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Lattice relaxation in many-electron states of the diamond vacancy
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Symmetric lattice relaxation around a vacancy in diamond and its effect on many electron states of the defect
have been investigated. A molecular approach is used to evaluate accurately electron-@estinteraction
via a semiempirical formalism which is based on a generalized Hubbard Hamiltonian. Coupling of the defect
molecule to surrounding bulk is also considered using an improved Stillinger-Weber potential for diamond.
Strong dependence of the electronic energy levels to the relaxation size of the nearest n&ghketoms
indicates that in order to obtain quantitative results the effect of lattice relaxation should be considered. Except
for the high spin state of the defe"_b%z, the order of other lowest levels, particularly the ground state of the
vacancy'E does not change by the relaxation. At 12% outward relaxation, there is a level crossing b%!\gveen
and the excited state of the well-known GR1 transiﬁiﬁg The reported level crossing confirms the predicted
relative energies of these states in the band gap that was speculated by monitoring the temperature dependence
of the electron paramagnetic resonaE®R) signal. By considering the outward relaxation effect, we ob-
tained midgap position for th%A2 state in agreement with the suggestion made by EPR. The position of the
low lying 3T1 level varies from 100 to 400 meV with increasing outward relaxation. When the ion-ion inter-
action of the NN atoms is included the outward relaxation lowers the energies of all electronic states. The
relaxing force is different for investigated electronic states. By considering the interaction of the first and
second shell neighbors of the vacancy, the calculated elastic barrier restricts outward relaxation of the vacancy
to 12% for the ground and 18% for tﬁe«z excited state. The calculated equilibrium bond lengths are in very
good agreement withb initio density functional theory and EPR measurement data. Electronic configurations
in the unrelaxed and relaxed eigenfunctions of the Hamiltonian are reported. Our results also suggest that there
is an outward relaxation if Hund rule is applicable.
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I. INTRODUCTION glect of differential overlap(CNDO) method gives up to

For the past 50 years, lattice vacancy in diamond and0% inward _relaxatioﬁ? With a different set of parameters
more recently in silicon have been studied as the principaln CNDO, it is also possible to obtain outward relaxatién.
benchmark for the more general problem of deep levels if/Sing an empirical Stillinger-Weber potential for-€C in-
semiconductoré? The electron paramagnetic resonanceteraction gives 10% inward relaxatiéh.This sign of the
(EPR measurements arab initio calculations suggest that relaxation is in agreement with original results of the mo-
the nearest neighb@NN) atoms of the vacancy relax some- lecular model introduced by Coulson and Larkifi$n all of
how. This effect is common for lattice vacancies in semiconthe calculations the relaxation of the next nearest neighbor
ductors and has been investigated widely both in theory antNNN) atoms is negligible. The difference between these ap-
experiment. Qualitative results for the size and sign of theproaches essentially depends upon the treatmene-ef
lattice relaxation comes out from hyperfine interactibirl)  correlation!® Any elastic measurement of the phonon struc-
measurements of the EPR.Theoretical calculations based ture of the vacancy GR1 optical band indicates that elastic
on density functional theorgDFT) and within the local spin forces in the locality of the diamond vacancy were only mar-
density approximatiolLSDA) are used to predict the relax- ginally changed from those of the bulk matefalThis im-
ation siz&° and to explain HFI experimental dati. plies that any elastic softening near the vacancy is relatively

The sign of the relaxation is expected to be important insmall3
any elastic energy-barrier to interaction with another defect, The ground state of the neutral vacari&is diamagnetic
as well as determining the perturbation of any defects thatS=0) and therefore was not studied by EPR. Our knowledge
are near a vacanéin contrast to the vacancy in Si lattice, about the relaxation of this center comes out from EPR
the lattice vacancy in diamond does not undergo Jahn-Telleneasurementon a paramagnetic excited state of the neutral
distortion and the relaxation around the defect is expected t@acancy, i.e.;r’A2 and the followingab initio studie$® of the
be symmetrid® The sign and size of relaxation in the ground HFI interaction parameters within the LSDA framework of
state of the defect, is still in dispufeAb initio density func-  DFT. Experimental results suggest that the relaxation in this
tional theory calculations predicted 13% and 7% outwardexcited state is 15% and outwatéiund rule is not valid for
relaxation for NN atoms using a molecular cluster and ahe vacancy and the ground state is %5. This has been
plane-wave-supercell, respectively in agreement with attributed to the subtles-e interaction in the diamond
original large cluster calculation resulsThe complete ne- vacancy'® The EPR measurements also suggest negligible
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lattice relaxation for the NNN atork§in agreement with Ov
theoretical calculations!3
; . . . . ® NN
Despite many theoretical attempts that invesigate lattice
relaxation in the ground state of the vacancy, there are very © NNN
few works# that consider the relaxation effect on the multi- N r
plet electronic structure of the vacancy. Using the original R\

molecular Cl modet, Coulson and Larkiné examined the
effect of lattice relaxation as a perturbation on the energies of
unrelaxed states. Their approach assumed that the effect of
lattice relaxation on many electron states is more important
than the effect of Jahn-Teller distortion. The ion-iini)

interaction was approximated ByAR expression for small _ , o o
displacement of the NN atonfdR), whereF is the symmet- FIG. 1. (Color onling The lattice vacancy in diamond with its
X first (NN) and secondNNN) shell neighbors. The distance between

ric relaxing f0rge that qu defined as th.e gradient of thq\IN atoms(R) in unrelaxed lattice is 2.52 A and the radial distance
energy expectation value in each electronic state. The elast*c

. : . . rom vacancy to the NN atom@) is 1.54 A
energy in harmonic regime, was considered asw?AR? Y me)
wherem is the mass of a carbon atom awds the effective
phonon frequency of the lattice. These two terms were con-

sidered as the first and second order perturbation to the un- To find the effect of lattice relaxation on the total energy
relaxed energies of the states. They obtained different synmsf a vacancy in the diamond lattice, we consider the total
metric relaxing force for different many electron StateS.energy as a sum of electrorie-e, e-i), ionic (i-i) and elastic
However for all of the energy states in their model, the four(NN-NNN) energies in Eq(1). Based on the EPR resdlf,
NN atoms of the vacancy relax inward. As they discussed, ae assumed that the displacements of ¢N&IN) atoms of
outward relaxation is more expected from the chemical pointhe vacancy is negligible. Hence in this equation all energy

of view. In the extreme condition, while the methane mol-terms of the lattice that change with relaxation around a va-
ecule has three dimensional tetrahedral structure the methighncy are considered,

radical is planner. The outward relaxation leads to the atoms

surrounding the vacancy moving more into the plane of their AE_ = AEy/(e-€) + AE(e-i) + AE(i-i) + AE,(NN-NNN)
three nearest neighbors, and the bonding becoming spre (1)
like thansp®, with the former being preferred. ) ) ) )

Extension of the CI calculation in its original form, to  In this equationAE, is the change of the lattice energy
investigate lattice relaxation in many electron multiplet with due to relaxation around a vacan&f,'s are the change of
an unperturbative formalism is too demanding. Additionallythe energy of a vacancy that consist of electron-electron,
for the electronic systems such as diamond vacancy whef@€ctron-ion, and ion-ion interaction energies. The last term
many particle effects are dominant, local density approximalS the change in the elastic energy due to the interaction of

tion (LDA) is not able to describe-e interaction adequately. the NN with NNN atoms. It should be emphasized that the

interaction more accurately. The model considers the vat® write Eq.(1).
cancy as an isolated molecule. To include the effect of sur-
rounding bulk, the coupling of the defect NN atoms with the
second neighbor shell of atortlNN) is considered. We use
an improved SW interatomic potential for diamond to calcu- We used a generalized Hubbard Hamiltonian, to calculate
late the elastic energy of the NN-NNN bonds. In this calcu-energy levels of electrons including electron-iai) and
lation we assume that the variation of the SW potential withe-e interaction completely. The Hamiltonian can be factor-
relaxation, mainly comes from the change of the distancezed by using tetrahedral,,, symmetry of the vacancy,
between atoms. Since the empirical parameters reproduce the v
elastic and vibrational properties of diamond lattice, we as- — T Y -
sume that the parameter variation is negligible for small dis- H=12 cogo + U2 gy + 2 2 Mty

Il. CALCULATIONS

A. Calculation of electronic and ionic energies

. . ij,G‘ i H -Y ’
placements. We obtained strong dependence of electronic en- Fhor
ergies on the size of the relaxation and different relaxing 1 t ot
: : : +> D XimCh ! CmgrC (2
forces for the different states. The size and sign of the relax- me | limioEjortmaHo
,o0

ation in each many electron state will be reported. By con-
sidering this effect, the puzzling of the midgap position fori, j, |, andm are indices of dangling orbitals of the vacancy
the 5A2 state suggested by EPR, will be resolved. A levelthat are localized on the NN atoms in Fig. 1.

crossing between th%2 and 1T2 states at 12% outward re- They range from 1 to 40, ¢’ are the spin indices that
laxation is reported. Electronic configurations in the unre-take up and down values;, and cit, are annihilation and
laxed and relaxed states were calculated to explain the bereation operator for an electron on diteith spin o, respec-
havior of the electronic states under relaxation. tively. Then;; andn;; are spin occupation number operators
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that act on sitd. t is the single particle parameter that in- ion energy term has been calculated from Coulombic repul-
cludes kinetic energy and electron-ion interaction. It ission energy(e’/R) between bare ions due to the relatively
named as the on-site energy forj), and the hopping en- large distance between NN io2.52 A).
ergy fori# j. U andV are Coulombic integrals that represent
classical on site and interatomese interaction terms, re-
spectively.Xj;, are exchange integrals that represent quan- Symmetric displacement of the vacancy atoms also affects
tum correlations that reduce %, ...,Xs with tetrahedral the elastic energy that comes from the bonds between the NN
symmetry of the defect. These parameters are defined as and NNN atomglast term in Eq(1)]. This introduces a limit
1 1 to the amount of energy lowering of the vacancy molecule by
t; = T+ V(0)lj), U=Gil=lii), V=(j|=lij), relaxation. After calculation of the the-e and e-i energies
r r with respect to the relaxation, we used an appropriate inter-
atomic potential to describe the energy of the NN-NNN in-
teraction to obtain the final equilibrium position of the NN
atoms in each electronic state.
A widely used potential for describing atomic interaction
1 1 in covalent tetrahedrally bounded systems is the empirical
X4=<ii|F|jk>. X5:<ij|F|k|>- potential derived by Stillinger and Web¥rCarbon is also
represented by a number of empirical potentials that are
The parameters listed in E@3) are calculated directly called bond order such as those of Ter¥béind Brennef!
from atomic orbitals. Similar parameters in the previous mo-However if onlysp® bonded clusters are under consideration,
lecular approach,were calculated from molecular orbitals the SW potential should compare well with these bond order
that were the symmetri@ntisymmetrig linear combination  potentials and agrees well with the elastic and vibrational
of the atomic orbitals. The Slater-type functions are used iproperties of diamoné? The SW potential has been previ-
both approaches for atomic orbitals to calculate Hamiltoniarously used to investigate the relaxation effect around a va-
parameterd® cancy in diamond? In this work we used a recently im-
Recent EPR experiments indicate that almost all of unproved form of this potential for diamortd:23The empirical
paired electrons of lattice vacancy in diamond are localizegharameters were obtained through a fitato initio Hartree-
on the nearest neighbor atoms of the vacdhriElis implies Fock and MP2 methods and they produce properly bulk
that considering four dangling orbitals for calculating elec-properties of diamond such as elastic and vibrational
tronic structure properties is reasonableDetails of the constant$?23 The form of the SW potential which includes
Hamiltonian calculation has been published elsewhk&re.  two-body and three-body terms for an N atom system is as
Except for the on-site energi¢gsandU, all parameters in  follows:
Eqg. (3) are sensitive to the relative distance of the ianps.
andq are one center_ integrgls that are indeper)deﬁt dfhe v => U(Z)(rij/(r) + > U(3)(ri/0,rj/<f,rk/0), (4)
hopping parametet; is obtained from the on-site energy € g i<j<k
by ti;=s;tii, wheres; =s is the overlap integral afth andjth @ 3 i
dangling orbitals and it is the same for andj. Dangling WhereU'” and U™ are the two-body and three-body inter-
orbitals are localized on the NN atoms and by the symmetri@ction terms in reduced units, respectively. )
outward or inward relaxation, the overlap integral of orbitals 1€ improved parameters for the diamond aré

B. Calculation of NN-NNN interaction energy

1 1 1
Xy =G, X =GN, Xa= Gl Tk, @)

decreases or increases, respectively. We used the semiempir- A=5.378 9794, B=0.593 3864,
ical value of 12.855 eV for the parametgr** while its theo-
retically calculated value in the original molecular model is \=26.199 34, y=1.055116

19 eV1! The large difference between this semiempirical and
the theoretical value was explaiftédby electron delocaliza- _ _
tion from NN atoms of the defect molecule to the NNN a=1846285, e(eV)=3.551, o(A)=1368.
atoms of the lattice and the report@deviation of the charge In the above parameterais the cutoff radius of interaction
distribution from idealsp® distribution. Other parameters of that is 1.846 A. Since the distances between NN and NNN
Eq. (3) are calculated with Slater-type orbitafs. atoms in the diamond lattice are 1.54 A and 2.52 A, respec-
In calculating other multicenter integrals, the ionic dis- tively, this cutoff implies that in the SW potential, only the
tanceR in Fig. 1, enters explicitly. For a reasonable range ofinteraction between NN atoms is considered. This cutoff
the outward and inward lattice relaxation, we calculated thyuarantees the independence of the electronic energy in Eq.
Hamiltonian parameters. The parameters were calculated Q@) based on generalized Hubbard Hamiltonian, upon the
decreasing and increasing (r) in the range —20% to elastic energy calculation for the NN-NNN bonds in the lat-
+30% for the inward and outward relaxation, respectively.tice with the SW potential. Therefore we can add the varia-
The steps of radial displacemeim} of atoms in this process tion of the electronic and ionic parts of the energy to the
were 2% or 0.031 A. We obtained many electron energiesariation of the calculated elastic energy from E4) to
and eigenfunctions for each set of parameters. obtain all variable terms of the lattice energy.
The first two terms of Eq(l) have been calculated from To consider the relaxation effect on the NN-NNN bonding
the generalized Hubbard Hamiltonian of £8) and the ion-  energies, we used a supercell consisting of 64 C atoms with
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E(eV) that for obtaining proper quantitative results, the effect of the
] 24 relaxation must be considered. This variation is much larger
20 than the energy correction due to Jahn-Teller effédn
16 agreement with the assumption of the previous CI
12 calculation'* The important role of the lattice distortion in
8 the optical character of Ni impurity in diamond was also
4 demonstrated previously with a semiempirical CNDO
. ; s gee : ; . calculatior?®
30 20 10 0 10 20 30 In Fig. 3, in all ranges of the relaxation, the ground state
Relaxation (%) remains'E and the position of the low lying excited st&fg,

increases from 100 meV at —20% relaxation to 400 meV at
FIG. 2. The variation of elastic energy between NN and NNN +30% relaxation. In this wide range of relaxation, the posi-

atoms of the vacancy with the outwagbsitive) and inwardnega-  tion of the3T1 level is more than 100 meV above the ground
tive) relaxation. state that is consistent with the suggestion made by EPR.

At 12% outward relaxation, there is a level crossing between
a vacancy at its center. Periodic boundary conditions werée A, and T, that changes the order of these levels. The
imposed to the unit cell. Before starting to relax the NNapid energy decrease of thia, state with the outward re-
atoms of the vacancy, we minimized energy of the supercel®X@tion, can explain for the first time the suggested midgap
with respect to the length of ©-C bond in the lattice. The Position for this state by EPRAt 12% outward relaxation
optimum bond length was obtained 1.55 A and its relatedN€ ground ftatéE is aout 3 eV below the crossing point of
energy was set as the reference or the zero of the lattic €A znil 1;2 i:‘atf.s’ tchon5|§t¢ntlv2tlh mggiap ene't[gy offthe
energy. The positions of all C atoms in the supercell were[h'.am(int : ho eb a |fn ed(zrlgkl)nas Vmob hetr?osu 'Ong tat
fixed and the NN atoms were moved symmetrically inward. IS state has been found 1o be 5 eV above the ground state

and outward from the vacant site. The total energy of tha" the unrelaxed regime similar to findings at zero relaxation
. ) : . d shown in Fig. 3.
lattice was obtained for each outward and inward displace The level crossing can explain the variation of the EPR

ment of the NN atomgbased on the SW potential in E)] signal with temperature. Vanwykt al® by increasing the

The results are summarized in Fig. 2. temperature of the experiment and monitoring the EPR sig-
nal of the®A, excited state of th&/° at about 100 K, found
that the®A, state was excited with an activation energy of

Ill. RESULTS AND DISCUSSION 2 .
about 40 meV. They proposed trf’atz is about 40 meV be-
A. Relaxation effect on the total energy of the defect molecule low another short lived midgap state, more probably’fhie

The calculation results for the variation of total energy of State.

the defect molecule with respect to the inward and outward In this figure the. energies vary a}lmost linearly with re-
relaxations are summarized in Fig. 3. spect to the relaxation with a negative slope. Therefore the

As it is evident from this figure, the variations of the outward and inward relaxation decreases a_md incrgases the
relative energies of the levels are large. For example, thEzOtal energy of the c_;lefect_molecule, respectlvely. Th's effect
energy of the dipole allowed transition GR1 increases byPcCcurs in all of the investigated lowest levels in Fig. 3.

0.1 eV for 1% increase in the outward relaxation. However, The_slope OT the energy gives the force; involved in the

it is also evident from the figure that the variation is diﬁerentrelaxat'org'4 which are different for the different states. .
for different electronic states of the vacancy. The energies Olf|ence the.energy Igvels.can also pe orderled ?S dlecreasmg
e 3T1, 1A1, anlez vary appreciably with the relaxation but the forces involved in lattice relaxation aa,, E, T, Ty

at much lower rate than the high sﬁ"mz state. This suggests lAl' where the relaxing fo_rce of tm? is_significantly larger
than the other states. This can result in different amounts of

lattice relaxation in different many electron states. Inthg

E (eV . .

93 V) state the decrease of the repulsive potential energy between
88 NN bare ions(€?/R) with the outward relaxation strengthen

83 with the simultaneous decrease of the electronic energy be-

tween four half-filled dangling orbitals. This suggests that
the relaxation for the high spin lattice vacancies which obey
Hund rule should be outward. The different behavior of the
levels under relaxation is understandable from electronic
configurations in these states that will be explained in the
next section.

In summary, results of Fig. 3 indicate that considering
ion-ion interaction for the total energy of the defect molecule
is essential to obtain the outward relaxation. The order of

FIG. 3. (Color onling The variation of total energy of the defect levels in increasing energy are = 3Tl, 1T2, 1Al, and5A2,
molecule in different electronic states with the outward and inwardwhile with more than 12% outward relaxation the order
relaxation. changes tdE, T, °A,, 'T,, and®A,.

-30 -20 -10 0 10 20 30
Relaxation (%)
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E (eV)

98 100%
90% | m(1111)
93 ® 0 m(2110)
88 & 80% [1(2200)
83 £ 70%
2
= 60%-
[<]
5 50%-
30 20 g 40%-
Relaxation (%) g 30%-
FIG. 4. (Color onling The variation of total energy of the va- §_‘ 20%-
cancy in lattice, in different electronic state with the outward and 10%-
inward relaxation.
_ ) 0%
B. Relaxation effect on the energies of the vacancy in lattice 1E 3T1 1T2 1A1 5A2
Now we consider all energy terms involving relaxation of Many Electron States
a vacancy in the lattice. For this purpose, we add the varia- _ _ _ _ .
tion of the NN-NNN interaction energfFig. 2) to the varia- FIG. 5. Populations of available electronic configurations in the

tion of the total energy of the defect molecyfig. 3). The ground state and .Iowest electronic excitations.of the unrelaxed va-

results are summarized in Fig. 4. As we observed in Fig. 36ancy. Numbers in parentheses are occupation numbers of each

considering ion-ion interaction results in an outward relaxing?tomic orbital of the vacancy.

force for all electronic states. The outward relaxation contin-

ues until the elastic barrier due to NN-NNN interactiilg. ~ vacancy electronic states under relaxation. For this purpose,

2) exceeds. This restricts the outward relaxation for eachve calculated many electron eigenfunctions of Eg). for

electronic state to a definite value. different relaxations. At first we present electronic configu-
In Fig. 4, for each electronic state, we obtained a mini-rations in the unrelaxed states and then we discuss the popu-

mum in the total energy curve for a definite size of the out-ation variation of the electronic configurations with the re-
ward relaxation. Hence, the calculations give an outwardayation.

symmetric displacement of the vacancy atoms in all of the
electronic states. The results give 12% outward relaxation for
the ground statéE as well as for the low-lying excited state
3T,. The latter is predicted as the ground state in LDA-DFT  The usage of atomic orbital basis in the generalized Hub-
calculations. Our obtained value for the relaxation size of théard model enabled us to obtain new information about the
3T, is in very good agreement with the resultsaif initio  quantum configurations of each unrelaxed electronic state.
DFT calculation$. The calculated size of the outward relax- The basis is more natural than the previously used molecular
ation for the5A2 excited state in Fig. 4 is 18% and higher basis in describing physical properties of the system such as
than the relaxation in the ground state. This is in good agredsehavior of the Hund configuration of ti4, state and also
ment with the 15% outward relaxation suggested by £PRionization of the vacancy atoms. The contribution of each
for the5A2. The amount of the relaxation for this state is alsoallowed electronic configuration in the ground and the lowest
higher than the other states. The size of the relaxation for thexcited states of the vacancy are summarized in Fig. 5. The
excited state of the GR1 optical bari'a',z, and also the}Al numbers in parentheses in Fig. 5 are the occupation numbers
state is 8%. The different size of lattice relaxation in differentof each vacancy atomic orbital. The ground state is spin sin-
electronic states, is understandable from a very short lifetimglet hence all of the possible orbital occupations are allowed.
of the lattice phonon that is about 10s. This relaxation These allowed electronic configurations aré,1,1,3,

time is much shorter than the relaxation lifetimes of different(2,1,1,0, and(2,2,0,0.

electronic excitations. The lifetimes of electronic excitations From Fig. 5, it is evident that the trend of the eigenstates
are of the order of 1 ngRef. 9 for 'T, and 1 mgRef. 3 for  is the growth of the paired configuration®,1,1,0 and

°A, indicating that during electronic relaxation, the ions will (2,2,0,0 relative to the Hund on€l1,1,1,3 in going from
have enough time to relax to their new equilibrium configu-lower to higher excited states. For higher excited states, we
ration. Note that from the strengths of the vibronic couplingobserve a growth of the doubly paired configurations with
it is known that the bond lengths may differ by about 5% inrespect to the singly paired one. The Hund configuration is
different electronic statesThe calculation results in Fig. 4 dominant in the ground stattE and disappears after few
gives a difference between 4% to 10% in the bond length irexcitations. This trend has an interesting consequence. In go-
different electronic states corresponding to 8% relaxation foing to the more excited states, there is a tendency to go

1. Electronic configurations in unrelaxed states

T, and 18% for’A,. toward the paired configuration. This means that at higher
) _ ) excited states the probability of finding states with a high
C. Electronic configurations value of spin decreases. In our calculation among the eight

In this section using electronic configurations of theupper-half excited states of the vacancy, six states have zero
states, we explain the findings concerning the behavior of thepin (single) and two are tripleS=1), and none of them
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hasS=2. Similar evidence can be obtained from the reported GR1: (1,1,1,)+#%w— 0.82,1,1,0+0.22,2,0,0.
excited states in the Coulson and Kearsley médel. (5)

The ground statéE has mainly(1,1,1,) configuration
(56%), where all of the vacancy atomic orbitals are half- This shows photon absorption at 1.673 €§R1) changes
filled. This means that the probability of finding the Hund the Hund configuration to the paired ones. The probability of
configuration(1,1,1,) in the ground state of the vacancy is finding semipaired configuratiai2,1,1,0 in the excited state
56%. The contribution of the paired configurati@,1,1,0 is four times of finding full paired2,2,0,Q configuration.
is appreciably 40%. As we expect, the contribution of theThe Eq.(5) also explains the strong dependence of the cal-
high energy or the double paired configurati@)2,0,0 in culated value of the GR1 transition energy to the energy

the ground state is negligibl@%o). increase of the system due to pairing, ilg,, in previous
The 56% population for Hund configuration is consistentmolecular model$:28.29
with Lannoo and Bourgoft explanation for moderately cor- From Fig. 5 we find that, the wave function of the ground

related electrons of the diamond vacancy and Coulson anstate of GR1 is distributed on all of the allowed configura-
Kearsley remarR,”...when the constituent atoms are farther tions. Equation(5) demonstrate that the main contribution in
apart than in a normal molecule we may not apply the Hundhe ground stat€l,1,1,3 will change to other configurations
rule without careful consideration.” in the excited state of the dipole allowed GR1 transition.
The A, excited state of the vacancy consists purely of theThis reduces significantly the overlap integral of the ground
(1,1,1,3 configuration which is about 6 eV above the groundand excited states wave functions and the related dipole tran-
state’E in the unrelaxed regimgFig. 3). Significant contri-  sition intensity of the GR1 transition. It should be noted that
bution of the paired configuratio(®,1,1,0 reduces the en- the lowest value of the spin for the GR1 transition plays a
ergy of the'E state relative to théAZ in zero relaxatiofFig.  fundamental role in such effect. This is unlike the high spin
3). Unlike in silicon, where Jahn-Teller effect is needed fortransitions in which the Hund rule can be applied to their
reducing the ground state energy after electron pairing, therground states. One example, is the dipole allowed transition
is no report on significant static Jahn-Teller effect in thein the negatively charged vacangy"), i.e., ND1 transition.
ground state of the diamond vacarichhis suggests that the The maximum spin value of the ground state in such transi-
energy reduction by pairing should have a pure electronigion, restricts the electronic configurations of the ground and
character in the diamond vacancy. excited state to a common and allowed configuration which
The calculation results show that in the two regimes thehas a minimum number of paired electrons. For ND1 the
excitedsA2 state can be the ground state of the vacancy. Thground and excited states belong to tBel,1,) configura-
first is in the free atom or weakly correlated lif%i’ where  tion due to the maximum value of the sp8+3. This in-
the kinetic energy of electrons increases and the single eleereases the overlap integral of the dipole transition ampli-
tron parametet of Eq. (2) becomes more effective than the tude, and also the related dipole transition intensity. This is in
correlation parameters such ds The second regime is the agreement with the optical spectroscopy data that obtains
strongly correlated limit, where the value of the one-sitedipole transition intensity of ND1 about four times higher
Coulomb interaction parametdd becomes much higher than GR13%31This picture has been extendétb the experi-
(about 7 times in our calculatiprthan the kinetic energy. In mental data about relative oscillator strength of the other low
this regime, the electron pairing extremely increases the erspin color centers in diamond such as N-V, N3, H3, and H4
ergy of the system and the ground state favors purely thevhich have much lower oscillator strengths thén
(1,1,1,9 configuration. Let us discuss about the EPR observatiorrAf in dia-
As it is evident from Fig. 3, théT, state is very close to mond samples that contaifi (type laB) during illumination
the ground statéE. The model explains this according to the of the UV light® Based on Hund configuration of the ND1
similar electronic configurations of these two states in Fig. 5transition, our model explains the ionization of the and
The ®T, consist of 43%(1,1,1,) and 57%(2,1,1,0 com-  the resultant state of the neutral vacari®). Following
pared to 56%1,1,1,) and 40%(2,1,1,0 for the 'E. It seems  previous molecular orbital calculatioAwe obtained
that the pairing for theE is more effective thaﬁTl in re-
ducing the energy of the state. It can be concluded that the (2,1,1,2(V) +ho—(2,1,1,2* (V')
mixing of the paired configuration with the Hund one re- -
duces the energy of the state until the contribution of the = (L1 +e ©®
paired configuration exceeds the Hund configuration. By ne- This relation demonstrates that in the photon absorption
glecting the orbital overlap parametgrthe hopping param- process, there is no configuration change and the energy of
etert; will be zero. With this value our calculation repro- the configuration increases by 3.159 eV. This highly excited
duces the previous result of the original Cl calculatfomsd  state is unstable and can relax by ejecting its more energetic
the position of the3Tl will be 50 meV above the ground electron, i.e., one of the paired electrons. The resultant con-
State. figuration is(1,1,1,) which is a pure Hund configuration
For the first dipole allowed excited stai@z, the model that represents tﬁmz state. Based on spin conservation rule,
predicts 85%(2,1,1,0 and 15%(2,2,0,0. The contribution in the mentioned ionization process, the resultant states of
of the allowed(1,1,1,) is absolutely zero. From these results the VV ° should have a spin value equal to 2 or 1. Among five
we can summarize the change of the electronic configurdowest states of the/© only 3Tl and 5A2 have such spin
tions, via the GR1 transition as values. EPR has detecté‘él2 but suggests a fraction of the
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V™ ionize to this staté.Our calculation favorgl,1,1,7) con- 100% -

figuration after the ionization process and suggestéAsQas m(1111)
the more probable final state. The previously dsedlecular 90% 1 O(2110)
a’t® configuration for the ND1 states favérsther available 80% - [1( 2200 )

states with(2,1,1,0 configuration such a§T1. Equation(6)

is consistent with the EPR experim&and nonluminescence
result of the ND1:%17 This has been associated with a tran-
sition from*T, excited state of th¥'~ to the°A, excited state
of the V°.

70% -
60% -
50% -
40% -
30%
20% -
10%

2. Effect of the lattice relaxation on electronic configurations

As we observed in Fig. 5, the many electron states of the
vacancy are a mixture of th@,1,1,), (2,1,1,0, and(2,2,0,0
configurations. We expect that tlig,1,1,) configuration is
more sensitive than others to the size of the relaxation. In 0%
this configuration the relative distance of four electrons that
are attached to the four dangling orbitals changes maximally
with the relaxation. This is unlike th@,2,0,0 configuration,
in _wh|ch we expect that the relaxation does not affect sig-, 4 3T, at 12% outward relaxation and fd, and 1A, at 8%
nificantly the electr(_)nlc energy. . outward relaxation. Numbers in parentheses are occupation num-

The(1,1,1,) configuration of théA, explained the Strong  pers of each atomic orbital of the vacancy.
dependence of this state on the lattice relaxation in Fig. 3 and
its related maximum relaxing force. In going from the in-

v;/]ard t:) o%t\/\(/jard rlglaxatlkc))_n,lthe flosllil: distanée ?I‘In?) h?nci tion in the population of the paire®?,1,1,0 and (2,2,0,0
the refated dangling orbitals o atoms will be farther .o rations with outward relaxation. This reduction is

apart from each other. This decreases both ionic and ele?ﬁom 40% to 28% and also from 57% to 35% f& and®T
tronic interaction repulsion energies. The latter are repreziates respectively. !

sgntid by thi mulgcgntg € gtetLactlor; p?r?meters I?f E‘J- The proposed picture explains why the level crossing only
(3). As we showed in Fig. 5, the calculation results give .. -5 hetween thea, and T, (*A,) levels in the investi-

almost equal weight for thel,1,1,) and (2,1,1,0 configu- gated relaxation range of Fig. 3. Among all of the many

. . _ . 3
'rl'éﬁgnz\iIrr;(;hce()rﬂ‘zolljrn;[is:gﬁiits)ré% éz’fol?r\wl\é g_'g?nllr;éﬁgeﬁ electron states, only these two have no common electronic
enerIO which itsgvalue is independent from the relaxationconﬁguration' While théAZ has only(1,1,1,3 configuration,
9y P the 1T2 and lA1 consist completely of the paired configura-

Such mixed states show less dependence to the relaxati(ﬁ%ns (2,1,1,0 and (2,2,0,0. By population variation with

with respect to a purél,1,1,) configuration, i.e.’A, state. utward relaxation, these two states cannot reach to a com-

The electronic configurations in the excited state of the GR . . .
absorption bandT, and alsoA, are much different from the on configuration and its related common energy. Therefore

5A2. They are a mixture of the paired configuratiggsl,1,0
and(2,2,0,0 and does not contain arig,1,1,1) configuration 100%-
(Fig. 5. This explains similar behavior of these states under  gge, m(1111)
relaxation in Figs. 3 and 4. As we expect, the energy reduc-2 _ 0(2110)
tion of these states by outward relaxation and also the relate.2 8% £1(2200)
relaxing force is the lowegiFig. 3). 70%

We have also calculated the effect of the outward andE' gge,
inward relaxation on the populations of the different elec-
tronic configurations in each state. The populations of con-5 0%
figurations in the equilibrium positions of NN atoms in each 2 40%-|
electronic states are shown in Fig. 6. For comparison we-%

Populations of Configurations

1E 3T1 5 A2 1T2 1A1
Many Electron States

FIG. 6. Populations of available electronic configurations‘fr

the (1,1,1,) configuration. Simultaneously, there is a reduc-

igura

conf

have also shown similar results at 12% inward relaxation ins e
Fig. 7. S 20%;
By outward relaxation, the energy of tl{é,1,1,) con- 10%-
figuration decreases more rapidly than t{&1,1,0 and 0%
(2,2,0,0 configurations. As it is evident in Fig. 6, by outward ° 1E 371 112 1A1 5 A2

relaxation, the population @f,1,1,3) configuration increases

in comparison to the paired configurations in each many
electron state. In the ground state the populatiofilgt,1,]) FIG. 7. Populations of available electronic configurations in the
increases from 56% in the unrelaxed vacancy to 70% in 12%round state and lowest electronic excitations of the 12% inward
outward relaxed vacancy. In the low lyirig , State we also relaxed vacancy. Numbers in parentheses are occupation numbers
observe an increase from 43% to 65% for the population obf each atomic orbital of the vacancy.

Many Electron States
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we found a level crossing between these two states. This isteraction of the first and second shell neighbors
unlike the behavior of théE and3Tl states which have com- (NN—NNN) was calculated with the SW potential. We
mon (1,1,1,9) configuration with the5A2. As it can be ob- demonstrated that the energy correction due to the lattice
served in Figs. 3 and 4E, 3T1, and5A2 converge to a com- relaxation around a vacancy is much higher than the correc-
mon energy for extremely outward relaxatidr80%). This  tion of the Jahn-Teller distortion. Results indicate that con-
is associated with their commaf,1,1,) configuration. At  sidering the role of this effect is vital in order to calculate the
this limit, the completely paired statéd, and *A;, which  energies of electronic excitations. The order of the investi-
have no(1,1,1,) contribution diverge. gated states and particularly the ground stffedo not

For the inward relaxation, th€l,1,1,) configuration has change under relaxation and the low Iyif’\t;l state is more
the largest rate of energy increase with relaxation and alsthan 100 meV above thtE in all of the investigated range.
related relaxing force. The paired configurations are less ser level crossing between th#A, and T, was observed at
sitive to the size of the inward relaxation. In going from 12% outward relaxation. By considering the ion-ion interac-
unrelaxed to the more inward relaxed states we encountert&on term, we found that all of the levels favor outward re-
decrease in the population of th&,1,1,) in favor of an laxation with different relaxing force. The relaxing force for
increase in the population of the paired configuratidfig.  the high spin statéA2 is higher than the other states. Includ-
7). We found a reduction dfL,1,1,) configuration from 56% ing the elastic barrier of the NN-NNN interaction into the
to 47% and 43% to 35% for thtE and 3Tl states at 12% calculations, the final symmetric configuration of the NN at-
inward relaxation, respectively. As we expect, by increasingoms was obtained in each electronic states. The relaxation
the inward relaxation all of the lowest levels go toward con-size for the ground statse and the low-lying excited state
figuration with more paired electrons and with less Hund3T1 is 12%, in very good agreement with the results ofdabe
configuration. This explains the behavior of the states undeinitio DFT calculation results. The relaxation size for the
extreme size of the inward relaxatién20%) in Figs. 3 and  high spin excited stat%A2 was obtained to be 18%, in good
4. In these figures the low lying stat& and>T,, that have — agreement with the EPR measurement results. The relaxation
common paired configuration&,1,1,0 and (2,2,0,0 lose in the *A, and T, states were also obtained to be 8%. The
their (1,1,1,9 configuration with the inward relaxation and calculated electronic configurations in the unrelaxed states
converge to a common configuration with its related com-were discussed. Using variation of the electronic configura-
mon energy. These configurations exist also infhigand  tions with the lattice relaxation, we explained different be-
A, states that have nd,1,1,) configuration. The energy of havior of the energy levels under inward and outward relax-
the °A, state that has onlyl,1,1,) configuration increases ation and also the origin of the level crossing. During
by inward relaxation and is appreciably higher than the comeoutward and inward relaxations, electronic configurations be-
mon energy of the other states in the extreme inward relaxcome more Hund-type and paired-like, respectively. The
ation (-20%) limit. model predicts outward relaxation for a high spin vacancy in

In summary, with outward relaxation, the electronic con-which the Hund rule is applicable.
figurations in many electron states become more Hund type Usingab initio LDA orbitals for calculating parameters of
and with inward relaxation, the states become more pairedhe generalized Hubbard Hamiltonian is under consideration.
like. By this means, the model can investigate symmetric lattice

relaxation in different charged states of the vacancy in dia-
IV. CONCLUSION mond and other semiconductors.

We investigated.the lattice relaxation effect in. many elec- ACKNOWLEDGMENTS
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