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Spin state of vacancies: From magnetic Jahn-Teller distortions to multiplets
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The spin configuration of isoelectronic vacancies surrounded by first-row atoms is studied within density-
functional theory(DFT) using the local spin density approximation. Allowing for a symmetry break in the
electronic system, a mixed-spin state is found to be lowest in energy. It is accompanied by a magnetization
density with reduced symmetry indicating a magnetic Jahn-Teller effect. The DFT results are discussed in
terms of many-body wave functions of a quantum-chemical treatment. Examples considered are neutral va-
cancies in diamond and cubic SiC.

The creation of a monovacancy in tetrahedrally coordi-which are not available so fArTherefore, it is assumed that
nated semiconductors like Si, SiC, and C leaves four danthe LSDA will always predict the multiple’T; as the
gling bonds at the four nearest neighbors of the missinground state in the absence of lattice distortion. The best
atom. Provided that the tetrahedral symmetry of the surknown signature of the/g defect in diamond is the optical
rounding lattice is preserved, these four dangling hybridband GRZ2 It is believed to be associated with a transition
form an slike a; state and triply orbitally degeneratg from the E ground state into &T, excited state. Therefore,
states. For neutral vacancies each type of state can be 0coid should be a zero-spin defect and, hence, nonparamag-
pied by two electrons of opposite spin, leading to a degeneretic. Until now there is no evidence for the existence of the
ate ground state with an electron configuratit;. Conse- V2 vacancy in the triplet ground state from magnetic reso-

quently, one expects a symmetry lowering in order 0 gaifygnce measuremerfté? In the case of the neutral vacancy
energy by lifting this degeneracy. Indeed, this is the case fo{,o

S %% in cubic SiC such experimental indications are also
the neutral vacancy\M2) in silicon and the neutral carbon S P

fecinnl0
Oy - SV 10 ) missing:
vacancy Vo) in cuk_ch S.'C' The accompanying strong Calculations including configuration interaction have re-
static Jahn-Teller distortion reduces the spatial symmetr%e

from T4 to D,q4 by a pairing mechanism and induces a level hntl?/d %redlct.edltTlat thedgmltmdt .Stﬁtfi_l\‘?gi |r; (t;uﬂ'CH SIC
splitting of t, into a singleb, and a twofold degenerate should be a singlet'€) and not a triplet (T,) state.” How-

state resulting in a configuraticmfb%. ever, with four carbon atoms the clusters used in the calcu-

The situation is completely different for the silicon va- lations were too small to give a definite answer. Also, in

o - o o 0 earlier studies within the defect molecule modHE rather
cancy (s in cubic SiC and the vacancy in diamondd). - - 3T, was determined to be the ground state of the iso-

A static Jahn-Teller distortion has not been observed. Folrated vacancy in diamoficind SiC!? These findings suggest
S|(|2, c_alc dulatu.)tns W'th'n. thet_gf:“nslgtg:;uilégc;r\wal gheory Itn lo- that exchange-correlation effects beyond the conventional lo-
cal spin density approximation ( .' .) show a sta- o) density treatment might be important for neutral vacan-
b"'_za“OQ Ton the vacancy electrons in the high-spin COr_mgu'cies in SIC and C, which do not undergo a static Jahn-Teller
ration ait)'. In terms of the defect molecule modéhis giciortion. We believe that this behavior is more general in
configuration represents &, multiplet. It has been argued yhe case of defects. Other vacancies formed by small atoms
that, due to the relatively large C-C distances of the vacancy, tetrahedral surroundings and occupied by four electrons
neighbors and according to Hund's rule, the local electronicye further candidates. Examples could be the positively

system forms a high-spin stafe-1 in order to gain energy  cparged cation vacancied; in group-lil nitrides XN (X
rather by exchange interaction than by overlap of the C dan- B, Al, Ga, and In or in InP

gling bonds. This explanation is unsatisfactory, however, In the present paper we carefully study the mutual influ-

since in the®T, configuration the ground state Oremai_ns de-ence of spin and orbital effects on the spatial symmetry and
generate. Furthermore, thé; ground state oWNs;, which e total spin of the ground state of neutral vacancies. We use
should be observable by electron paramagnetic resonancgself-consistent pseudopotential method in the framework of
has not been observed by experiment s fline situation is  he density-functional theory to calculate the total energies of
similiar for the V¢ defect in diamond. This vacancy also gypercells containing a vacancy. The electron-electron inter-
conserves the tetrahedral symmetry. As a consequencgetion is described within the local spin density approxima-
within the defect molecule model the resulting electroniction. For comparison, calculations are also performed within
configurationajt; gives rise to the multiplet3€, *A;, ®T;,  the local density approximatiofLDA). Explicitly, the

and 1T, of the T4 point-group symmetry.DFT-LSDA cal-  Perdew-Zunger parametrizatidnof the quantum Monte
culations can, however, hardly describe differences betweegarlo results of Ceperley and Aldéris used. In order to
multiplets of different symmetry or mixing Witlaf_mtger avoid errors due to frozen cores, nonlinear core corrections
excited configurations. A rigorous description of multipletsto the exchange-correlation enetgjyare included. In the
requires symmetry-adapted exchange-correlation functionalspin-polarized case the correlation energy for arbitrary polar-
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TABLE I. Energy balance for neutral vacancies in diamond and cubic SiC in the triplet and mixed-spin
states. The total energy gain is given with respect to the DFT-LBBA) value for the relaxed 4 situation.
In addition to the values obtained with a<2Xx2 mesh, thd’-point results are given in parentheses. All
energies are in eV.

Method AE;o AEy AE¢
Triplet Mixed Triplet Mixed Triplet Mixed
v2incC LSDA —-0.25 -0.27 —0.76 —-1.01 0.15 0.19
(—0.33) (—0.36) (=0.70) (=0.93) (0.15 (0.19
GGA —-0.34 —0.40 —-0.84 —-1.25 0.16 0.23
(—0.41) (—0.49) (=0.79) (—1.15) (0.16 (0.22
VY in Sic LSDA —0.18 -0.21 —0.66 -1.07 0.12 0.18
(—0.24) (=0.29) (—=0.58) (=0.92) (0.12 (0.18
GGA -0.25 -0.35 -0.75 —1.42 0.13 0.23

(-0.32)  (-043) (-0.66) (-1.25)  (0.13 (0.22

ization is determined by using the same interpolation as fotions thanT,. This idea has been tested by keeping the at-
the Qxchange enerd?.ln addition, we apply the ge_neralized oms neighboring the vacancy fixed in their relaxed positions
gradient approximatior (GGA) to account for the inhomo-  of Ty symmetry, but starting with a magnetization density
geneity .of the electron!c system. an-norm-conservmgm(x):nT(X)_nl(x) that exhibits a reduced symmetdy, .
yanderp|Itlspseudopotentlals characterize the electron-iofhe prime indicates a double-valued group representation,
interaction.” We use extremely soft pseudopotentials, which; ¢ ' \ve incorporate spin inversion as an additional symmetry
are carefully tested to reproduce tl%e results of CalCUIat'°n8peration The point group ,, consists of operations that
with harder potentials for C and SiC.The electron eigen- ) 2d . . .

) . rrange the four nearest-neighbor atoms in pairs of equiva-
functions are expanded in terms of plane waves up to aﬁent ogrj1es but. in contrast gndD these tf/)vo airs a?re
energy cutoff of 13.2 Ry for SiC and 20 Ry for C. Actually : . d 2d> pa

connected only by operations that simultaneously invert the

the Viennaab initio simulation packagéVASP)?° is used. ! L Ol .
The monovacancies are modeled using 216-atom superceff@in polarization. Consequently, the electrons gain the pos-

of fictitious simple-cubic crystals. The-space sampling is SiPility of occupying single-particle states that are entirely
performed using thd point and a 2 2x2 special-point l0calized at one pair of the four neighboring atoms. The sym-
mesh according to Monkhorst and P&ck. metry lowering is accompanied by a splitting of the degen-
Within the DFT-LDA calculations aT, symmetry- eratet, states, the lowest one occupied with two electrons of
conserving outward breathing relaxation of 7.1% of the bondPpposite spins. However, the resulting configuration does not
length forV2 in C and 9.2% foiv, in SiC is observed* In  necessarily describe a singlet stafe=(0). Due to the differ-
order to investigate the spin influence, the atomic configura€nt localization of the spin-up and spin-down electrons oc-
tion is kept fixed at the resulting position  symmetry ~ cupying the formett, anda, levels, the system exhibits a
and DFT-LSDA/GGA calculations are performed, i.e., thefinite magnetization densityn(x). The space integral over
total energy is minimized with respect to the spin densitiesmM(X) vanishes. This means that the quantum nunigrof
A high-spin triplet state $=1) is identified as the ground the total spin projection is zero. The lowered symmdry,
state>* In both approximations, LSDA and GGA, the sys- influences only the magnetization dengityx), whereas the
tems gain energy mainly due to the exchange interaction agnic configuration and the electron densitgx) still trans-
demonstrated in Table I. We have verified that the inclusiorform according to thel'y point-group symmetry. Therefore,
of spin polarization does not change the ionic configuratiorwe call this effect, giving an energy gain by symmetry low-
and, hence, the total energy differencA&,,, given in  ering, the magnetic Jahn-Teller effect, in analogy with the
Table I. structural Jahn-Teller effect. Indeed, within the reduced sym-
In terms of quantum chemistry and configuration interac-metry D54 we find a new ground state with a total energy
tion the DFT-LSDA (and also DFT-GGA possesses a dis- lower than that of the high-spin statef. Table ).
advantage. Keeping th€; symmetry, only averaged con- The resulting spin distribution shows the spatial separa-
figurations with respect to the combinationtgforbitals are  tion into spin-up and spin-down electrons described above,
considered and no excited configurations are taken into a@s can be seen in Fig. (ipper panglfor the highest occu-
count. Therefore, no further spin effects beyond the depied single-electron vacancy states. Surprisingly, such a spa-
scribed exchange-correlation interaction can be obtainedial localization happens also for tteg-related electrons, as
Within the framework of the symmetry restriction it is im- indicated in Fig. 1(lower panel. The two spinors for the
possible to achieve a magnetization density of the ground,-derived @;-derived electrons in Fig. 1(upper pangl
state different from the one discussed above. [Fig. 1 (lower panel] belong to the same energy level. The
To model more than this averaged configuration with spinspatial part of the spin-down wave function is located at one
S=1 and to lift the remaining degeneracy, we introduce ad{air of the vacancy neighbors. That of the spin-up wave
ditional degrees of freedom by allowing the single-electronfunction is located at the opposite pair of atoms. Moreover,
wave functions to transform according to the irreducible repthe delocalized crystal electrons also tend to accumulate at
resentations of a point group with fewer symmetry opera-one or the other pair of atoms depending on their spin pro-
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(1.7) is due to thet,-derived states, whereas the other con-
tributions from thea;-related state€0.7) and from the delo-
calized valence stat€B.3) are smaller. In principle, with the
characterized spatial charge and spin configurations of the
vacancy electrons we model features of a configuration in-
teraction in the inhomogeneous system even in the frame-
work of the LSDA or GGA.

One can attempt to interpret the LSOSGA) results in
terms of the quantum chemistry. Unfortunately, one cannot
treat all electrons of the system, e.g., the 860 valence elec-
140 trons in a 216-atom supercell, including the configuration
o interaction. For the purpose of discussion one can use the
{100 defect molecule modél*? i.e., one considers the four va-
| 80 cancy electrons only. The corresponding four-electron wave
60 function can be represented by a single Slater determinant
40 constructed with the one-electron spinors shown in Fig. 1.
, 4 20 However, this determinant can be decomposed into four-
L '\ ) Bl N . ] = 0 electron states of different symmetries. The reason is that in
FIG. 1. Contour plot of the spin-u@eft) and spin-downright general DFT gives rise not to pure multiplets but to many-
wave function square of the mixed-spin state.(#1) plane is  body states of mixed symmetry and, hence, mixed total
shown containing three nearest-neighbor carbon aténuicated  spin® In contrast to the quantum-chemical calculations,
by diamonds of the silicon vacancy in SiC. The uppéiower)  one usually obtains a weighted sum of different multiplet
panel shows the,-(a;) derived states. energies. Consequently, the energy of the true ground state

with pure symmetry is expected to be even lower than the
jection. The states in the left and right parts of Fig. 1 arevalue given in Table | for the mixed state. This fact can be
connected by a spin rotation and a space rotation around iBustrated using only the most importamj-derived two-
cubic axis by 180°. This is just one element of the doubleelectron subsystem. The corresponding single Slater determi-
groupDJy. nant decomposes into ¥ (S=0, Mg=0) state and &T,

Despite theT4 point-group symmetry of the atomic cores (S=1, Ms=0) state with the same weights. TAE state is
the total energy gain resulting for the mixed-sgbut Mg given by the combinationt{t,—t;t;) of the single-particle
=0) electronic configuration witlD,, symmetry is slightly  t, orbitals and the two-particle singlet spin function. The
larger than that of the high-spin configuration, as can be seestate corresponds to the product oft{—t;t;) and the trip-
in Table I. This result is corroborated by the inclusion of let spin function forMs=0. The total energy of the single-
generalized gradient corrections. Consequently, the DFTeterminantal’T, state is given by the energy of the high-
ground state of the neutral vacancy with carbon neighbors ispin state in Table I. Consequently, the total energies of the
cubic SiC or diamond is a mixed-spin state, not a pure tripletnixed state and of the high-spin state in Table | can be
state®>* While the formation of both the high-spinS( combined to obtain the energy of tH& state according to
=1Mg=+1) and the mixed-spinNs=0) states in the Ref. 8. The total energy resulting folE is found to be
LSDA (and spin-polarized GGWis clearly exchange driven, slightly lower than that of the mixed state. Pgf the state
the explanation of the smaller energy differences between theplitting between'E and *T; amounts to 0.04 e\LSDA) or
two different spin states with a nonvanishing magnetizatiorg.12 eV (GGA). Experimentally a splitting of 0.04—0.2 eV
density is not obvious. In a naive picture one would expechas been foun® This model study indicateSE as the
that in the mixed-spin configuration plotted in Fig. 1 the “true” ground state of the system. However, despite the
exchange interaction would be remarkably diminished, sincgood agreement with experiment such considerations need
the two electrons in thé,-derived spinors possess opposite not give a final answer concerning the ground state. The use
spins. The same happens in thederived electron system. of Kohn-Sham orbitals for the construction of determinants
However, vacancy electrons and crystal electrons with thés somewhat dangerous, because the only meaningful quan-
same spin projection are localized at one pair of atoms angties in DFT-LSDA are the densities, not the Kohn-Sham
interact with each other, i.e., in the LSD&GGA) the in-  orbitals. Moreover, the restriction to a subsystem of electrons
crease of the attractive exchange-correlation interaction iis questionable. We find that the interaction of all electrons is
the mixed-spin case with respect to tBe-1 case is a con- important. For instance, the interaction of the defect elec-
sequence of the different spatial localization of the singletrons and the electrons in the extended crystal states is non-
particle spins. negligible. Exchange and correlation of electrons in both

In terms of DFT® the energy gain for the mixed-spin subsystems influence the symmetry and the energy of the
state is mainly a consequence of the significant magnetiza4rue” ground state of the total system, the defect in a crys-
tion density and, hence, a corresponding enhancement of thal. On the other hand, the DFT-LSDA/GGA does not give a
exchange-correlation interaction, although the space integrdinal answer concerning the symmetry of the many-body
of m(x) vanishes. However, the local sign of the magnetizastate with the lowest energy. One ends up with the single-
tion density is less important for the energy gain. The spacgarticle variational quantities(x) andm(x) only. Unfortu-
integral of|m(x)| gives a value of about 2.7, which is larger nately, there is no direct relation between these quantities
than the value of 2.0 in th8=1 case. The main contribution and the many-electron wave function of the ground state and,
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hence, also none between DFT and the defect molecule other hand, the mixed-spin ground state of the vacancies
model. considered becomes slightly lower in energy, allowing a
In summary, we have characterized isolated neutral vasymmetry break toD,y in the electronic configuration.
cancies in diamond and cubic SiC using DFT in the LSDA orithin the DFT this state with the lowest energy is related to
spin-polarized GGA. Within the limitations of the local spin 5 sjgnificant magnetization density. However, since DFT
density approximation we made maximum use of the variagannot describe pure multiplets with multideterminantal
tion of the initial electron density and initial magnetization ;5,0 functions, the experimental findings may differ from
density. This influences in particular the four-electron systeny ,ch a prediction. Therefore, within the defect molecule

in the t- and a,-derived !ocahz_ed vacancy states. I.t S€eMSodel we have shown a way to extract a ground state with
that a part of the configuration interaction in this four-

. . pure symmetry from the DFT-LSDA/GGA results.
electron system can be modeled by assuming different sym-
metries of the magnetization density. For thg symmetry We thank the Deutsche ForschungsgemeinscBafder-
the single-determinantal high-spin triplet state is favored. Orforschungsbereich 196, Project No. A8r financial support.
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