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Electronic structure of the N-V center in diamond: Theory
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Ab initio calculations have been made of possible excited electronic structure of¥heeRter in diamond.
Molecular-orbital basis states for a center@f, symmetry withn=2, 4, or 6 active electrons, which account
fully for spin symmetries of the wave functions, were constructed to permit predictions of level structures,
degeneracies, and splitting patterns under the action of several magnetic and nonmagnetic interactions. De-
tailed predictions of the resulting three models taking spin-orbit, spin-spin, strain, and Jahn-Teller interactions
into account are given in the form of term diagrams.

I. INTRODUCTION electrons associated with the nitrogen atom seem to be nec-
essary to understand the origin of observed electronic states,
The NV center in diamond is known to consist of a ni- optical transitions, and stability of the center. The dangling
trogen atom and a first-neighbor vacancy in the carborPonds on carbons adjacent to the vacancy are apparently in-
lattice!™ The picture of unsatisfied bonds at the center,active, apart from a possible role in persistent hole-burning
therefore, includes three dangling bonds on the carbon aton¥éithin this center.” We are thus led to conclude that the\N-
bordering the vacancy and two bonding electrons on the nicenter is a neutral rather than a negatively charged nitrogen-
trogen atom, for a total of five electrons. Electron-Vacancy center with properties dominated by its two un-
paramagnetic-resonanﬁpa (RefS. 5_7 and hole-burning paired nitrogen electrons. In the ground State, these two elec-
(Refs. 8—10 experiments have revealed, however, that thdrons are permitted to be unpaired, because of the presence of
ground state is a Spin trip'et' |mp|y|ng that the number ofthe vacancy. Opt|Ca| eXC_itatiOI’lS on the ZerO-phonon line at
active electrons at the center is even, in apparent contradid-945 eV are well-described by transitions of the electron,
tion with this picture. It is the purpose of the present paper tgvhich penetrates the vacancy deeply, when a dynamic Jahn-
try to reso|ve th|s discrepancy and provide a basis for Ca'cuTe”er interaction in the eXCiteE State iS taken intO account.
lating the excited-state structure observed recently by photon
echo technique, in this fundamental defect of diamond. Il. WAVE FUNCTIONS
Analysis of hyperfine splittings and EPR intensitfi&sin-
dicates that coupling of active electrons to nitrogen is weaker
in the NV center than coupling to carbons adjacent to the The application of molecular-orbitdMO) techniques to
vacancy. This suggests that active electrons concentrate neaynstruct wave functions for defect centers in diamond was
these carbons, but does not reveal their number. The existirst performed by Coulson and Kearsiywho applied lin-
ence of triplet levels originally prompted Loubser and vanear combinations of atomic orbitalt CAO) to the neutral
Wyk?3 to suggest that the center captures an extra electron Macancy. Subsequently, Loubser and van Wgkoposed a
form a six-electron center. The center would consequentifyO-LCAO model of the NV center, based on the expecta-
acquire a negative charge in this model. However, this contion that all dangling bonds at the vacancy were active, to-
clusion runs counter to the observed lack of volatility amonggether with two electrons from the nitrogen and a sixth elec-
the active electrons of the center. TheM\eenter is stable up tron trapped by the center to render the total number even.
to temperatures at which even the very massive nitrogen afFhis model is able to account for the existence of triplet
oms themselves become moHii€omparing this with the states. However, it predicts a singlet ground state, in dis-
ease of ionization of excess electron centers in alkalagreement with current experiments. In this section, we give
halides®it is hard to understand how a shallow electron trapa systematic consideration to models based s, 4, and 6
could exhibit such exceptional stability. active electrons, in which many-electron states are properly
As a point of departure to resolve this puzzling situation,symmetrized and ordered energetically to explore the theo-
we have calculated multielectron wave functions folVN- retical structure of this center further.
models containingh=2, 4, and 6 active electrons. By prop-  The basic physical structure and geometry of thé&/ N-
erly accounting for point symmetry and spin properties incenter is shown in Fig. 1. In the present work, single-electron
these multielectron models, it is possible to order the energynolecular orbitals were built up from linear combinations of
states and calculate perturbation matrix elements for variousne nitrogersp® orbital and three tetrahedrally coordinated
interactions important within the center. The interactionssp® carbon orbitals dangling in the vacanéyig. 1). The
considered included spin-orbit, spin-spin, strain, and Jahnearbon atomic orbitals were labeled b, andc and the ni-
Teller interactions. Term diagrams are given, which summatrogen orbitald. Molecular orbitals withC5, symmetry were
rize the predicted electronic structure for each model. then constructed as orthonormal, real linear combinations of
An important finding, which emerges from this work the atomic orbitals, b, ¢, andd, using projection operator
when compared with experiment, is that only the two activetechniques?

A. One-electron orbitals
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FIG. 1. Physical structure of the M-center, consisting of a
substitutional nitrogen impurityN) adjacent to a carbon vacancy
(V). Both constituents are tetrahedrally coordinated to one another
and three carbon atonf€). Bond directions for molecular orbitals
of the center are labelea] b, ¢, andd and two Cartesian reference
frames are distinguished: the crystal coordinate fraxney, z
(aligned with crystallographic directionand the defect coordinate

frameX, Y, andZ.

u=d—Av, oy
v=(a+b+c)/\/3+6S, )
ex=(2c—a—b)/\/6-6S, (3)
ey=(a—h)/\2-2S. (4)

Functions(1) and (2) transform asA; representationfor as
Z), whereas function$3) and (4) transform asEy and Ey
representation&@sX andY, respectively. A andS are over-
lap integrals defined by

s=f (ab)dr (5)

and

)\If (dv)d7. (6)

Symmetry and charge considerations can be applied t

order these one-electron orbitals energetically. Wrerbital

should have the lowest energy, being localized on the highl
polarized nitrogen. The next lowest orbital should be the

orbital, since it is totally symmetric. High-symmetry orbitals
like v tend to localize between nuclei of aggregate center
where they enjoy the attraction of two or more nucfei.

Lower-symmetry orbitals tend to have nodes between adj
cent nuclei, which raise their energy. Doubly degeneeate
orbitals should have the highest energy among the bas%

states.

B. Multielectron orbitals

For calculations with more than one electron, we assumeore configuration, and is a singlet.

S

A

c) (d)

FIG. 2. Possible ground-state spin configurations for various
models of the NV center, having different numbers of active
electrons.(a), (b) n=2. (c) n=4. (d) n=6.

priate linear combinations of Slater determinants formed
with the one-electron molecular orbitals (h)—(4).

In the ground-state configuration, orbitals are filled ac-
cording to the Pauli exclusion principle and Hund's rules.
Symmetry is determined by examining the direct product of
occupied one-electron orbitals. Since the number of active
electrons in the N/ center is not known presently, we have
calculated three cases, with=2, 4, and 6 electrons. All
three cases are consistent with the requirement for an even
number of active electrons, necessary to generate triplet
states>~' The n=4 and 6 cases correspond to the charged
centergN-V)* and(N-V)~, respectively. Th@=2 case cor-
responds to a physical situation in which two electr@nem
the nitrogen dominate the electromagnetic response. This
requires the three unpaired carbon electrons to retract away
gom the center in such a way that they do not contribute
importantly to magnetic or optical properties.

For n=2, the expected ground-state configuration is the

)épin singlet stat@? with A;® A;=A, symmetry(bothu and

v are totally symmetric singletsBecause of large Coulomb
repulsion between electrons in the same orbital, it is possible
that auv configuration might achieve lower energy. Reduc-
ion of electron-electron repulsion in av configuration
could potentially offset any increase in electron-core interac-
jon energy. Hence both possible configurations are shown
schematically in Figs. @) and 2Zb). Note that theur con-
figuration may be either singlet or triplet.

Forn=4, the expected configuration of the ground state is
u®/”. This multielectron molecular orbital achieves a closed
Its symmetry is

that total spin is a good quantum number, in accord withA;® A;® A;® A;=A,. This state is represented in FigcP

early experiment3.We proceed to find spin eigenstates, im-

For n=6, the ground-state configuration should be given

plicitly taking advantage of the fact that total spin commutesby u?v?e?. This model has a closedf+? core withA; sym-
with permutation, and then generate total wave functionsnetry and zero total spin. The remaining two electrons are
with the correct irreducible orbital angular momentum rep-permitted to be in differeng orbitals, so that the spin con-

resentations, analogous to the procedure for week cou-

figuration could, in principle, be either singlet or triplet.

pling in simple atoms. Hence, the first step is to take approHowever, according to Hund's first rulé the ground state
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TABLE I. Irreducible representations of the gro@g,.

C3U E C3 CZ”, Ova Oyh Oye
A 1 1 1 1 1 1
A, 1 1 1 -1 -1 -1
1 v 1 V3 R A e
E (1 0 2 2 2 2 1 0 2 2 A 1
01 V3 1 V3 1 0 -1 V3 1 5 3
22 2 2 2 2

adopts the highest value 8fconsistent with the Pauli exclu-
sion principle. To satisfy the requirement that the total wave @(P)z{
function be antisymmetric, the electronic part must be of the

form eyey and the ground-state molecular orbital must be th
spin tripletu?v?eyey ; illustrated in Fig. 2d).

1, P is odd permutation
0, P is even permutation.

Sn n-electron models, these symmetrized states belong to

various configurations of the forml »™eP, where the number

of active electrons in the centertis=1 +m+ p. For the pur-

poses of this papdr, m, andp are the integers 0, 1, 2, or 3
To predict interactions within the N-center, which take andn=2, 4, or 6.

spin and orbital degrees of freedom into account, multielec- Forn=2, the lowest-energy configurations arg +%, and

tron states with well-defined total spin and orbital angularuv. Since these states are all orbital singlets, which haye

momentum need to be determined. These may be generatsgmmetry, only a spin- smglet two-electron state can satisfy

from linear combinations of Slater determinants based oithe Pauli principle in the? configuration. This state is given

single-electron molecular orbitals and may again be ordereblly

according to increasing energy. Eigenstates of total §in

are formed first, using functions which include spin and real- luuy=1~2[u(1)u(2)—u(2)u(1)]. (8

space coordinates. Then product state representations with

the appropriate transformation properties for both spin and\ similar result applies to the” configuration. Theuv con-

orbital angular momentum, which are irreducible with re-figuration is spanned by the Slater states), |uv), |uv),

spect to the real-space point group of the center, can be coand [uv), which can be combined into the singleup)

structed(Sec. 1B 2 to obtain total wave functions of the —|uv)]/v2 and the triplet stategiv), [[uv)+|uv)]/v2, and

multielectron system with the correct spatial symmeésge |uv), in accord with the familiar spin-up and spin-down

Table I). In this way, the tedious intermediate step of explicit combinationsaa, (aB+Ba)/v2, and BB.

construction of orbital angular momentum eigenstates can be The configurations next lowest in energy are treeand

1. Spin eigenstates

avoided. ve, which transform a#\;® E=E in real space. The allow-
To simplify the notation, Slater determinants are writtenable Slater states, in this case, arey), [uey), |uey), [uey),
in the form|ab...r), defined by luey), |uey), |uey), and|uey). These can easily be com-
bined as above into singlets and triplets.
|aE~r) In the e? configuration, the basis set transforms as
E®E=A;9A,®E. Indistinguishability of the particles re-
duces the sixteen possible statésur spin and four acces-
a(a(l) a(2)a(2) -+ a(N)a(N) sible orbital angular momentum states this configuration
1 |b(L)BL) b(2)B(2) --- bN)B(N) to six linearly independent Slater statdeyey), |evey),

= ‘ . _ lexey), [exey), |exey), and [exey). Multielectron eigen-
: : : states in the spin variables can, therefore, be constructed by
r(Da(l) r(2)a(2) -+ r(N)a(N) taking appropriate linear combinations of these Slater basis
states as shown below.
States in which the two electrons have the same orbital
angular momentum are necessarily singlet, whereas states

z|

_— —1)0) involving different orbitals may be either singlet or triplet.

\/—_ P However, these states are completely analogous to those of
u? when the two electrons occupy the same orbital anghto

X[a(1)a(1)b(2)B(2) - r(N)a(N)]p . () when they occupy different orbitals. Hence, with the nota-

tional replacementau— e;e; and ur—eyey, we can write
The labelsa,b...r refer to electronic orbitals, which depend down the singlets dlrectly,

on real-space variables, while and g8 are one-electron
spin-up and spin-down basis states, respectivBlyis the

. 1 _ - 1 -
permutation operator over th¢ electrons. The overbar des- — [lexex) +levey)], — [[exey)—|exev)l,
ignates spin-down states. The functi®{P) is defined by V2 2
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TABLE Il. Spin wave functions for the N/ center(n=2), in  particle singlet aga8—Ba)/v2 and the triplet states asga,

the notation of Eq(7). Only wave functions with the highest value (a8+Ba)/v2, and BB. Use of this notation will necessitate

of spin projection (ns=S) are listed. Symmetry of each state is the replacement of spin statesand 8 by the corresponding

given asI' and its degeneracy is tabulated underE symmetry  configuration labelsi, v, e and their overbar counterparts at

wave functions are listed in pairs, with the first transformingxas the end of the calculation. However, using these two-particle

and the second as states to form the necessary products, we can immediately

write the four-particle singleb°2D° as

Configuration r g Wave function (n=S)
u? A, 1 Juu) ¥ (0,0;8=0,ms=0) < ;(aBaf—aBBa—Baaf
V2 A, 1 |wr)
Uy A, 1 |uv)—[un) +BaBa). (109
3
lAl 3 |UL> _ . The arguments of the wave functiol(S,;,S,;S,m,), in
ue 3E 2 |uex)—[uex),[uey)—uey) this case, specify the two spir® andS,, which span the
1E 6 [ueqluey) product space of total spfBand its projectiormg on the axis
ve 3E 2 |vex)—|vex).lvey)—|vey) of quantization. Th&®'®D® andD%® D! products yield six
E 6 |veglvey) of the nine triplets for this four-electron configuration,
e Ay 1 [exex)+leyey)
3A, 3 |exey) 1
'E 2 |exex)—levey), ¥(1,0;S=1ms= 1)<—>5 (aaaf—aafa), (10

[exey) —|exey)

¥(1,0;S= 1,ms=0)<—>; (aBaB—aBBa+ BaaB

1 _ _
— [lexex) —levey)].

) —BaBa), (109
In the present basis, the triplet states are similarly found to 1
be ¥(1,0;S= 1,ms=—1)<—>5 (BBaB—BBBa),

A _ - (1040
lexey), — [lexev) +]exey)], [exey).
V2 1
These states and those for other configurations of the two- ¥(0.1;5=1ms= 1)<_’5 (afaa—paaa), (109
electron model are listed together in Table II.

For n=4, the highest symmetry configuration is the sin- 1
glet u%?. The next highest configurations are teve and ¥(0,15=1ms=0)<3 (aBaf+appa—Laaf
theur?e, which are equivalent to the=2 configurationsie
and ve, becauseu? and +? form closed cores. The corre- _
Bapa), (10f)

sponding spin basis states have the fouuve) and|vvue)
and occur in combinations identical to those fiarandve in

Table Il. The same is true fan’e? and »?€?, which give W(0,1:5= 1,mS:_1)(_>i (aBBB—Bapp).
results identical to the? configuration. V2
, The uve? configuration contains quintet states. As for the (109
e” configuration, the product space transforms asrne remaining singlet, three more triplets, and quintet states

A1®A,®E, but it is useful to distinguish states that' trans- 4. all derived from th® 1o D! product. The singlet is
form as XY from those that transform asX or Y'Y, since

only XY states can havé; symmetry. In all there are 24  ¥(1,1;S=0,m,=0)«—1/2/3(2aaBB— aBaB— aBBa
possible states, when one accounts for the four independent

spin orientations of thev orbitals among the six orbital kets —BaaB—BaBat2BBaa).
luvegey), |uvexey), |uveyey), |uveyey), |uvegey), and (10h
[uveyey).

To construct four-particle wave functions of well-defined Themg=1 triplet state is

spin, the direct product of four-electron states may be de-

composed first into irreducible representations according to V(LIS=1me=1) <z (aaaftaafa—afaa

[D¥?*=(D'@D%®(D*®D®%=2D"+3D'+D2. (9) ~Baaa), (10)

The intermediate decomposition i®) contains the terms and them,=2 quintet state is

1 1 1 0 0 1 0 0 P
D'@D", D'®D", D"®D", and D"®D", which may be W(1,1:5=2m,=2) - aaaa. (10))
written down easily in terms of two-particle spin states. A
shorthand notation for these two-particle states, which igThese and other total wave functions for the lowest-energy
nores orbital labels, is expedient, representing the twoeonfigurations of thenx=4 model are presented in Table IlI
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TABLE IIl. Spin wave functions for the N/ center(n=4), in the notation of Eq(7). Only wave
functions with the highest value of spin projectiond=S) are listed.E symmetry wave functions are listed
in pairs, with the first transforming asand the second as

Configuration r g Wave function (n=29)
u?? A, 1 luuvvy
u?ve E 2 |uuvey) —|uuvey), uuvey) —|uuvey)
e 6 |uuvey), uuvey)
urle E 2 |uvvey)—[uvvey), luvvey)—[uvvey)
u’e® Ay 1 |uuexex) +|uueyey)
*A, 3 | uuexey) -
E 2 |uuexey) —|uueyey), —[|uueyey)—|uuexey)]
e Ay 1 lvvexex) +|vvevey)
*A, 3 | vvexey)
1E 2 | VVexex> - | VVeyey>, | VVeXey> - | VVeXey>
uve® Ay 1 Alluvexey) —[uveyex) + [uveyey) —[uveyey)]
1
3 — —
Al 3 —1|U +|u
7 [luvece) +|urevey)]
A 1 L e eue)
2 %[ZWVGXGY)"‘ZWGXGY)_WWXQY)
—|uvexey) —[uvexey) —[uve.ey)]
1
3 R
A2 3 — (U —[u
- [luvexey)—[urvesey)]
*A, 3 Al|uvexey) +|uvexey) — [uveyey) —[uvexey)]
5A, 5 luvexey)
'E 2 sl uvexey) — [uvexex) — [uvevey) —[uveyey)],
%[ |uvexey) — |uvexey) —|uvexey) —[uvexey)]
1 _ . 1 . _
3 —[|u +|u ——|u +|u
E 6 - [luvexe)+|uvevey)] 7 [luvecey)+|uvevey]

where the expedient notation ¢£0) has been replaced by orbital angular momenturf). This is possible as a result of
the configurations of7). As an example, theA, wave func-  having chosen a basis of atomic orbitals spanning real space,
tion in this table results fror.0j), when the four spin labels as well as spin space at the outset.

aaaa are replaced by the ordered sequence of orbital labels Forn=2, the lowest-energy configurations were identified
uveye, corresponding to four spin up electrons in tnee?  in the last section to be?, +#, uv, ue, ve, ande?. We now
configuration. form linear combinations of these states to prepare configu-

For n=6, only the three most symmetric configurations "ational states which are irreducible @y, symmetry. For a
were considered. These are th&r2e? u2ve®. andur2ed  Small number of electrons, this is accomplished straightfor-

configurations. The first contains a closa@? core and, Wardly with the use of the basis function generating

: 5
therefore, consists of basis states identical toetheonfigu- ma_?kr]nnel. . i listed ab N ¢ AsDA
ration of then=2 model. The second and third configura- € configuralions listed above transiorm A5 Ay,

tions consist exclusively ofE and’E states. States witA; AlfAé’ AZ@?Atl’ AR E, A1®tE' ?Dnd dE®tE’t rfSpeﬂ'r\]’ e'{*
or A, symmetry contaireyexey and eyeyey contributions, underts, point-group symmetry. Froguct states of the form

which violate the Pauli exclusion principle. There are at mosl};i@'zl :rans;‘orm asg\lrredgibleEripresfentatmrE Ibl\}‘land
two unpaired electrons for these configurations, so $wat 2®A ransionms as, andAp® E transiorms as=. Many

is the maximum value of spin. Spin wave functions for thisof the product basis states constructed in t_he last section are,
: - therefore, already acceptable representations of the overall
model are listed in Table IV. . . R ) .
multielectron wave functions, being irreducible with respect
to the symmetry group of the center. States constructed from
configurationsu?, 1%, uv, ue, and ve fall into this category
With the multielectron spin eigenstates of Tables II-IV (Table Il). The configuratione?, on the other hand, trans-
total wave functions spanning the entire direct product spacorms asE®E=A,;®A,®E. Hence, additional steps are
of a given configuration can readily be constructed. In thisnecessary to identify four wave functions which are irreduc-
section, we form linear combinations of the spin eigenstategble in term of S and () in this final configuration.
which transform according to the point group of the center One way to find irreducible total wave functioids is to
and are therefore irreducible with respecbimthspinSand  apply the projection operatbrto the reducible product of

2. Total wave functions
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TABLE IV. Spin wave functions for the N/ center(n=6).  Taking sign changes due to spin permutation into account,
Only wave functions with the highest value of spin projection these projections yield the remaining irreducible, total wave

(ms=Y9) are listed E symmetry wave functions are listed in pairs, functions withA,, E,, andE, symmetries.
with the first transforming ag and the second as

1 _
Configuration T g Wave function (n=>5) | Wh2) = 5 [lexey) +|exey)], (12b
T -
u?r?e® AL S[liuieed+uumee)] 1
_ Ey_ re Y.
3{-\2 3 |uuvveyey) W5 = v [lexex)—levey)l, (129
E 2

5 e -uwre,s), )
T |‘1’5>:_‘E[|exev>_|exev>]- (120
EHUUVVexeY)HUUWeYexﬂ

These states are written in the for\mi', wherel" specifies

uve® E 2 i[|u@eyg>—|uu_vexeya>], the representation within manifold (ground or excited
V2 statg, and « distinguishesX andY components of the de-
T generateE representation where applicable.
‘EHUUVGYGXF—SO—WU vevecey)] Forn=4, the procedure is similar. Only tripl& states,
3 - which are degenerate X andY, require the construction of
E 1 |uuveygeyey), uuveyexey)

linear combinations of the expressiongi®) to be invariant
2.3 1 1 — with respect taC5, operations. For example, the appropriate
uvte £ 2 Slluweee)-uweed)  jinear combinations of10b), (10d), and (100, which yield
. irreducible total wave functions, are
v [luvy evexe) —[uvreexey] [WA2) =W (1,1;5=1,m.=0), (133
e 1 |uvw exevey), [uvy evexey)

WH=— — [W(LOS=1m=1)
two functionsW!'e and W', describing spin and orbital an- V2
gular mqme.ntum portions of thg wave functioq, respectively. +W(1,0:5=1me=—1)], (13b)
The projection operator for thggh representation, denoted
by PO, is defined as 1
W)= ——[¥(1,08=1ms=1)
PUO=1,/h> xI(R)*Pg. (11 v2

R —W(1,0:5=1m=—1)]. (139

wherel; is the degree of the representatibnis the number
of elements in the groupy(R) is the character for operation Fmally, for n=6, we form linear combinations of tH#,
R, and Py is the symmetry operatioR. As an example, a and®E states listed in Table IV. Total wave functions for the
wave function ofA; symmetry may be determined in the ground-state manifold must transform in this caséasEy,
following way: andEy of Cy,,

PA1(ySxy) =0,

PSS =3 [yByBet yBryBr]=PR(ySry®y).
Applying this procedure to the direct product of the singlet i L __
state in(9) and its degenerate counterppejey), we obtain IlP)E(>= — [|uuvveyey) —|uuvvexey)], (14b)
a total wave function, which transforms As V2

1 _ -
|\I,A1>: E [|UUVVeXey>+|UUVVeXey>], (14@

1 _ _ T -
YAy = + . 12 PEY=— — [|uuvregey) — |uuvregey)].  (14¢
| ) v [lexex) +|evey)] (129 [y) s [luuvvexey)—|uuvvesey)] (149
Similarly, it is easy to show that There are six excited states, which may be written as
PRAyE ) =3 Sy — gy, a1
[(WDAMy=—[|pSvS) + [P, (1539
PEY(yxyF) = 3 [¢FaSr+ yFryFa], V2
and
(] )A2>——[|¢ 9=l (15b)

PE(yEy™) = 3 [y yFry].
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1 by optical and magnetic-resonance methods. First and fore-
(PR =—I[lo500— o591, (159  most, we consider the interaction of each electron with its
V2 own orbital motion, in this respect, following the treatment

of fine structure of atoms. Because of the lack of spherical

E 1 EE EE symmetry of the NV center, we retain the general form of
(T)y)=— v [Idxvy)+]dyox)l, (150 the relativistic interaction® which can be written as
E\_ _ E A
[(¥2)%)=—|pyv"2), (159 HS():; Qs (17)
[(PH)7)=1¢x0"2), (159

in terms of irreducible orbital and spin operators of ftie
where electron(j =1,2). The components of the orbital operator, in
the reference fram¥, Y, Z of the defect(Fig. 1), are speci-

S — fied by th dient of the local potenti(r;) and the elec-
E ApN_ — y the gradient of the local potentid(r;) and the elec
| pv2) v [luuvexeyey)+|uuvegeyey)], (168 - momentunp; ,
e 1 ' o iR e 160 (Q))=12m*c[VV(r}) X p; k- (18
v72y= — [|uurveyexey) + |uuveyexex)],
v V2 e e Here k=1, 2, 3 is the spatial component index. According to
(18), the orbital components transform as an axial vector.
EE i o - o Consequently, direct correspondence betw@grand repre-
|pvox)=— v [|uuvexeyey) +|uuvexevey)l, (160  sentations of th&€,, group can be established:
L 0f=-0a,, af=0y, 0%=0q,.
E E\_ _ = — “\_|liiiroa A &
B ' imilarly, transformation properties of the axial spin compo-
| pxvvy) v [uuvexeyey) —[uuvexeyey)] (160 Similarl f fth |
nents for a two-electron system can be verified as
i _ _ -
|¢\E(U>E>:_E[|UUVeYexex>+|UUVeYexex>], (168 S>E<:—Sy, S$=Sx, SA2=SZ.
The appropriate group-theoretical representation of the spin-
EE 1 _ - orbit Hamiltonian inC5, symmetry, therefore, becomes
|pyoy)=— v [luuveyexex) —|uuveyexex)]. (16f)

The product state notation used(it5) and defined explicitly Hso= ; [(©82);(8%2);+(QR);(S);+ (29);(SH);1.
in (16) is discussed in Sec. Il A 1. (19)

The sum is taken over particle number1,2.
To evaluate spin-orbit matrix elements, we first identify
the theoretical manifolds of intere§table 1l). We assume
Using the wave functions of Sec. Il, it is possible to pre-that the ground state is the lowest-energy orbital singlet state
dict the energy-level splittings produced by various interac€xhibiting triplet spin and that the state excited by light at
tions of electrons within the N£ center. These interactions 1.945 eV (characteristic of the N/ centey is the lowest-
are specified by the interaction Hamiltonill,; and we con-  energy doublet with triplet spin. This ensures that the optical
sider separately all the main electron interactions for thdransition obeys Laporte’s rule and that the spin projection
models introduced above, in order to provide a basis fofloes not change, in agreement with experiments. The ground
comparison between theory and experiment. In this sectiorstate is, therefore, expected to be g state from theuv
spin-orbit and spin-spin splittings are calculated. In Secs. I\configuration and the excited state is expected to be'he
and V, strain and Jahn-Teller interactions are consideredrom theue configuration.
These calculations are greatly simplified by the availability ~For convenience in the application ¢f9), these states
of eigenstates of the main Hamiltonian, and furnish not onlymay be written out as explicit products of an orbital pért
the splittings caused by particular interactions, but also theigdnd a spin part using the results in Table II.
relative magnitudes.

[ll. SPIN INTERACTIONS

Phe= phiphe, (202

E_ 4A E
A. Two-electron model Vyx=¢ vy, (20b)
1. Spin-orbit coupling ‘P$= d)AlUE, (200

We assume that several interactions make important con-
tributions to the fine structure of the WM-center observable where
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1
d’Al:E(UV_VU): (v§= (d’xUY 0%, (210
and (P)3=—pyv’, (219
vhe=y ,
° ()= ko, (219
% i (vit )
Ux=——\01TV-1),
V2 where
vy=——(v1—v_1).
V2 E—" (uey—eyl),
¢x‘@( ex—exu)

The spin functionsy are conventional rank one spherical

tensors. The excited-state manifold, denoted by a prime be- £

low, is composed of an orbital doublet wave function and ¢Y:5 (uey—eyu).
several triplet spin statdsix states in ajt

(P )A1= i (¢XUX d’vvv) (213  These states can now be used to evaluate spin-orbit interac-
V2 tion matrix elements, providing qualitative and quantitative
information on splittings, due to spin-orbit interactions in the
A n=2 model.
(W)= v (pRoy— BYv3), (21b Matrix elements are calculated using the spin-orbit

HamiltonianH, of (19). BecauseH, itself transforms as the
1 identity, only diagonal elements and off-diagonal elements
(\Ifi)§=—(¢E E_ EU$)1 (219 between identical representations of different groups of
states are nonzero,

2
(WIH W= 3 3 (Wh|(QpP);(SpP) [ Whs)

i=1p.B
: lr\*(k 1|T
r
=22 2> (7 el Ly n ;)<¢5|mﬁp>j|¢5,><vk|<s;p>jle,>. (22
,y! )\!
|

The quantities in large curved parentheses (22) are . r [k 1|l
Clebsch-Gordon coefficients, describing the decomposition (‘I’ |Hso|‘l’ )= Ep % al 1y Na
of |\Ifa ) states in terms of product basis stdt¢§,>|:; \) (see A

AppendiX. k andl indicate one of the representatioffs, N [

A,, Ex, or Ey) of the space and spin parts of the wave X<¢V|Qﬁp|¢7’><U"|S/r3p|v”’>' @3

function, respectivelyy, 7', N, and\’ are indices, which This relation immediately reveals that all ground-state matrix

have the value 1 or 2, specifying eithéror Y, respectively, elements are zero, sin€ktransforms as eithek, or E, and

for the doubly degenerate representation. the spatial parts of the wave-function transformAgs Nei-
Matrix elements in22) do not depend on particle number ther of the direct products,® A;®A; or E A;®A; con-

j. Thus, we can introduce total orbital operatér.? taibn thel_iQentit)f/.gAansiquentzly, thé?r? is no first-order spin-

r r . orbit splitting o in the n=2 mode

:(Qﬁpl)lf(ﬂﬁp)z and spin Op?ratosrp:(srp)ﬁ(srp)z Thepsnuaquon |sld|fferent in the excited state. In this case,

to ellmlnate one summation using the relatlonsthe orbital matrix elements are of the foRbE| 2A2| $E) or

(¢ Qg Pl |¢ )= (oY |(Q p)2|¢ D=1 |Q p|¢ 0. (F|QF|¢F), and are permitted to be nonzero by symmetry,

Then (22) S|mply becomes since they transform in part as the identity. However, the
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wave functions are real anff is Hermitian and purely —_—
imaginary. Consequently, diagonal matrix elementsQ5f I' ;
vanish and it may easily be shown that off-diagonal elements 3 ; B *
are proportional to a reduced, diagonal matrix element which E ¢ ) - E'
is also zero, using the Wigner-Eckart theorem. The only non- A1
. \ .
zero terms are matrix elements @f*, N | /_A*'_A?
~ A
1
— (10" ¢7) =(py] Q0 2] 63) = (45042 ¢F). (24) '
Here, the reduced matrix elemef=|| Q"2 4F) is express-
ible in terms of a one-electron matrix element as follows.
1
(51072 ¢F) = (70| 5) 3 Y £
A - 4‘, A
=(uey|(Q"2)1|uey) +(eyul(Q"2),]exu) ! A,

I
=(ey|(Q"2)|ey). (25

. FIG. 3. Schematic diagram of the energy levels predicted for the
The last line of(25) makes use of the fact that the one- n=2 model of the NV center with no spin interactior{eft), spin-

electron orbitalu hasA, symmetry. The subscript 1 desig- gt interactions only(centey, and spin-orbit plus spin-spin inter-

nates the single-particle operator for particle 1. actions(right).
Matrix elements of the spin operator are handled in the

same way. The nonzero contributions are

, 19°B°G s§
E|cAy|, E E|cAy|, E E|| Ay, E ss:zﬁzz 3 (29
(vx|S2[vy) =(vy|S2|vy)=(v5S*v"), (269 i#) T
1 and
<v§|S>E<Iv>E<>=—<v$IS§|v$>=E<vE||SE||vE>, (26b)
. B39 G (ser(sery)
Hss:__ 2 5 . (30)
1 2 h i1 #] l‘ll
E|cE|, E\ _ E|cE|, E\ _ E||<E|,,E
v vy)=(v vy)=——=(v"||ST||lvF). (260
(xS =(odlSvx \/§< 15505 g is the sping factor, B=efi/2mc is the Bohr magneton, and
) _ L ENCElE rij is the displacement between electrorand.
TheEreguceEd spin matrix elements yiel(b | S™|v") The first term in(28) is a scalar product similar to the one
=(v-[S™lv=)=i# upon direct evaluation. already considered ifl9). Hence, it has the form
With these results, spin-orbit matrix elements for the
excited-state manifold can be evaluated. The nonzero ele- 1 g2
ments are Hgs=§ 72 ; (S|AZS?2+S)E<,iS§,j+S$,iS$,j)/ri3}-
A A ﬁ E A E (31)
(UM (PR = —i5 (6504 ¢)
The second is given by the irreducible expression
=((¥")*2Hd(¥')*2)=—B,
(278 H"——§—2—92'8 S (TR TAWA T WE
ssT 9 h < ( ij Vij ij Vi X,ij VYX,ij
'h ! ’ ’ ’
(PORIH (PR =i5 (#5102 ¢F)=B. (27b — TG WE TR WE + TS WE ). (32)

These results are summarized in the middle portion of Fig. 3TensorsT andW have been introduced to yield an expres-
For the two-electron model, the excited state is predicted tgion in which each separate term transforms as an irreducible
split into three(doubly degenerajestates with equal separa- bilinear combination of the spatial coordinates. These quan-
tions of magnitudeB. The degeneracies that remain are atities are defined by
feature of a multielectron calculation of the states, and arise
from the indistinguishability of the electrons.

A_ 2.5 A_ L1 5 o
) ) ) Tij =zj/rj, Tijl— — (X{j+yip/ri,
2. Spin-spin coupling V2

The usual Hamiltonian governing spin-spin interactions (33

5 E’
may be written in the form i

1
2.2
T>E<,ij =2Z;iX;; I3}, TX,ijzﬁ (X _yij)/riE}’

E _ 5 E' _ 5
Hee=H.+H? (28) Tvi=zyyi/ri Tvi=—Xyi/rj

Sss?

where and
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o A=3g?B%r;)(1-3 cog), (393
Wﬁlzsizsjzv Wi?lz V2 (SixSjx + SiySiy). 4 1
. A=~ g2 s, (38D
E _ E'" _
WX,ij_ —(SiszX-l-SiXSjZ), Wx’ij_E (Sixij_siysjy)' A’ sirnte
. e 1 3 1-3c030" (399
Wy ij =~ (SizSjy T SiySjz), Wy ~5 (SiySjx+ SixSjy)-
34 To estimate these splittings quantitatively, the ar@je35.3°

between the symmetry axisand a line through the centers
In (33) and(34), primed and unprimed tensors merely referof the “a” and “ d” orbitals was inserted ir{39). The radial
to different combinations of spatial coordinates rather tharintegral defined by(r ;7)=(dalr ;5’|da) was estimated us-
ground and excited states. ing r1,=a,/v2, wherea,=3.56 A is the cubic lattice spacing
Matrix elements ofH., are identical for all states in the of diamond. The resulting splittings are=—2.4 GHz and
ground-state manifold of the=2 model. This is an imme- A’=-0.8 GHz. The energy-level diagram feor=2 with
diate consequence of rewriting the Hamiltoni&®), using ~ Spin-orbit and spin-spin interactions is given in Fig. 3.
the relationS?= (S, +S,)2. This yields
’ 9232 2_ 3 . . .
ss~ o723, (S°=3), (39 Basic features of the four-electron model conflict with the
12 observed ground-state structure of the/Neenter reported
which clearly depends only on total sgHence, first-order by others. In particular, this model yields a lowest-energy
H¢ interactions in triplet states of this model are identical,triplet state, with orbital angular momentum Bfsymmetry
resulting in identical shifts of sublevels without removal of (line 3 of Table I). This is contrary to the well-establishéd
any degeneracy. character of the ground staté:>~’Moreover, noS=1 orbital
Matrix elements ofH”., on the other hand, depend on singlet is encountered until one moves up in energy to the

. . 2.2 . . .
ered further in this paper.

B. Four-electron model

{‘ITF'|H” |\Prs>: —SQZBZE E (k T\ *
all’ss e X e Yy Ma C. Six-electron model
VR 1. Spin-orbit coupling
><( k, )\l, FS)<¢';|T£p|¢k,> For more than two electrons, calculations of spin-orbit
Y @ 7 matrix elements become tedious. A second quantization for-
><<u'x|WFP|u'>\,>. (36) mal!sm §|mpllf|es evaTIuat|0ns by'lntroducmg' creation and
B annihilation operatora,, anda,s which, respectively, add or

Using the total wave functions of Sec. Ill A1 to calculate subtract one-electron states'|v®) from the total wave func-
matrix elements for thé\, and E symmetry ground states tion. The Hamiltonian of19) can be rewritten as
with (36), one obtains a ground-state splitting of

A=(WE|H JWE)— (VA2 H (W) =3D,,, (37) HSO:% ZS <¢T|Q£p|¢r/><US|S;P|us’>a:,S,arS. (40)
where r's'
r2 352 The two manifolds of interest theoretically até, of the
D, ~3 g2,82< M| 22 A1>_ u?v?e? configuration and’E of the u?ve® configuration in
M2 Table IV. In the excited state, only matrix elements of the

This is the usual result for spin-spin splitting of an orbitally form (24) give nonzero contributions. Hence on the basis of

nondegenerate triplet state in axially symmetric cerftess. (25, the spin-orbit interaction Hamiltonian reduces to

similar calculation for excited state&; and A, yields an

—1/alOA T t t t
excited-state splitting\’ of Hso= 2(€llQ?€)(ayaxa— xaBya T Axgavp—Bygaxp)-

(41)

[ Ao Ao\ _ Ay AL\ —
A=) (W) (W) | Hod (¥7)7) = 4Dy, The subscriptX andY denoteey ande, states, respectively.

(39 With the Hamiltonian of(41), it is readily apparent, even
where for this multielectron model, that all diagonal matrix ele-
ments in the ground-state manifold are zero,
Dyy= %92/32< of ¢$>-
Y o <‘PA1|H50|‘PA1>:<\I’>E<|Hsolq/>E(>:<\I’\E(|Hst)|‘I’\E(>:O-( )
42

If one neglects overlap between atomic orbitals, the indi-
vidual splittingsA and A’ and their approximate ratio are This is due to the fact that these matrix elements all contain
predicted® to be terms similar to
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interactions which do cause distortions. The development
+ follows previous worke'® but includes excited-state mag-
— F netic interactions.
In irreducible form, the strain Hamiltonian®s

«F i ‘,_+_ VAL

-—2 A;"Az V:% Vika'ik:73 (oxxt oyyt 022

VE (2 ) vy ( )
T = (20, 0y Oyy) + — (Oyx— Oyy).
6 zz XX yy V3 XX yy

| . (44

%A - J A A The straing;, and its potentialV;, both transform as the
! "—* 2 second rank coordinate tensgr, in the crystal coordinate
system. The interaction ifd4) is written in terms of defect

coordinateR=(X,Y,Z), which relate to the crystal coordi-
FIG. 4. Schematic diagram of energy levels predicted for thenatesr =(X,y,z) of Fig. 1 through the transformatidR=Rr,
n=6 model of the NV center with no spin interactiorieft), spin-  where
orbit interactions only(centey, and spin-orbit plus spin-spin inter-

actions(right). 1 -1 -1 2
R=— | v3 —v3 0. (45)
(WD 7eyy|Ho WD 78yy) = (WD veyey|UUT 7oy ey) Blv: v »
+ (uuvveyey|uuvveygey) For simplicity, since strains along the defect axis do not re-
duce the symmetry of the center, we consider only large
=0. strains along one of the carbon-vacancy axes and first diag-

Off-diagonal terms are zero, becaudg, transforms asA, onalize the strain Hamiltonian by itself. The energy of t6e

and the basis states are orthogonal. Hence, the overall mati§fate of a center oriented alorig11] and subjected to a
element does not transform like the identity. Excited-state>tr@in of magnituder along[111] acquires two values dif-
matrix elements betweef states are also all zero, but be- [€1Ng bYEs=(c/9)(¥=[V=|¥). The corresponding eigen-

tweenA states they are not. states are
1A VAL — YA A 1 V3
(CFYRRACE ) =(F D H () [+)==5 60+ 5 [47), (463

if A
=~ (el(©*),]le)=-B. Vo1
|_>:_?|¢x>_§|¢v>- (46b)
(43
Thus, in then=6 model, onlyA states can shift under the
action of spin-orbit interaction, as indicated in Fig. 4.

To combine strain and spin-orbit interactions in a two-
electron model, the spin-orbit Hamiltonian i19) is in-
cluded next, and the problem rediagonalized in the basis of

2. Spin-spin coupling product state$i>|vms>. The new eigenenergies are
Qualitative results for the=2 electron model of Fig. 3 E 2m.B\ 2112
apply to then=6 model in Fig. 4. The addition of spin-spin E*= i({){l-ﬁ- Es ) , (47)
S

coupling separated, from E by A in the ground state, and
A, from A, in the excited state by an amouAt much  whereB is the spin-orbit parameter defined in Sec. Il A 1
smaller than the spin-orbit splitting. But the degeneracy of andmg=1, 0, —1.
the remaining states is only partially lifted, wilh separat- The eigenstates comprising strain and spin-orbit interac-
ing from E” by A”. In the case of six electrorie=6), spin-  tions are too cumbersome to reproduce, but calculations with
spin coupling is expected to result in the same number ofhem reveal that when uniaxial strain energy considerably
final states as the=2 model, but magnitudes of the split- exceeds spin-orbit coupling, tme, states asymptotically ap-
tings are predicted to be quite different. In particular, theproach the puré+) states of(46) separated by energys.
E’'—E" splitting should be on the order of the spin-orbit The inclusion of spin-spin interactions removes the remain-
splitting B in the n=2 model, but on the order of the spin- ing degeneracies aih,==*1 levels, yielding the term dia-
spin couplingA in the n=6 model. These results are pre- gram of Fig. 5, in agreement with earlier resdlts.
sented in Fig. 4.

V. JAHN-TELLER INTERACTIONS

IV. STRAIN INTERACTIONS . .
We now consider the dynamic Jahn-TellglT) effect

In Sec. Ill, interactions which did not reduce the pointwhich, as is well knowrf;"?°can also cause a reduction in
symmetry of the center were calculated. We now treat straithe symmetry of degenerate states by coupling electronic ex-
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V4 - 3A ‘ < - - Allll A ,
’ A" 1 I —+— 2
L R } A R
3E ! / 3 " - ::- ——A E'
(— E & S o A
‘B \ S —A;
* i . E (mg=0) * \4$_'A1
\, A s~
\ A"
\ “-zT A
E (mg=t1) f
A, _——_—— ___A (@)
A, (mg=0) f
3 I+> 2 T (mgmen)
FIG. 5. Schematic diagram of the energy levels predicted for the Al | ~._ A" (m.=0)
n=2 model of the NV center with no perturbationdeft), spin- s
orbit interactions only(center leff, spin-orbit coupling in the limit Ay Ry (mo=t1)
of large(111) strain (center right, and spin-orbit with larg€111) " . <« 7T, s
strain plus the spin-spin interactigright). 3 | ¢ ’|_> ~ (mg=0)
E N o ——— (Mmg=0)
~ < A
. . . . . SSUTTA (mg=x1)
citations to vibrational modes of a lattice. Excited-state in-
teractions were previously investigated experimentally by
Davies and Hamerwho explained their observations with-
out invoking JT effects. Here, we nevertheless reexamine JT
interactions to see if they can account for newly observed
excited-state fine structure.
3 - E (mg=+1)

The Jahn-Teller theorem predicts that degenerate elec- A - z A
. - . . 1 ~ A,{(mg=0)
tronic states couple to vibrational modes of like symmetry to (b) 2
achieve spontaneous symmetry breaking, which reduces ex-
citation energy and lifts the degeneracy, unless the degen-

eracy is of the Kramers type. In the Weenter, the excitedt n=2 model of the NV center with a dynamic Jahn-Teller effect in

Isat?tit(?ecir;ulsninpngc(ljplﬁér%?g%Iiit?rt\i/cl)zr%t;otﬂgl er:](gi(tj:g-gtfattre]e 0Ehe excited statdeft), and with a combination of Jahn-Teller, spin-
S 9 y L . . P orbit, and spin-spin interactionsight). (b) Schematic diagram of
tential with energy minima localized at points of nonzero

di . f th . h i energy levels predicted for thre=2 model of the NV center with a
istortion of the static symmetry group. The resulting dynamic Jahn-Teller effect in the excited stdleft), the strong-

bronic wave functions have symmetries determined by theoypiing JT limit with random static strain, which splits the excited
decomposition of the interacting statBsE=A;®A,®E £ yipronic state by as much as the inhomogeneous width of the
and the energy at the dynamic minima on the potential SUrzero-phonon transitioricentej, and these interactions combined

face is lowered by the Jahn-Teller energy;. with (residual spin-orbit and spin-spin interactiorgght).
Two regimes can be differentiatédin the first, the Jahn-

Teller energy is smaller than the nuclear zero-point energy
associated with the vibrational mode of frequenay o N . .
(E;r<<hwl2), whereas, in the second, the opposite is true. irenee of JT cquphng IS ?hOV.V”. In .F'g'.6' THAZ vibronic

the limit of weak JT couplingE ;;<f/2), the E vibronic state was omitted for simplicity, in view of the fact that
state lies below thédegenerateA,; and A’2 states and the electric dipole transitions to this state from the ground state
E<A separationA,; is somewhat less than a vibrational &€ forbidden with linearly polarized light. .
quantumZie.2® In the opposite lmit(E ;;7>hw/2), the split- When bott;V3 and E; are large, spin-orbit mteractl_ons
ting between th& and3A1 level (no longer degenerate with arequenchetf and the splittingA; decreases exponentially

. . . 23 .
3A,) may be very much less than a vibrational quantum, and!ith increasingE, . Under these conditions),y can de-

FIG. 6. (a) Schematic diagram of energy levels predicted for the

is ai 1 crease sufficiently to become comparable to static strain en-
given by . o . . .
ergies within the crystal. Then the static JT interaction
Ay 9% [2V, 3 VE; Vs ]2 causes neighboring wells on the dynamic potential surface
—=g—|=—exp —3 (48 created by electron-phonon coupling to acquire significantly
ho 8| Eyy 2 ho

different energies. As a result, the degeneracy oftheonic
The quantityV; in (48) is the cubic strain matrix element of 3E state splits slightly, as shown in Fig(ts. However, the
the Jahn-Teller potentidl. The general situation in the pres- randomness of the static strain contribution to the energy
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merely produces a continuous distribution in this splitting ofdifferent laboratories could yield the same results within ex-
the |—) state, yielding an inhomogeneous width determinecberimental errof1° Also, no significant shift in rf splitting
by the strain distribution. The strain-dominated diagram tofrequencies has been obserfedersus the magnitude of in-
the right of Fig. 5 and the situation in tHe ) state of Fig.  ternal strain (i.e., position within the inhomogeneously
6(b) are superficially similar. broadened optical transitibnYet ground and excited-state
With the addition of(partially quenchedspin-orbit and  gpjittings attributed to static strdfh are vastly different.
spin-spin interactions, trios of well-defined spin states appeayoreover, an orientational average of the results given above
in the electronic structure, as thg remaining d(_ageneracie_s A€ really needed to complete the model of Sec. IV, since a
removed[Fig. 6b)]. The term diagram including dynamic fiyeq yniaxial strain in the crystal frame has different orien-
and static JT effects, spin-orbit and spin-spin_interactiong,sions with respect to orientationally distinct centers. But

['Z'g' 6(3)]] IS d'.stt"ggu'?hfd .by tf&afres?nctﬁ of ﬁf’ltstat? . such an average would smear out the effects of strain, since
above the excited- state, In addition 1o the substale o o, e girections produce no splitting at all. It is, therefore,

pattern. The triplet spin splittings within the two parts of the doubtful that a coarse splitting of the excited state into two

Lﬁ;hfﬁtﬁo;h?#ggebii ;ﬁgnéfgléémts?;e eé(l?:igegigforﬂferparts separated by 46 ¢h each with reproducible substate

interaction. Consequently, there are only two possille ?npelzl(t:trl]r;gn?sgs observed experimentali;® occurs by this
lowed) excit%d-st_ate radio-frequency If resonances %rAiginat- On the other hand, dynamic Jahn-Teller effects in a two-
Ing from the_E V|b_ron|c state and at most two from tha, electron modelFig. 6) were found to predict results which
state lying higher in energy bi;r. are both sample independent and are very similar to experi-
ment qualitatively and semiquantitatively. Through vibra-
tional coupling to the lattice, as seen in Figap defect
electrons can be promoted to either #evibronic state or

Figures 3—6 are the main results of this paper. They prethe A, state situated an energy;; above it. The substate
dict energy-level structures of the W-center for several structure depends on whether the effect of static strain is
multielectron models with various perturbations acting onincluded [Fig. 6(b)] or not [Fig. 6@]. More than two rf
the defect. Models with two and six electrons have beemesonances corresponding to excited-state splittings are ex-
treated in some detail in this paper, whereas the four-electropected on the red side of the optical transition when the
model was dismissed in Sec. Il B, on the basis of incorrecstrain interaction is weaker than both the JT and spin-orbit
ground-state structure. Models with odd numbers of elecinteractiongFig. 6(a)]. For a strong JT interaction with ran-
trons were also discarded, since these are inconsistent wittom strain intermediate in strength between the dynamic JT
the existence of triplet states in the centéodels with two  and spin interactions, exactly two rf resonances are expected
and six active electrons, on the other hand, have correctlgn the red side of the lingFig. 6(b)]. On the blue side of the
ordered®A, and®E states among low-energy configurations, line, very rapid vibrational dephasing should cause severe
and at least one intervening metastable state as reportéuoadening, but at least one rf resonance is expected.
experimentally*’ Both then=2 and 6 models predict com- This latter model agrees rather well with photon echo and
plex structure when common excited-state interactions arpersistent spectral hole-burning observations. In recent ex-
calculated. However, the relative magnitudes of splittinggperiments, two rf excited state splittings in rough agreement
and the number of final states depend markedly on the nunwith the spin-spin coupling estimates of Sec. Ill A2 were
ber of electrons and the allowed perturbations. observed on the red side of the\Neptical resonanc¥1 A

In Fig. 3, it is apparent that the=2 model based purely broadened rf resonance was seen at short wavelengths in Ref.
on spin-orbit and spin-spin interactions yields two large en-10 and a fast-decaying modulation component observed ap-
ergy splittings in the excited state, but only a single smallproximately 46 cm® to the blue side of the zero-phonon
splitting A’ on the order of 1 GHz. The=6 model of Fig. 4  transition in Ref. 11. These observations support only one of
predicts two such small splittings’ andA” separated by the the many models considered in this paper, and we conclude
large spin-orbit energB. These predictions are both quite that the electronic structure of the W-center is similar to
different from recent photon echo measureméhts,which  that given in Fig. 6b).
two rf splittings were reported in an excited triplet lying  The large excited-state splitting observed
approximately 46 cm! below a second excited state with at experimentally* can be attributed to a Jahn-Teller interac-
least one similar fine splitting. tion, with A;;=46 cmi ! as shown in Fig. @). This model

In Fig. 5, it can be seen that static uniaxial strain acting inpredicts two broad peaks separatedAyy in the four-wave
concert with spin interactions yields an energy-level diagrammixing excitation spectrum. On the red side of the transition,
in better apparent agreement with the experiments in Refs. #ie existence of an inhomogeneous strain distribution in the
and 11. However, the emergence of narrow, reproducibl¢—) state(corresponding to the quasistatic Jahn-Teller inter-
energy levels through a uniaxial strain interaction of the typeaction should wash out all fine structure other than tkle
considered in Sec. IV seems unlikely in real diamond crysand A" splittings, predicted to be the same for both strain-
tals for several reasons. Internal strains in crystals typicallyplit components. On the blue side of the transition, at most
vary randomly in magnitude and orientation from point totwo splitting frequencies are expected, consistent with four-
point, and from sample to sample. It is improbable that diawave mixing observations.
mond samples of various origins could have the same domi- Earlier analysis attributed depolarization on the optical
nant uniaxial internal strain. Consequently, it is hard to un-transition to strain mixing betweeXd andY components of
derstand how measurements on many different samples ihe °E state? As a result, the possibility of Jahn-Teller cou-

VI. DISCUSSION
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strain indeed plays an important role in excited structure, but
obtain better consistency between theory and experiment
with a Jahn-Teller interaction picture in whidyy is on the
order of the inhomogeneous broadening. Consequently, it is

concluded that a two-electron model, in which a strong JT (
effect quenches the spin-orbit interaction, but in which small

splittings persist due to spin-spin coupling, can account well
for optical experiments to date.

pling to E vibrational modes was dismissed. We find that (E E
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APPENDIX both of which haveE symmetry.

Clebsch-Gordan coefficients relate the basis states of a 1he indices, j, andk in (A2) can each take on values 1
direct product space to explicit products of individual states?" 2 corresponding X or , respectively. However, the
spanning the lower dimensional component Hilbert spacedndicesi andj perform two functions: they specify rows and

r,
o

For example, irreducible representations of the total wav&olumns, respectively, in the symbol matrix, as well as basis-
function|\lf1;') can be expressed in terms of irreducible basisState representations. The .|nde>spe0|f|es onlyX or Y for
states for orbital angular momentum and spin givemqldy the de_generate representation of the total wave function. Fur-
| . . . ' ther discussion in the context of the example above helps to
and|v ) ), respectively, using expansions of the form clarify this point.
. K | Prior to specifyingij index values in the symbol
|q’ar>:2}\ N | $5)v)). (A1) (F F™), there are four possible combinations @Fiv i

v states which can contributéP(2); ; terms to the total wave
The symbols f‘ ')\|1;') are Clebsch-Gordan coefficients of function ¥#2. Using the matrices irfA2), contributions to
the expansion. They can be evaluated by projection operatd@tal wave functions from any basis-state combination can be
techniques and written as unique matrices, apart from awritten down directly. In the example above, the explicit
arbitrary phase factor. FaE,, symmetry, these coefficients decomposition oft 2, in terms of basis states & symme-
may be obtained quite easily without recourse to the generdty, yields the following @*2);; terms:
sum rule that they satisf?. For example, basis-state prod-
ucts of the form ¢*)|v”1) obviously transform aE*. Hence, (WA2),=0
the Clebsch-Gordan coefficient for this componenitidf) is ’
the identity. The coefficients fdCg, are

1
(Wh2) 1 ,=— ¢ Fy,

All AllAllz(Alz A11A12>:(A11 A12A12> (A2) Vi
A, AA, 1
:(1 1 1):1' (‘PA2)21=—E¢EYUEX,
E AJE\ (A, E[E} (1 0
i jlk) Vi k) lo 1) (WA2),,=0.
E AJE\ (A, E[E\ [0 1
i 1|k/l1 jlk/ -1 o)

Other basis states may also make contribution&fe. Con-

E EA 1/1 0 sequently, any complete, irreducible representation of the to-

( - 1) - ( ) tal wave function, such as those ([@2) and(36), must sum
il o 1) over all basis states.
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