql |:(jw Az + fzjw)a-z + (jy Az + jyfa:)&w} +
Qs (1, = L 1)o. + (L1, + 1, 1)6.
(18)

where S and {6, = |?E,)(*E,| — |?E,)(?E,| = (171),
60 = |PEx)(PEy| + PE.)(PE,| = (1 ')} depict the elec-
tron spin and orbital degrees of freedom, respectively.
We show the hyperfine and quadrupolar parameters in
Table TIT. We used the (ajaj ededled el ) single elec-
tron occupation to determine the hyperfine parameters
to avoid broken symmetry spin densities. However, the
electric field gradient related to the nuclear quadrupole
interaction does not depend on the broken symmetry
spin density but rather on the local potential that is a
scalar quantity. Therefore, in contrast to the calcula-
tion of hyperfine tensors, we use the broken symmetry
occupation of Eq. (9) to determine the quadrupolar ten-
sor of MN. By doing so the quadrupolar parameters be-
come reduced upon removing the symmetry constraints
from —5.2 MHz, 10.1 kHz, —11.0 kHz to —4.8 MHz,
9.6 kHz, —9.7 kHz for @, @1, QX2 matrix elements, re-
spectively. However, the hyperfine parameters undergo
an artificial change upon symmetry constraint removal:
—2.8 MHz, —3.2 MHz, 0.1 MHz, —0.1 MHz parameters
become 9.9 MHz, —6.3 MHz, 1.0 MHz, —0.8 MHz for
Ay, AL, Ay, As, respectively, due to spin contamination
error. Therefore, we use the symmetrical spin density
results for hyperfine parameters in Table III for the sake
of simplicity.

The dynamic JT also affects the hyperfine interaction
of 3C nuclear spins that might be present around the
defect with 1.1% natural abundance in diamond. Three
carbon atoms with dangling bonds near the vacancy ex-
hibit the largest hyperfine couplings (see Fig. 4). The
spin Hamiltonian for such states can be constructed”® as
follows,
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FIG. 4. Atomic positions of the NV® defect from two dif-

ferent orientations. We show two different viewing directions:
(a) depicts the system viewed along the [111] trigonal sym-
metry axis while (b) depicts a viewing angle perpendicular
to it. We depict the [111] oriented coordinate system in (i)
used within Egs. (18) and (20) for hyperfine and quadrupolar
parameters larger than >1 MHz. Additionally, we show the
Cartesian coordinate system of diamond in (ii). We depict
the |ez) orbital by the blue/red colors for negative/positive
parts of the wavefunction.

where A is the symmetric part and A, A, are the non-
T
and ? =

(fz fy fz) depict the electron and nuclear spin vectors,

respectively. Similarly to that of the central 4N nuclear
spin, we determined the hyperfine matrices by means
of HSE06 hybrid functional on the (amahe%5 BTS gieyi)
electronic configuration for which we report the following
three

- n A
symmetric parts, and S = (Sz Sy Sz)

A = A, = A, =
194 0 27\ (51 2 12\ (44 4 -11
0 11 1), [2121) |4 10 1
27 1 120/ \12 1 16/ \-11 1 -—14

(20)
hyperfine matrices. We note that the carbon atoms with
C—N bonds and all other 2nd, 3rd etc. neighbors ex-
hibit negligible <1 MHz hyperfine constants except for
the three equivalent carbon atoms that are connected
to the carbon atoms with dangling bonds that we show
in Fig. 4(b) with gray lobes. These three *C nuclear
spins exhibit substantlal isotropic hyperfine mteractlon
(W = AISOS effective Hamiltonian), e.g., only A is
nonzero that of Eq. (20) and its diagonal is filled with
the same Aj, = —10 MHz parameter and all other pa-
rameters of Eq. (19) are less than 1 MHz.

D. Optical spectra between the doublet states

As mentioned in the Methods section (Sec. IT), we de-
termine the optical sidebands of PL. and ABS spectra
by means of the Huang-Rhys method?3*3. First, we cal-
culated the Huang-Rhys sideband by the geometry dif-
ferences between the Alate’ el> configuration and the
|2E) correlated ground state as depicted in Eq. (9) with
all symmetry constraints lifted. However, the predicted
S = 1.16 Huang-Rhys factor significantly underestimates
the intensity of the PL sideband as plotted in Fig. 2(b).

Therefore, we utilize the correction scheme by means

of Eq. (11) as follows. The derivatives against all X
(i = 3N — 3) configuration coordinates
(|2A >) 38Etot(./4|a1€ +>) _ laEtot(|4A2>)
ALl Ty 0X; 2 90X,

(21)
gives an approximation for forces acting on nuclei for
|2As) state. In the case of linear electron-phonon cou-
pling the forces are proportional to the relaxed atomic
displacements [see Eq. (7) in Ref. 23]. Therefore, the
optimized geometry of |2A45) can be estimated as

Xi(43)) = SXi(JAlatel el)) - 2%:(1*42),  (22)
where X; (F) are relaxed atomic positions within elec-
tronic state I'. We find that the correction scheme im-
proves not only the ZPL energy (see Table I ) it also
predicts a PL sideband with S = 1.91 HR factor as de-
picted in Fig. 2(b).

The absorption spectrum is much broader than the PL
spectrum for NVO defect. We attribute this phenomenon
to the presence of |2E*) second excited state close to
the |2A,) first excited state. Furthermore, the ioniza-
tion bands emerge at about 2.7 eV (e.g., Ref. 48) which
overlaps with the phonon sideband of the |?As;) related
absorption. In the next Section, we analyze the optical
transition dipole moments towards the doublet excited
states from the ground state.

E. Optical transition dipole moments

We determine the optical transition dipole moments
between occupied-unoccupied Kohn-Sham state pairs as
implemented in the VASP package””. For symmetry rea-
sons, we placed half-half electrons on |em y> orbitals of
Fig. 1(a) thus populating the (alTaliezT vt m@gﬂ con-
figuration to avoid broken symmetry solutions shown
in Eq. (9). We calculate the transition dipole mo-
ments within the spin majority channel |(ay,|d|es. ;)| =
4.22 Debye and |(e]|dle])| = d,/v2Z = 1.81 Debye.
Next, we determine the transition dipole moments acting
between multiplets of Egs. (5), (7) and (10) as follows,
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where we show the dipoles for ¢ = 0.84 and d = 0.54 tak-
ing the correlation effects into account whereas the raw
data without correlation (¢ = 1.0 and d = 0.0) are given
in parentheses. Additionally, we give a rough estimate
for d)| by determining the transition strength towards the
[111] direction for the broken symmetry solution as given
in Eq. (9). Therefore, we evaluate the dipole integral
from the occupied |uaI + vel) towards the unoccupied
third spin-1 orbital as d; = 1.07 Debye.

The radiative lifetime of dipole transitions (d) can be
evaluated™ as 7 = %ﬁglz = 147> where n = 2.42 is
the refractive index of diamond, fiw = 2.156 €V is the
excitation energy and g¢ is the permittivity of vacuum.

Finally, o = 501.15 %3’82 is the conversion factor from
Debye to nanosecond units. This allows us to evaluate
the radiative lifetimes as

r(*4e) = 5

—— = 06.6 (4.7
2 x czgdi (4.7) ns

(24a)

«

(2 —d?)dy — cdd’)? + dj

T(*E*) = =164 (14.1) ns

(24b)
where the data in parentheses are calculated by neglect-
ing electronic correlation effects. We note that there is
an extra 3 factor for 7(2A43) because |2E) is double de-
generate unlike |2A5).

The calculated 6.6 ns radiative lifetime overestimates
the optical transition’s strength as the experimentally
observed excited state lifetime varies around 13-20 ns
(Refs. 28-31). This result is surprising as our ab ini-
tio method correctly predicts radiative lifetime of NV~
excited state lifetime [13.7 ns in comparison to the ex-
perimentally observed 12.0 ns (Ref. 79)] by determining
ANV = |(ary|d|es )| = 4.98 Debye. We tentatively
explain the discrepancy with the complex nature of the
electronic excited states. We conclude from our ab ini-
tio calculations that the bright excited state of NVY does
not have a pure | A,) character because electron phonon-
coupling can mix |2 A,) and |2 E*) excited states with each
other as the two energy levels are very close to each other.
In such a case if the coupling between them is strong
it could also explain why the second ZPL for [2E*) is
missing in ABS as the two electronic excited states are
merged into common vibronic bands. The calculation of
the electron-phonon coupling, i.e., the pseudo Jahn-Teller
effect between |2 A5) and |2E*) is beyond the scope of this
study as it is extremely difficult to achieve a reliable adi-

cy/5dy = 4.36 (5.17) Debye,
da = 1.07 Debye,

23
0.62 (4.36) Debye, (23)

2.52 (2.99) Debye,

(2 —d*)dy —cdd| =

o
|

IS
'_
I

(

abatic potential energy surfaces and energy spacing for
the two excited state doublets at high accuracy.

In summary, we suggest polarization dependent mea-
surements both for the sideband both in ABS and PL
to resolve this issue. The optical polarization already
been resolved for the ZPL absorption®? that points to a
|2E) <+ |?A) transition whereas later measurements con-
firmed3* that the excited state is a |242) multiplet. In
particular, an |2 A5) multiplet active through "2” and ”y”
directional d dipoles only whereas |>E*) add1t1onally
active through the d;; dipole pointing towards ”2”. How-
ever, we propose that the optical sidebands contain not,
only the [2A5) character thus "z” dipole activity should
be present towards the |2E*) multlplet at higher ener-
gies in the absorption spectrum. The variation of the
observed optical lifetimes of NV© with various excitation
techniques in bulk diamond might be also explained by
the intertwined |?>A,) and |2E*) character of the excited
state.

V. LIFETIME OF |*A,) METASTABLE STATE

The |*A,) is an orbitally non-degenerate state, thus the
spin-orbit interaction is zero within [*A45) but it could
occur between the doublets and |*A3) as a second or-
der interaction. The only doublet state close in energy
is the ground state |2E) whereas the other states can
be ignored because of large energy spacing. We intro-
duce the SOC matrix elements between orbitals that
are responsible for ISC. First, we determine the possible
SOC matrix elements that connect [*A3) to the ground
state. One may notice that only the (aae) configuration
of [2E) is connected by SOC, i.e., (*As|Hsoc|2E') # 0
because the <4A2|ﬁsoc|2E”> =0 for (aee) configuration
as two-particle excitation would be required to transform
(aesex) configuration into (aesex), c.f. Egs. (1) and (6)
for details. Therefore the SOC matrix elements are

|<4A 2\Hsocl Eys)l = lelaylhsoclel)| = v2eAL,
(445 3 [Hsoc2Es )| = ez (atlhsoclel )| = y/2eAL,
2 V3
(2 A2|HSOC\ Ey)l = ledg(atlhsoclel)| = JzeAd,
|(2A1|HsocPEL1)| = leds(atlhsoclel)] =eAL.
NG
(25)

The first two equations in Eq. (25) are important to con-
sider in the context. To summarize, in terms of electronic
structure, the relaxation into |E3) is thrice faster than

that into [E'1). Next, we use the HR theory as described
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FIG. 5. Intersystem crossing (ISC) from the metastable * A state of NV° defect. (a) Mechanism of the ISC process. (b) and

(c) ISC process within linear and log scale, respectively. We depict the theoretically viable region by green stripes in (c). We
take an upper bound for the ISC rate (1pg) from EPR measurements (Ref. 38, see Sec. V for details).
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FIG. 6. Summary of ISC rates and level structure of NV°.
We take the experimentally observed D zero-field splitting
value from Ref. 38. Additionally, we expect that |*As) spin
relaxation time is close to that of |3A2) of NV~ because both
multiplets are similar orbital singlets.

in Refs. 24, 79, 81-83 to determine the ISC rates that
can be expressed as
43
Ty = I(4A2 . Ei%) = 47he)2 F(A) .
r, = 1(4,43[? = Ei%) = 47he?)2 F(A)

where F' is the Huang-Rhys spectral function between
|*A45) and |?E) levels and A is the energy difference be-
tween the two levels. We obtained F' function by relaxing
the atomic positions within |*A4,) and |2E) configura-
tions. We note that initially we applied Cs, symmetry
constraint on the geometry of the DFT calculation that
results in HR factor S4,=0.90 from totally symmetric
(A1) modes. When we removed all symmetry constraints
and relaxed to the JT minimum in Fig. 3 the HR fac-
tor increased to S=954,+S5g=1.53 that includes the ad-
ditional effect of E phonons that we depict the resulting
Fygr(hw) in Fig. 5 graphically.

Additionally, we determine the spectral function for

ISC by means of JT theory: F(hw) =" cg’(i)FA1 (hw —
;) where Fyu,(hw) is the HR spectral function exhibit-
ing S4,=0.90 HR factor and e;/¥; is the eigenspec-
trum/wavefuncion of JT Hamiltonian of Eq. (14). At
zero temperature there would be no F-phonons present
within the metastable quartet thus its electronic plus F,-
E,-phonon wavefunction would be a (*A42|®(0, 0] vacuum
state for vibrations. Any |¥;) can be expressed as |¥;) =

n+m>1 i
Coo|2Em > ® |070> + Zn7m7m nmm |2E > ® |n7m>
within the Born—Oppenheimer basis, Where |, m)

(af)" (al)™ .
%m 0). Therefore, it can be concluded that the

ISC process cannot target |¥;) JT levels transforming
as A; or A representations because their cézo) expansion
coefficient is zero due to group theory constraints and
|n, m)s are thermally not activated. ISC towards to the

lowermost four |*Ep,,) relaxes with the ¢y, ,) = 0.516

coefficient and m; is conserved fully from the initial
|*A2). However, if the system relaxes to the first vi-
bronic E-level (|¥1_4)) at e7_10 = 47 meV firstly by
0(2)0(7_10) = 0.280 coefficient a very fast relaxation will

occur back to [*Ep,;) or towards the [U5_g) JT tunnel-
ing state at e5_¢ = 3['tun. = 14 meV. We note that here
m; = j:% “ :F% transfers are allowed and we expect that
orbital relaxation® would be the dominating process in
~fs region®®. Nevertheless, the system would relax to
|2Ei%> from |2E¢%> within ~us due to the same orbital
relaxation.

Surprisingly, the correction from JT theory is negligi-
ble. We calculated the ISC process fully by means of HR
theory only: F(hw) ~ Fur(hw) = [ Fa, (¢)Fp(hw — ¢)de
we obtained almost the same transmon rate as that of
JT theory [see Fig. 5(c)]. We used two estimates for
A1 . Firstly, we used our A\; = 107.3 GHz ab initio re-
sult as we discussed in Sec. IV B. However, our previous
study about ISC processes for NV~ indicated that the
off-diagonal SOC matrix elements may overestimate?452
the strength of the transition. Therefore, we used the
previous result only as an upper bound and we used

AL = 1.2 x AV where ANV is the SOC parameter



of NV~ in its |E) excited state as suggested by previous
studies?»7:81:82 " Finally, we use the HSE06 ¢ = 0.71
correlation parameter as discussed in Sec. IIT B. We note
that HSE06 DFT usually predicts the position non-
correlated states within +0.1 eV precision. Therefore,
we estimate the position of [*A5) level as 0.4840.1 eV
(see Table I). However, we note that configurational in-
teraction wavefunction methods predict |*A4s) at 0.68 eV
so we use 0.7 eV as an upper bound for A. Therefore, all
the necessary parameters are known to evaluate Eq. (26).
By taking all the broad energy intervals into account, our

theory predicts the lifetime of |4A2i%> within 40 us—13 ns
within the A = 0.7 ¢V ...0.4 eV interval (see Table I).
An another aspect of [*As) is that it is EPR active.
As we mentioned in the introduction it can be occu-
pied with ionizing NV~. However, the ISC rate cannot
be too fast otherwise the optically induced EPR could
not be observed. Indeed, we fitted Lorentzian peaks on
the first top-left experimentally measured EPR spectra
from Fig. 1(a) in Ref. 38 recorded at T = 10 K. We es-
timated the linewidth of the Lorentzian broadening as
0.068(3) mT that corresponds to 1.8(1) MHz in EPR
frequency. Therefore, we can interpret the linewidth as
natural line broadening to estimate the spin lifetime of
|*As) as TePR R 3reTewmn = 89(3) ns. However, the
broadening may arise from other sources such as hyper-
fine interaction broadening due to distant '3C isotopes
for example. Thus, we use this value only as a minimum
estimation for F; [see the green area in Figs. 5(b) and

(c)]. Our final conclusion is that the lifetime of [*A5) is in
the us regime at cryogenic temperatures. We summarize
the level structure of NV° and the possible transitions in
Fig. 6. It is worthy to consider the route on which the
system may end up in |*A4,). However, it can be seen
that the [1A5) is separated from |>As) by 1.6 eV, thus
ISC transition is negligible between the states. There-
fore, in the next Section we will present how photoion-
ization of NV~ can populate the metastable spin quartet
state, [*4s).

VI. PHOTOIONIZATION OF NV DEFECT

The NV defect is often observed under illumination.
The most typical photoexcitation of NV defect occurs
with green laser (e.g., at 532 nm in wavelength or 2.33 eV
in energy) which can lead to charge switching between
the negatively charged and neutral NV defects.

Understanding of photoionization of NV defect is diffi-
cult because of the possible non-linear optical effects such
as successive two-photon absorption processes via real ex-
cited states and the presence of long-living |'E) in NV~
and |*A43) in NVO. Tt is very challenging to calculate the
photoionization threshold energies and rates at ab initio
level for two reasons: (i) the singlet states in NV~ can-
not be accurately calculated by DFT and (ii) simple ion-
ization and Auger-ionization might compete where the

11

latter is a two-body interaction, an inherently complex
task for ab initio methods. Issue (i) can be principally
solved by embedding wavefunction techniques that was
applied to the ionization of |' E) of NV~=8¢. We note that
the photoionization cross-section in that study was calcu-
lated within the I'-point in a 512-atom supercell which is
not fully convergent because the continuous band region
at elevated energies above the ionization threshold en-
ergy requires much higher k-point sampling®” and band
unfolding methods*?. Nevertheless, the calculated pho-
toionization threshold energy at 2.2 eV implies that di-
rect ionization, NV~ +hv— NV+eqg,, occurs under
green illumination. Issue (ii) was dealt with represent-
ing the appropriate exciton wavefunctions by combina-
tion of the respective Kohn-Sham wavefunctions in the
Coulomb-integrals associated with the Auger-ionization
rates®®. The method was applied to the [>E) of NV~
ionization to the ground state of NV? and resulted in
about 1 ns inverse rate®®. This result was later criti-
cized with the argument that the electron density in the
applied 512-atom supercell was very high so the Auger-
ionization rate was orders of magnitude overestimated
which should depend on the carriers density*?. On the
other hand, no other ab initio data has been yet pub-
lished about the Auger-ionization rates of NV defect to
justify this argument.

In this study we proved that even the ground state
of NV? is highly correlated that was not considered
in the previous studies in the context of photoioniza-
tion cross-section. Because of the high complexity of
the multiplet states of NVY and numerical challenges of
calculating direct and Auger-ionization rates, we rather
show the estimated photoionization threshold energies for
the NV~ 4+hv—NVO4eqpy and NVO+hv—NV ™ +hypy,
processes (see Fig. 7).  Furthermore, we use the
Slater-Condon principles to identify the feasible ion-
ization processes as alluded in Refs. 42 and 89 for
NV_—i—hV—)NVO—l—eEBM and NV0+hV—>NV_+h\_,BM, re-
spectively. Briefly, Slater-Condon selection rule implies
that direct ionization and Auger-ionization only occurs
for changing maximum one and two single particle wave-
functions between the initial and final multiplet states,
respectively.

We start with the simplest photoionization scheme,
i.e., the single photon absorption from initial ground
state to final ground state. This yields [3A3) +2.6eV —
|’E) and |?E) + 2.8eV — |>4,) where the first pro-
cess was observed at room temperature?® for which the
T = 0 K DFT calculation predicted 2.7 eV*®37. These
energies fall the blue wavelength region. We note that the
ground state |2E) is a correlated multiplet (see Eq. (10))
of 71% |*E’) character, so the direct ionization process is
partially quenched as Slater-Condon selection rule pro-
hibits the direct ionization towards |>E”) with 28% con-
tribution to the |*E) ground state of NV° that we depict
by dashed arrows in Fig. 7. On the hand, the shelv-
ing state of NV~, |'E), can be ionized by green light
as ['E) + 2.2eV — |?E) where no quenching occurs
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FIG. 7. Summary of photoionization processes of NV°. We
round the related transition rates, thus we depict the lifetimes
as rough ps, ns, and us estimates.

due to the correlated nature of |2E). We find that the
shelving state of NV?, |24,), behaves very similarly as
|*A2) + 2.3eV — [3A3) which is fully allowed by direct
ionization process. Finally, we note that ionization from
| A1) is unlikely due to its very short lifetime of 100 ps”®.

As was also pointed out in Ref. 42, intersystem crossing
is strongly hindered between |?>A5) and |*A3) because of
selection rules and a large energy spacing between these
levels so occupation of the shelving |[*A5) could occur
via photoionization from NV~. Direct ionization from
|3As) yields an ultraviolet threshold energy for this pro-
cess but then it would immediately convert it back to
NV~. However, it was found in an EPR measurement>®
that green illumination for NV ensemble diamond sam-
ples can effectively pump the system into |*Ap). This

12

may be explained two-photon absorption from [345) to
|*Ag) via [E). In this process, the first photon is ab-
sorbed to go from [3A3) to [E) (usual neutral excita-
tion) and the second photon is quickly absorbed before
it decays within NV ™. In Ref. 42 they argued that Slater-
Condon rules dictate that direct ionization occurs only
towards |*As) with a threshold energy at 1.2 eV which
explains the enhancement of ionization at this energy
in a two-color excitation experiment??. Furthermore,
it could also explain a spinpolarization of the |[*A3) to-
wards mg = j:% over my = :I:%42. Indeed, this phe-
nomenon can be observed in Fig. 1(b) of Ref. 38 where
the —32 <» —1 transition (Ist spectrum) exhibits induced
emission (positive Lorentzian) whereas the +3 « +32
transition (4th spectrum) can be identified as absorption
(negative Lorentzian). Our analysis shows that the life-
time of |*A3) can be indeed s long in dark once the state
has been occupied. However, green illumination can pho-
toionize it back to the ground state of NV~ according to
our results. Thus, this is a rather complex process where
the average lifetime of |*A4,) depends on many factors,
e.g., the laser power and the presence of other defects
that may induce additional carriers (electrons and holes)
upon illumination.

We analyze further the two-photon ionization pro-
cesses. Our calculations on NV revealed that direct ion-
ization channel exists between |>E) and |?E) because of
the 28% |?E") character in the latter. Thus, an addi-
tional direct ionization process occurs from 0.7 eV from
|2 E) beside the already considered [*E)+1.2eV — [*A4,)
process in Ref. 42. The Auger-ionization process from
|3E) is fully active towards |2E). Thus, the sum of direct
ionization and Auger-ionization rates will give the total
ionization rate. Next we consider the two-photon ioniza-
tion processes via [2A3). The [2A43)+0.6eV — [3Ay) pro-
cess is very similar to the reverse ionization process where
this process is partially quenched by the electron-phonon
related mixture of |2 E*) into |2 As) similarly to that of the
quenched radiative lifetime of [2A5) (see Sec. IVE). Ad-
ditionally, the [2A3) + 1.0eV — |1E) process is also for-
bidden at linear order at Slater-Condon level. However,
it becomes partially allowed due the electron-phonon re-
lated mixture of |2E*) or the correlated nature of |'E)
(see Ref. 82). We note again that Auger-ionization pro-
cess is fully allowed between these two states. Auger-
ionization also can connect the |?As) and |*A4;) multi-
plets and direct ionization is only allowed in second order
since it requires |2E") character to be mixed in that is
only possible though simultaneous electron-phonon inter-
action and electronic correlation effects within |*A4z). We
argued in a previous study® that the Auger-ionization
rate can be substantial because of the presence of a deep
resonant defect state of NV? in the valence band, thus
we argue that |?A4s) +2.2eV — |1 4;) indeed occurs®.
Finally, ionization may occur from |?A43) towards [*E)
upon blue illumination starting at 2.6 eV, thus this route
is blocked at the typical green illumination of NV defect.



VII. SUMMARY

The electronic structure of NVY was determined by
DFT HSEO06 calculations where the correlation of orbitals
are taken into account with the guide of group theory, in
order to induce correction in the total energy and the ge-
ometry in the excited states. We find that the electron-
phonon coupling is very strong that affects both the fine
structure of the ground state as well as the radiative life-
time of the excited state. In particular, we find that the
2F and %A, excited states are intertwined by symmetry
breaking phonons and the optical properties can be only
explained by invoking strong electron-phonon coupling
between the doublet excited states. We also analyzed
the lifetime of the *A, metastable state and provided a
detailed analysis on the intersystem crossing between the
metastable quartet state and the doublet ground state.
Finally, the calculated electronic structure of NV? yields
new insights about the photoionization processes of NV
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defect.
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