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In this paper, we have studied the vibronic transitions between two symmetric double-well potentials by
proposing a model Hamiltonian consisting of a harmonic oscillator and a parturition described by a Gaussian
function that leads to a double minima potential with a barrier between the two energy minima. Making use
of the contour integral form of Hermite polynomials, we present a new formula that can calculate-Franck
Condon factors of the system rigorously. The simulated vibronic spectra of ammonia and the negatively
charged nitrogen-vacancy center in diamond are presented as an application of the formula.

I. Introduction which shows pronounced vibrational progressions involving the

) ; : 3
The vibrational modes of molecules, in general, are defined mversmzr_\lgnode ) in both absorptiof ™ and fluorescence
spectrd* 16 where up to 10 and to #, quanta, respectively,

at the potential energy surface minimum and well-described by have been observed. Our simple one-dimensional formula can

harmonic oscillators near the equilibrium. Some modes, how- d the ab i ¢ tisfactorilv. Th d
ever, may have double or multiple potential minima, such as reproduce the absorption spectrum sauistactorily. 1he secon

inversion, ring-puckering, large-amplitude bending, and torsional Ids the r;e%atlvtil)a charget} glrt]rogent-vaca_?r(l:)é:defect ceinter n
vibrations? A single harmonic oscillator is unable to describe diamond, denoted as ()~ The center, with &, symmetry,

these types of motion, and a number of approaches have beerils. created b_y electron bombardment of diamond contgining
proposed to construct double- or multiple-well potential surfaces. d:spe:sgc: mtrogetn Zg’glst forlll%\_/}[/ed bﬁ’ thermal f;‘]””ea"lf_‘g at
Prominent approaches include the quadratic potential perturbede evated temperatures. exnibits a sharp zero-phonon fine

by a Gaussian function barrié? the quartie-quadratic poten- EZPL) af( 637 nm (1'945(1 e\'/t)h atb"quéd 'tr)ntrogen.doL IO\(/jve_lr_h
tial,* the hyperbolic secant functioAsnd the linear combination ZeILTI]_pt?ra ure, alccomga_me W;} ath rota Vi rotmc S%SZ@Sn - 1he
of cosine functions,etc. Each of them has its own advantage ecomes [ess obvious when the temperature ur

for instance, the cosine potential is suitable for the multiple model could readily depict the nitrogen tunneling motion in this

minima case, the hyperbolic secant potential permits an exactcemer%s’zg'29 fitting well both absorption and fluorescence
solution to the Schinger equatiof, and the quadratie spectra.
Gaussian potential and the quartiguadratic potential fit most
accurately the vibrational levels of symmetric double minihé.
In this work, we selected the quadratic function with a 1. Energy Levels and Wavefunctions of the Symmetric
Gaussian function barrier as the template for the symmetric Double-Well Potential. We first took the harmonic oscillator
double-well potential. Taking harmonic oscillator wavefunctions potential as the unperturbed system and the corresponding
as the basis set, a new numerical method is presented to evaluateavefunctions as the basis set. A Gaussian-type barrier was then
the coupled matrix elements of the Gaussian function using the introduced,
contour integral representation of Hermite polynomials. The
S_chra_ilnger equation was solved varlat_|onally to dete_rmlne the V(Q) = }wonz +A exp(—an) (1)
vibrational levels, and the corresponding wavefunctions were 2
obtained as a linear combination of the harmonic oscillator . . .
wavefunctions. This was followed by the calculation of Franck ~ Wherewo (=hwo) is the unperturbed harmonic oscillator angular
Condon factors between two double-well potentials to investi- réquency and is the mass-weighted coordinate. The top of
gate vibronic transitions, in which overlap integrals of wave- the barrier locates & = 0 with V(0) = A; the equilibrium
functions between these two different-shaped potentials andPOSitions+Qm (bottoms of the potential double-well) satisfy
matrix elements of vibrational coordinates were computed. We 1 [2aA
finally simulated absorption and emission vibronic spectra to sz == |n(_2) =P 2)
compare with experimental data. a \w, a
Two systems have been chosen to demonstrate the feasibility
of this approach. The first is the-AX transition of ammonia,  Wwith the potential

Il. Theories
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by Coon et aP. for convenience. Further defining the barrier
heightB = V(0) — V(Qnm) leads to

VO)=A=—B5¢ (4a)
e€—p—1
and
B(p + 1)
V(Q,)=——"— 4b
Q=" =] (4b)
For this system, the Schaimger equation is written as
> _ 0 a7 _ h2 82 1 22
HY = (H,+ H)W = 28Q2+2w0Q+
AexpaQ®)|W¥ =EW (5)

whereH’ refers to the Gaussian barrier as a perturbation. We
took the trial function® as a normalized linear combination of
the unperturbed harmonic oscillator wavefunctions,

00

@ = ann

n=

(6)

and solved eq 5 variationally. The secular equation was deducedﬁl’

as

H O W

mnM =0 ()

mn

or

‘H'mn+ 5m{n+%—w)‘ =0 (®)

whereW is the variational energyn andn are the numbering

of the unperturbed harmonic oscillator wavefunctions, and the
Gaussian-coupled matrix elements are defined as

Hin = @l Hlp
H o= Bl 0= [ v AexpaQd)y, dQ  (9)
Instead of using the recursion formufasye performed the
integration of eq 9 by using the contour integral representation

of Hermite polynomials (see section A of the Supporting
Information for details). The results are

mn\v2 [ B 2
o \mn-2)2
=
(m - I) (n - I)
—|—
2 2

HI

mn

2p
o+p

a+p

1
Prn—1—1)—

r (10a)

for evenm + n, and
(10b)

for odd m + n. Here PrK) is the parity-checking function,
defined as
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0, xeven

1. x 0dd (11)

Prx) = {

which ensures that bottm — | andn — | are even in eq 10a.

The equations can be readily solved numerically. In principle,
infinite terms in the linear combinations of harmonic oscillator
wavefunctions should be considered, but in practice, 32 terms
will be sufficient to give vibrational energies of interest with
five digit precision. These energied/§ in eq 8) and coefficients
of the linear combinationsc(s in eq 6) were subsequently
obtained for any given pair ofo( B) parameters.

2. Franck—Condon Factors of Distorted Harmonic Oscil-
lators. To evaluate the intensity of the vibronic transition
involving a single vibrational mode between two symmetric
double-well potentials, we started with the nuclear wavefunc-
tions represented by the linear combination of harmonic
oscillator wavefunctions as

00

nzocw,nwn

00

®bu’ = Zocbu’,mw’m
m=

where a refers to the electronic state a with vibrational quantum
and b/ to the electronic state b with vibrational quantam
otice that the two double-well potentials are represented here
by two sets of harmonic oscillator wavefunctions with two
different frequencies but of the same origin, i.e., distorted
harmonic oscillators (without displacement). The intensity of

the transition between these two states is then proportional
t030-33

S

av

(12)

By ol = Wy, |7 Wo, I = @8y, [4] 2,0, ~
|©p,17ipel O, (13)

where the Bora-Oppenheimer adiabatic approximation is
applied to separate the wavefunction into the nuclear @art
and the electronic paf. The electronic transition momenga

is defined agipa = [Dplzt|PJand can be expanded as

ﬁba(Q) =
_ g 1
O e LR

When the first term in eq 14 dominates, as the usual case of
symmetry-allowed transitions, eq 13 could be approximated as

0y
— 1 QQ + ... (14)
0Q,9Q/o :

iyl & lHind0)/*|®,, 10, 0F

The term|[®y, |0, [P is the Franck-Condon factor for sym-
metry-allowed transition, and in our derivation it becomes

0

2 __
Dzocbz/,mw’m Z)C&’,nwnl:‘] -
= n=
0 (o] 0 (o]

2 __
ZOEOCbu’,mcay,nm)'Mwnq] - Zozocbv’,mcau,nsmn
=0N= M=on=

where
Smn = Ejﬁ'm| V}nD

(15)

By, 10, 0F =

? (16)

17)
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is the overlap integral of distorted harmonic oscillator wave-
functions. The direct integration &,, resembles that dfl'
and yields (see section B of the Supporting Information for
details)

(m'n| 2 ﬂﬁ
T\ BB

ZjPr(m —1=1)

B — pr\(m+n-2i)2
—1)m-2 , '(ﬁ—)
Prn—1—-1) =) (4 pb i (18a)
LB )
2 I\ 2/
for evenm + n, and
Spn=0 (18b)

for odd m + n. The relationship between the vibrational

frequencies of the two harmonic oscillators can be denoted by

= fw or f'= B, wheref is a proportional factor. Equation
18a then becomes

min! 2«/— o

" om+n 1+f

ZPr(m —1—1)
_ f)(m+n2l)/2

ol o)

)

In the case thafip{0) is zero (symmetry-forbidden) or small

Prh—1—1)

(19)

compared with the higher-order terms in eq 14, eq 15 can be

rewritten, assuming that only a single vibrational mode is

involved, as
[@mwba(on@ o+ [0, (229) oo, [k
1 T, 2
b, (BQ; )O o]l ...]
= |Lip{0)|*| By, 10, 0F +

i *
(GQ) By, QIO T +

- 2 _
by al” =

8/“‘ba
Mba(o)( e ) [©,,10,10,,Q%0,H ... (20)

Defining the coupling of wavefunctions through and Q? as

12’1 = IZBbv'|Q|®au|:|

=[0,,/Q°0,,0 (21)

we derived that (see section C of the Supporting Information
for details)
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ST%)
(m+n—2|—1)/2

1 (mlnI 2\/_ *1 4«/—
~/E(1+f)\ n1+f Z)I'l+f 1+f

2] Prim—1—2)-Pr(h — 1)

X

(_1)(m—l)/2

)

(- 1)(m_'_1)/2\/E

Pr(m—1)-Prin—1—1) (22)

BRIE

2 \ 2/
and
2)

= ﬁ(1+f)
1 (mlnl 2\/_ © 1 4\/' (m+n—2|—2)/2
X

ZI' 1+f\1+ f
(_1)(m—l)/2

+
(m— I)l(n -1 - 2)I
2 J\ 2 |
(_ 1)(m7I72)/2.f

+
(m— | — Z)I(n - I)|
2 J\ 2/
(- l)(m—|—1)/2. \/E
8-Pr(m—1)-Pr(n — 1) (23)

S (e

3. Absorption and Photoluminescence Spectraln the
Born—Oppenheimer adiabatic approximation, the absorption
coefficiento(w) for the vibronic transition from electronic state
a to b with vibrational quanta and v, respectively, can be
expressed &%33

L+ 1) \2‘"*" 1+f

4-Pr(m—1—1)Prn—1 — 1)

2

T Q)
=2 D Pal By fin O I D(@p 0~ @) (24)

o(w) =

whereP,, denotes the Boltzmann factor of the initial staig,

is the electronic dipole moment, afi{Aw) is the Lorentzian
function. Similarly, the photoluminescence spectra can be
described by

3

|(CU) z Pbu ||ZBaI/'|lL£ba|®bU [I]ZD(a)bz/ v ('U)

BhC'A, 7

(25)
whereA,—, denotes the radiative rate constant of the transition
from state b to a. In the Lorentzian function,

(U) — 1 ‘va',av

g 2 _
‘)/by’,ay + (wbv',az/

D(@py,00 ~ (26)

cu)2
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TABLE 1: Fitting Parameters of the Symmetric Double-Well Pot

Lin et al.

ential of the Inversion Mode ;) of Ammonia

NH3z

ND3

ground state, X

excited state, A

ground state, X excited state, A

parameters (double-well) (nearly harmonic) (double-well) (nearly harmonic)
a 0.60 0.60 0.60 0.60

B (hvg)® 2.086 0.046 2.679 0.003

B (cm 1P 2032 42.8 1984 2.04

vo (cm1)° 974.2 931.1 740.5 678.3

G(0%) (cmrY)e 513.2 345.9 394.0 3335

A (hvo)e 17.11 0.377 21.98 0.024

A (cmh)e 16670 351.3 16274 16.7

a (2avolh)e 0.0532 241 0.0415 37.0

a Symmetric double-well potential-shape parameter defined in é@arrier-height parameter used in eq°dJnperturbed harmonic oscillator

frequency  Energy difference between the first vibrational level and the
defined in eq 1.

TABLE 2: Experimental and Calculated Vibrational Levels
(in cm~1) of the v, Mode in the Ground and the First
Electronically Excited States of NH;

X state ‘Astate
v expt calc v exp calc

0" 0.00 0.00 0 46222 46222
0 0.79 0.83 1 47057 47023
1t 932.4 932.4 2 47964 47964
1 968.2 967.8 3 48869 48875
2" 1602 1603.0 4 49783 49803
2 1882.2 1882.8 5 50730 50729
3" 2383.5 2385.0 6 51656 51657
3" 2895.5 2891.7 7 52543 52585
4+ 3442 3453.2 8 53496 53514
4~ 4047.4 9 54454 54443

aFrom ref 36.> From ref 12.¢ Experimental band origin adopted.

TABLE 3: Experimental and Calculated Vibrational Levels
(in cm™1) of the v, Mode in the Ground and the First
Electronically Excited States of N}

X state ‘Astate
v expt calc v exp calc
o* 0.000 0.000 0 46701 46701
0~ 0.053 0.058 1 47369 47373
1+ 745.7 745.7 2 48052 48052
1 749.4 749.4 3 48697 48729
2t 1359 1361.2 4 49375 49407
2" 1429 1432.3 5 50062 50086
3* 1830 1831.9 6 50748 50764
3 2106.6 2111.6 7 51451 51442
4+ 2482 2485.5 8 52162 52120
4~ 2876 2876.5 9 52874 52799

aFrom ref 36.> From ref 12.¢ Experimental band origin adopted.

vbr a0 denotes the dephasing (or damping) constant, which is
related to the lifetime’s of the two states,

+ i)
Thy

In the case of excitation from the ground state with O, v, a
depends only on the lifetime of the final state’,bwhich in
turn depends mainly on the vibrational relaxation process.

11

Vora — E(Zz} (27)

bottom of the well; zero-point energy at the groufi@ataier. parameters

Because the vibrational relaxation in a harmonic oscillator occurs
via the linear coupling through vibrational coordinates, the
relaxation rate is then proportional to

UI
I®,, Q0,1 = % (28)

Thusypy a is linearly proportional ta'.

Ill. Results and Discussion

1. Inversion Mode of Ammonia. The inversion modey.,
of ammonia is a well-known vibrational motion with a sym-
metric double-well potential. The equilibrium configuration of
NH; at the ground state (Xs pyramidal, and the molecule can
flip over its mirror position (with a barrier 0f~2020 cnr?)
when the umbrella vibrational motion is highly excite@435
The first electronically excited state {Pon the other hand, has
a planar geometry at equilibriuf®*35

We have carried out calculations as described in section 1.1
to search for propep and B parameters that construct the
double-well potential and fit well with experimentally observed
vibrational frequencies. These two parameters and related
constants are listed in Table 1, and a comparison of the
calculated and experimental vibrational levels for both the
ground and the excited states is given in Tables 2 and 3 for
NHz and ND;, respectivelyt?36

In the A— X transition of ammonia, the absorption spectrum
consists mainly of the progression in themode. It has been
noticed that in the case of NHthe intensities of the vibronic
bands show some anomalies. At room temperature, the peaks
split due to rotation-vibration coupling:3"-38when the molecule
was cooled down by supersonic expansion with argon, the
splitting disappears but some evendd intensity alternations
occurl21339 For example, the transition to' = 4 has an
anomalous intensity, which is lower than its adjacent transitions,
v = 3 and 5. This incongruity was suggested as a result of the
selection rule on nuclear permutation symmetry for protons at
low temperature$®38 Such an effect was less obvious in the
absorption spectra of N Because our model does not take
into account any rotations or nuclear spins, we tooks;N®
test our formulation.

TABLE 4: Calculated Matrix Elements of [®,,|040for the A—X Transition of ND3

v

v

1

v 3 4 5 6 7 8 9
o+ 0.0688 0.0000 0.2690 0.0000 0.4873 0.0000 0.5749 0.0000 0.4871 0.0000
0~ 0.0000 0.1570 0.0000 0.3861 0.0000 0.5539 0.0000 0.5499 0.0000 0.4011
1t 0.2616 0.0000 0.5258 0.0000 0.4262 0.0000 0.0095 0.0000 —0.3641 0.0000
1 0.0000 0.4176 0.0000 0.5346 0.0000 0.2427 0.0000 —0.2038 0.0000 —0.4510
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TABLE 5: Calculated Matrix Elements of [®y,|Q?%®,for the A—X Transition of ND3

]

4

v 0 1 2 3 4 5 6 7 8 9

(0 0.2453 0.0000 1.7090 0.0000 4.6218 0.0000 7.5266 0.0000 8.4589 0.0000
0~ 0.0000 0.7733 0.0000 3.0373 0.0000 6.2138 0.0000 8.3202 0.0000 7.9590
1+ 0.5490 0.0000 2.4431 0.0000 3.1166 0.0000 —0.1457 0.0000 —5.7025 0.0000

1~ 0.0000 1.3986 0.0000 3.1934 0.0000 2.0415 0.0000 —2.8987 0.0000 —7.9791

TABLE 6: Experimental and Calculated Relative Band
Intensities of the v, Progression in the A— X Absorption of
NDs

TABLE 7: Experimental and Calculated Relative Band
Intensities of the v, Progression in the A— X Emission of
NDs

calculated with zi'ap =

calculated with 7' ap =

v exp® 0.00 005 010 015 020 025 0.30 v exg® 000 005 010 015 020 025 0.30
0 c 14 0.9 0.6 0.5 0.4 0.4 0.3 o+ 0.5 12 1.3 15 1.7 1.8 2.0 21
1 c 7.5 5.0 3.8 3.1 2.6 2.3 2.1 1t 1F 16 17 18 19 20 21 22
2 16 22 16 13 11 9.5 8.6 8.0 2t 100 100 100 100 100 100 100 100
3 28 47 35 29 26 24 22 21 3t 112 91 88 84 81 78 75 73
4 51 75 61 53 48 45 43 41 4 26 15 13 12 11 10 9.0 8.2
5 74 99 85 78 73 70 68 67 5+ 1.7 14 1.2 1.0 0.8 0.7 0.6
g 1%% igg i(())g 1%% 1%% 1%10 19(5)0 18(?0 . Ea From ref_ 150 Relat_ive band areas with respect to thee 2" band.
8 96 80 86 90 93 94 96 97 stimated in the original paper.

9 90 55 64 70 74 77 79 81

10 77 32 42 48 52 55 57 59

a From ref 12.° Relative band areas with respect to the= 7 band.
¢ Feature too weak to be estimated.

According to the Condon approximation as shown in eq 15,
the intensities of the vibronic transitions are proportional to the
Franck-Condon factors|[®y,|©.,¢. However, in the A— X
absorption transition of N§) the highest peak occurs@t= 7,
whereas the calculated Franekondon factors show a maxi-
mum aty’ = 6. Durmaz et af? suggested that higher order
terms in the expansion @A Q) (cf. eq 14) must be taken into
account. Following this suggestion, we considered the vibronic
coupling throughQ? and rewrote eq 20 as

2
o.]

(azﬁba) 2
Q
BQZ 0

~ . 1
|ﬂbu',au|2 ~ [ Oy, |t,40)|©,,[H E@)bﬁ

—

U
UV

T T T T
210 205 200 195

Wavelength (nm)

Figure 1. Comparison of experimental and calculated absorption
spectra of the A— X absorption transition of Npwith the vibrational
progression in thev, mode. The upper trace is the experimental

J

Absorption Intensity (arb. unit)

215 190 185

— 7 spectrum adopted from ref 12 whereas the lower trace is the simulated
11 O) (B0, spectrum calculated according to eq 24. The vertical bars indicate the
o 5 corrected FranckCondon factors (eq 29) multiplied by the transition
1 [0 Hlpa 2 energies and by the Boltzmann factorsTat 150 K. The Lorentzian
20i,(0) an o@bMQ 10, (29) width of each transition was assumed proportional to the vibrational

A short list of the calculated matrix elements, with the
application of the overlap integrals introduced in section 1.2,
is given in Tables 4 and 5 for the zeroth-order and second-
order terms, respectively. Because the téBp,|Q? ©,[has a
maximum ats’ = 8, we may take the second-order correction
term ' ap = (3%ind 0Q%)0/tins(0) as an adjustable parameter to

energy, and 8 crit was taken for the' = 1* peak.

widths do not increase monotonicaly3® and band intensity
variance caused by coupling with thlre symmetric stretching
mode#~44

We have carried out similar calculations to reproduce the
fluorescence intensities of the A X transition involving the

match the experimental result. The relative band intensities areinversion mode. The relative intensities are listed in Table 7,

listed in Table 6 as a function @f 4, and we found that the
best fitting was given byi'y, = 0.20.

along with the simulated fluorescence spectrum in Figure 2.
Note that we have considered only transitions relatet,tm

Figure 1 shows the simulated absorption spectra after this calculation and neglected the additional progression involv-

convolution of the calculated stick spectrum with a Lorentzian

ing thev; mode to the longer-wavelength regitini® Although

profile for each peak. The Lorentzian width of each transition the experimental spectrum shows the highest fluorescence peak
was assumed, for simplicity, to be proportional to the vibrational at v = 3", our model gives a maximum at= 2%, a result
energy (cf. eq 28), and 8 crhwas taken for the’ = 1™ peak. similar to that of Rosmus et &.using an unmodified ab initio

The calculated vibronic bands can quantitatively reproduce the surface. Despite those minor factors not considered in the simple
experimental data up t@ = 7. Discrepancies appear for higher model, our formulas concerning the symmetric double-well
vibrational quanta, including band position shift attributed to potential are valid to a substantial level in describing the vibronic
anharmonicity?1332 band shape inconsistency because the transitions of the ammonia molecule involving the inversion
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Excited State, °E
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Figure 2. Comparison of experimental and calculated fluorescence 1000 - 2L
spectra of the A— X emission transition of Npwith the vibrational 1 R
progression in thev, mode. The upper trace is the experimental 0 0,0

spectrum adopted from ref 15 whereas the lower trace is the simulated
spectrum calculated according to eq 25. The vertical bars indicate the Vibrational Coordinate

corrected FranckCondon factors (eq 29) multiplied by the cubic of  prig e 3. Parameter-fitted symmetric double-well potentials and
transition energies and by the Boltzmann factor?’at 150 K. The vibrational levels referring to the ground and the excited states of the
Lorentzian width of 25 cm* was taken for the = 17 peak. Note that  giamond (N-V)~ center. Note that the well of the excited state is much
only the progression of the, mode was presented in this simulation.  gpajiower than that of the ground state, resulting in an absorption doublet

. . - . . at the transitions to the' = 1* and I levels but an emission singlet
mode. This promises the capability of the formulation applying at the transitions to the degenerate= 1+ and 1 levels.

to systems that have a similar behavior.

2. Nitrogen-Vacancy Defect Center of DiamondAmong vibronic bands in these two spectra are nearly mirror images of
hundreds of kinds of defect centers found in diamonds, the each other, if some minor features related to other defect centers
negatively charged nitrogen-vacancy center [denoteeN] are ignored. It was noticed, however, that there exists an

is of hig.h interest fo'r several advantages concerning ij[s absorption doublet at 2.01 and 2.02 eV that have not been
photoluminescence. It is a red fluorescence chromophore with resplved previously whereas the corresponding fluorescence

quantum yield near uniy and is much more stable than pheay is just a singlet. The authors have recommended a double-
common dye molecules under continuous irradiatioits ZPL well potential model based on displaced dual harmonic oscil-
locates at 637 nm (1.945 eV) and the vibronic band extends t0 |5iqrs to account for this discrepant/In this model, the

near-infrared, which has little overlap with emission from any piirogen atom was proposed to tunnel through a barrier to the
biomolecule?” On the basis of these optical properties and the \acancy site (i.e., position exchange of the nitrogen atom and
low cytotoxicity of diamond itself, the NV center in nano-  ne yacancy) in a symmetric double-well potential, and the
diamonds could act as an excellent fluorescent biomarker thatp,rjer height at the excited state is much lower than that at the
can be fed3 2'?22 living cells and easily detected under a g.qng state, resulting in a small splitting in the= 1* and
microscope:*" , 1~ levels at the excited state while the= 1+ and I levels
. The N-V centers usually emerge after a C‘?”a'” manufaptyr- remain degenerate at the ground state (see Figure 3).
ing procedure of type Ib diamonds. These nitrogen-containing Following this pioneering work, Kilin et #82° have em-
diamonds ically 100 ppm dispersed nitrogen atoms) are first . ) ' j

(typically PP P g ) ployed double-cosine functions to model the double-well

subjected to high-energy particle (electron, neutron, proton, etc. . . .
) 9 ayp ( P )potentlal. In the present work, we applied the strategy described

irradiation (~2 MeV), followed by high-temperature annealing ! ; ) . ) o
(~900 °C).17-20 |n this procedure vacancies are created by in section 1l to refine the analysis. Parameters that fit positions
bombardment and then migrate to the neighbor sites of of the experimentally observed absorption doublet and fluores-

substitutional nitrogen atoms. Each nitrogen-vacancy pair thus C€Nc€ peaks are listed in Table 8. The setpoBJ that fit best
locates along &3, axis, the nitrogen bonded with three carbon with the experimental values are (0.90, 6.70) for the. 9“?“”0'
atoms and the vacancy enclosed by other three. From experi-State and (1.20, 2.38) for the excited state. As shown in Figure
ments such as uniaxial stré§selectron paramagnetic reso- 3, t_he p_otentlal well of the excited state is so s_hallow that only
nance?’48 photon echd? etc. the ground state of the defect 4 vibrational levels{ =07, 07, 17, and I) reside under the

center is determined &4 and the excited stat?E. with alA barrier. In contrast, the ground state barrier is higher so that
state located slightly lower than tRE state?2252645The lifetime levels up tor = 5™ are enclosed in the double-well.

of the 3E state was found to be-13 ns*9:°0 Under intense Using these parameters, we reconstructed both absorption and
iradiation the center may lose its charge to yield-#9°, which fluorescence spectra of the V)~ center, which are shown
has the ZPL at 575 nm (2.156 e%})2551.52 in Figures 4 and 5a. The vibronic bands pertinent to the nitrogen

The absorption and emission spectra concerning th&/ N tunneling mode are severely broadened due to effective coupling
center were first reported in early 1970<Davies and Hamer  of the electronic transition with phonons, especially at large
have then made a thorough examination of the spectra at liquidvibrational quanta. The band broadening prevents resolution of
nitrogen temperature with higher resolution and found some any fine structures, except the ZPLs and the transitions to
interesting fine structuré$.in both absorption and fluorescence 1t and I in the absorption spectrum and to= 1—3 in the
spectra, pronounced ZPLs at 1.945 eV due to the-°E fluorescence spectrum. Our simulated absorption spectrum, if
transition of (N-V)~ can be easily assigned. In addition, the neglecting all minor peaks due to other defect centers (e.g., at
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TABLE 8: Fitting Parameters of the Symmetric T T T T
Double-Well Potential Involving the Nitrogen Tunneling
Mode of the (N—V)~ Center in Diamond

ground state’A

excited
parameters fita fit 20 fit 3¢ state ’E
¢ 0.90 0.90 0.90 1.20
B (hvo)® 6.70 6.20 5.80 2.38
B (cm™)e 2706 2512 2357 1000
vo (cm™)f 403.9 405.2 406.3 420.0
G(0") (cm )9 267.2 267.6 268.1 305.4
A (hyg)h 14170 11041 10360 2963
A (cmhh 0.0335 0.0451 0.0482 0.235

2Based on data from ref 18 Based on data from ref 17Based
on data from ref 23¢ Symmetric double-well potential-shape parameter
defined in eq 2¢ Barrier-height parameter used in eq &nperturbed
harmonic oscillator frequency.Energy difference between the first
vibrational level and the bottom of the well; zero-point energy at the
ground state Barrier parameters defined in eq 1.

Fluorescence Intensity (arb. unit)

i
&

Absorption Intensity (arb. unit)

““u-..-": T T T T
1l | | | | 15 16 17 1.8 1.9 2.0
1 I I I T 1
18 19 20 21 22 23 24 25 26 Photon Energy (eV)
Photon Energy (eV) Figure 5. Comparison of experimental and calculated fluorescence

spectra of the diamond (NV)~ center. In each frame the upper trace

is the experimental data, the lower trace is the simulated spectrum,
and the vertical bars represent the FranGondon factors multiplied

by the cubic of transition energies and by the Boltzmann factors. Note

&hat pairs of traces are slightly displaced from each other for a better
visualization. The experimental spectra are adopted from (a) ref 18,
(b) ref 17, and (c) ref 25. The fitting parameters are shown in Table 8.

The Lorentzian profiles used in convolution of simulated spectra were

assumed to have widths proportional to the vibrational energies, and a
value of 120 cm?! was taken for ther = 1* peak.

Figure 4. Comparison of experimental and calculated absorption
spectra of the diamond (NV)~ center. The upper trace is the
experimental spectrum adopted from ref 18 with baseline subtraction
whereas the lower trace is the simulated spectrum. The two traces ar
slightly displaced in purpose for a clearer presentation. The vertical
bars depict calculated FranelCondon factors multiplied by the
transition energies and by the Boltzmann factor¥ at 77 K, which
were converted to the simulated spectrum by convolution with
Lorentzian profiles. The Lorentzian width of each transition was
assumed to be proportional to the vibrational energy, and 126G cm

P= 1+ .
was taken for the’ = 1% peak. parametep of the ground state causes the highest fluorescent

peak shifting towardv = 1. In fitting the emission spectrum

2.086 and 2.156 e\? is in reasonable agreement with the reported by Clark and Norris at liquid nitrogen temperatire,
experimental data (after baseline subtractign). a slightly different set of parameters was adopted for the ground

The fluorescence spectrum, however, presents a large inconstate. Figure 5b shows the experimental and simulated results;
sistency between calculated and experimental results. The largehe discrepancy in the tail still exists. A better match was
tail (low-energy region) in the experimental spectrum might have obtained in fitting the one reported by Manson et al. at 5 K
contributions from other luminescent defect centers, for example, with lower irradiation intensity’> as shown in Figure 5c. All
the 1.819 eV centé We also found that, by comparing the fitting parameters and related properties are listed in Table
experimental results from different reports, the highest fluores- 8. We noticed that, in addition to the possible background
cent peak usually occurs at= 1 or 2 together with a rapidly ~ contributed by other centers, the discrepancy could be a result
dropping tail?*=27 rather than at = 3 with a large tail8 It of the fact that the detection efficiency varies at different
should be addressed that there are always variations betweenvavelengths but the reported emission intensity might not be
experimental spectra from different samples because of variousnormalized with respect to the spectral response. Should this
manufacturing processes, defect lattice environments, andbe calibrated, the fitting is expected to improve.
photoexcitation conditions, e#:2527It has been demonstrated In a recent discussion on the electronic model of theW
by Kilin et al. that the spectral shapes and hence the fitting center$the authors queried if the double-well potential model
parameters (of their model) would be very different from each is conclusive, for the evidence till now is only the absorption
other?® We therefore launched a systematic exploration on how doublet. The well depths were found around 2500 &for the
the parameters affect the spectral shape and tried to fit otherground state and 1000 crhfor the excited state in fitting the
experimental spectra. A general trend showed that lowering themodel. For such shallow wells the tunneling splitting in
barrier-height parametdB or increasing the potential-shape vibrational levels that yields two transition frequencies (or sets
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of frequencies) is expected, but this is not yet observed in
experiments. We found in our modeling that the splitting in the

ZPL, i.e., the energy difference betweer= 0" ands' = 0"
and betweew = 0~ andy' = 0~ transitions, is about45 cnm 1

(0.5-0.6 meV). This feature would thus be completely embed-

ded in the inhomogeneous broadening, typically 30 §nof

Lin et al.

(12) Vaida, V.; Hess, W.; Roebber, J.L.Phys. Cheml984 88, 3397.

(13) Vaida, V.; McCarthy, M. I.; Engelking, P. C.; Rosmus, P.; Werner,
H. J.; Botschwina, PJ. Chem. Phys1987 86, 6669.

(14) Koda, S.; Hackett, P. A.; Back, R. &hem. Phys. Letl974 28,
532.

(15) Gregory, T. A,; Lipsky, SJ. Chem. Phys1976 65, 5469.

(16) Tang, S. L.; Abramson, E. H.; Imre, D. G. Phys. Chem199],
95, 4969.

the ZPL in.a bulk system due to a large strain variafibBven (17) Clark, C. D.: Norris, C. AJ. Phys. C1971 4, 2223.

when a single defect center was detected, the fluorescence (1g) pavies, G.; Hamer, M. Froc. R. Soc. London 2976 348, 285.
excitation spectra presented the full width at half-maximum  (19) Davies, G.; Lawson, S. C.; Collins, A. T.; Mainwood, A.; Sharp,
around 5 cm? (0.6 meV)# which could hardly tell whether ~ S. J.Phys. Re. B 1992 46, 13157.

the splitting exists. This indeed remains an issue that higherApgoéhcy‘;”z'%%’EAé;'bggg;‘?r' A.i Ly, C-H.; Shareef, A.; Spear, P.M.
resolution in experimental spectra is required to examine the " (>1) Gruber, A.; Draenstedt, A.; Tietz, C.; Fleury, L.; Wrachtrup, J.;
validity of the symmetric double-well potential model applying von Borczyskowski, CSciencel997, 276, 2012.

to the diamond nitrogen-vacancy defect center. Ab initio S (sigagﬁtlfzkojg-r:] T(ieethiblcé;() (?{uzbezrésA.; Popa, I.; Nizovtsev, A.; Kilin,
c_alculatlons can be_ exp_ected to assist in describing possible '(23) Yu,uSp.’-J.; Kgng, MW Chéng, H.-C.: Chen, K-M.: Yu, Y.T.
vibronic transitions in this chromophore. Am. Soc. Chen2005 127, 17604,

(24) Manson, N. B.; Harrison, J. Riamond Relat. Mater2005 14,

IV. Conclusions 1705.
. . . . (25) Manson, N. B.; Harrison, J. P.; Sellars, MPhys. Re. B 2006
In this study, we have treated the vibrational motion of an 74, 104303.

oscillator in a symmetric double-well based on a harmonic
oscillator potential perturbed by a Gaussian function barrier
Matrix elements of the perturbed harmonic oscillator wave-
functions were evaluated using a new numerical approach,

(26) Jelezko, F.; Wrachtrup, Phys. Status Solidi 2006 203 3207.
(27) Fu, C.-C,; Lee, H.-Y,; Chen, K.; Lim, T.-S.; Wu, H.-Y.; Lin, P.-
" K.; Wei, P.-K.; Tsao, P.-H.; Chang, H.-C.; Fann, Rtoc. Natl. Acad. Sci.
U.S.A.2007, 104, 727.

(28) Kilin, S. Y.; Nizovtsev, A. P.; Maevskaya, T. M.; Gruber, A;;

yielding accurate vibrational energy levels and corresponding Drébenstedt, A.; Wrachtrup, J.; von BorczyskowskiGpt. Spectroscd 999

wavefunctions. To investigate vibronic transitions involving such 87

vibrational modes, FranekCondon factors and higher-order

vibronic terms were calculated by taking into account direct

624.

(29) Kilin, S.Y.; Nizovtsev, A. P.; Maevskaya, T. M.; Dvanstedt, A,;
Wrachtrup, JJ. Lumin.200Q 86, 201.

(30) Liang, K. K.; Chang, R.; Hayashi, M.; Lin, S. HPrinciple of

and coordinate-coupled wavefunction overlap integrals betweenMolecular Spectroscopy and Photochemistdational Chung-Hsing Uni-

distorted potentials.

We have then applied the formulas to the inversion mode of |,
ammonia and the nitrogen-tunneling mode of the nitrogen-

versity Press: Taichung, 2001.

(31) Eyring, H.; Lin, S. H.; Lin, S. MBasic Chemical KineticaViley-
erscience: New York, 1981; Chapters 7 and 8.

(32) Lin, S. H.; Fujimura, Y.; Neusser, H. J.; Schlag, E.Multiphoton

vacancy defect center in diamond. The potential-shape param-Spectroscopy of MoleculeAcademic Press: New York, 1984.

eters were first determined, followed by simulation of absorption

and fluorescence spectra. In the-AX absorption spectrum of
ND3, satisfactory fitting up to' = 7 of the progression of the

(33) Alden, R.; Islampour, R.; Ma, H.; Villaeys, A. A. Density Matrix
Method and Femtosecond Processem, S. H., Ed.; World Scientific:
Singapore, 1991.

(34) Harshbarger, W. Rl. Chem. Phys197Q 53, 903.

v, mode has been obtained. Good agreements between experi- (35) Agren, H.; Reineck, |.; Veenhuisen, H.; Maripuu, R.; Areberg,

mental and calculated spectra were also achieved fotAke
E transition of the diamond (NV)~ center. These two

examples demonstrate the capability and reliability of this simple
formulation, and further applications of the modeling to other

molecular systems can be anticipated.
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