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LCAD: u.nrest.r‘icted Ha.:,-tr'ee—Fock cluster:. medel we study the
e.of the. substitutional N [impurity.in C, 31 and Ge. We find
that the. stable. position for the impurity is off-center-in a <T 1 I> direction

_electroni.c struct,:

in.all cases. The-results for the. hyperfine interactions over the impurity and
first neighbors are in fair agreement with experiment.

1 Introduction

The . purpose: of. this work is to investigate the behavior of the N impurity in
gﬁoup' IV’ semiconductors C, Si and.Ge. We. may thus. follow the trends in
electronic . structure: for the. system when. the  environment of the impurity
changes from. 2sp -+ 3sp - -4sp. In'spi,t_e of 'the large amount of theoretical
studies of N in diamend [1,2] and Si [3,4}, ‘this is the first calculation of
the electronic .structure of N in Ge through an “ab-initio" method. From
experiment, alse, the situation in diamond and S1 is well known: electron
paramagnetic resonance (EPR) data indica.te that in both cases' the center is
distorted from T4 symmetry, the impurity displaced along a <I¥ 1 T> direction.

We show in this work that an "ab-initio" cluster calculation can describe well
the . known experimental results; we further predict the behavior of N in Ce,
for which we obtain the total-energy surface fﬁr‘ movement of the central

atoms, together with the magnetic hyperfine interactions.
2 Model

We use 17-atoms clusters consisting of a central a{:qm, a first shell of four
nearest-neighbors and a second shell of twelve hydrogen atoms to saturate the
dangling bonds. The "perfect" crystals are then simulated by cl'uster-s in Td
symmetry: C5H12, Sisle and Ge5H12 A N atom replaces. the centra! atom for

study of the impurity systems, that is, clusters NX4H12. . with #=C, 51 or Ge..

The electronic structure is obtained using an all~electron “ab-initio" LCAQ
procedure, The molecular orbital expansion is over the primitive pgaussian-
contracted to some sets, and all one-electron, two-electron and overlap
integrals ‘are fully calculated, with no pseudopotential. We have used the
basis set proposed by Dunning and Hey [7]: 4s contracted 2s for H; 9s5p
contracted. 3s,2p for C; and 12s,5p contracted 6s,4p for Si. For Ge we used the
"Husinaga~MIDI" b_asis. set [8]. The calculation was performed using program
GAMESS. {9] in both Roothaan Open-shel] Hartree-Fock (ROHF)} and unrestricted:
Hartree-Fock (UHF) schemes.

3 Results and Piscussion.

The N substitutional impurity, for all 3 cases, introduces an a, antibonding
state in the gap region and, to higher energies, a -t2 state. The ground state
config_urgtion in Td symmetry is then obtained as |.. aitg > leading to a
non-degenerate greound state zAl i a. Jahn-Teller -distortion is not bound to
occur. Although we find that the systems 'disto.rt' to a C3V symmetry, we will
not enter here in the discussfon about the reasons for this distortions, if
from a chemical rebonding of a pseudo Jahn-Teller effect.

Using the procedure described in the las.t_:‘... section we calculated the
total-energy for a large number of positions of the central impurity-coupled
to displacement of one of the nearest neighbors—in the 1mpur1ty clusters.

We show in Fig.1 the results of such.a calculation for‘ a grid of 68 coupled
displacements. We see t.ha.t N is unsta,ble in T sy'mmet.ry in the:three cases,
moving to Cav symmetry. We must stress _that, in dia.ménd and silicon, if we
displace only the atom, keeping the Ffirst neighbors fixed, no off-center
minimum is found: for this to happen, it is essential that the C. (5i) atom is
allowed to move in <111> direction away from the impurity. This finding agree
with the results of Schultz and Messmer [4] that if the N atom is inside a
rigid Si cage, the stable geometry would be tetrahedral. .
The atomic displacements we obtain from our calculation of the minima in the
energy surfaces are: for the N-atom, ina <1 T T> direction away from the Ty
substitutional site, 0.23A in diamond, 0.474 in Si and 0.49% in Ge; for the
ligand atom on the C3v axis in the <111> direction away from the impurity,
0.38A in diamond, 0.47F in Si and  0.48A in Ge. For these coupled
displacements, the gain in (cluster} total energy is 1.01 eV in diamond, 0.72
eV in 51 and 0.63.eV in Ge,

We now turn to the analysis of bond-charge and spin distribution. The charge
distribution_ is obtained from the bond-order matrix PAB’
Using the fact that thg melecular orbital wa. is built in LCAQO form

for atoms A and B,
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llr (r‘)"z C, x (r-) from the atomic orbital x“, the bond—or-der matrix is bLU.lt

fram. the or-bita.l populatmn on density matrix P .=Za Cuﬁ-cva. as Aé_zﬁzgpuv Te analyse this results we must -.coz.lsider'_.tha..t the  lattice parameter of diamend
where-u Is centered at.A and ¥ at B. The spin densﬂty over center A is defined is very small compared to Si or Ge, and also that the Ge valence orbitals (4s o
as: <s>A—<s >A-<53> - where <s%. sz Pw)‘ We show in Table I the resulis for and 4p) are very delocalized eompared' te the lighter elements. In the 'i‘d
the. bond: order between .the' ligand a.nd the N- impurlty Py and-the spin density: geometry the bonds are strenghténed down the column from C'to Si to Ge: or,
<S> over- each- distinct .center: in Ty symmetry. all hgands are equivalent, in .1ook1ng from another angle,’ we have higher overlap population in Ge~N bonds. &
Ca",_ we distingu},sh ‘the: 1igand ],y]_ng m the ca- ex_ls (A) from the three other In C3 symmetry at the ninimun-energy configuration we obtain snnilar frends
ligands lying:in a,plane perpendicular. t.c? _the_—,a.xi's-.:(_P)'. . as- in Td' far the bonds with the three. closer ligand neighbors® (PPN],: w1th
: : : higher cverlap populatlon compared to Td that is, now we obtain r‘ea.ll}«r ‘an sp
hybridization. The sEriking ‘result concerns the bond with the hga.nd on the
axis (P :_ the antlbondmg cha.racter of this bend is very clear TPer the
diamend case, even if f‘or Sl and Ge if comes off as non- bondmg, with overlap
population almost null The  resilts For spin density indicates ‘a very strong
magnet ic peiariz' : 11ga_nd Ge gite in the C3V’ axis, with'zef‘o'spin
den51ty at .all_ other, sit )
As said: in the 'i'n'trb'dﬁc“tloﬁ':i.tlllér"te are "EPR. [5,8] results for N in Si and Ge
which- provide deta.iled'.'pi'ctur‘es- .of"‘:the' ‘centers,” The usual analysis of
experimental: data approxmates the wave-function qb' fer the electron in the
hlghest molecula]:' or‘bital a1 by a 51mp1e LCAQ:
w; z.l:'n!'.r (aix[;lel RE (1)’
| '1513_1-'1‘0'1;&1. ener‘gy: -surfacé for  coupled where ‘the Sum. 18 &ver valefice s and ‘p orbitils at atoms ¢lose to the impurity
| displacement. of " N- in (a) diamond (b} site. “We can’ compére -our “th?'-'ér‘e'tida.'l_ Fesults- for the i_SoEi-opic (Aj).-ano‘. "
silicon and (c). germanium The arrow marks anisotropic: (B )"t'er'rns ‘of “the. hyper"f'ine int'ef-atich' '
: ""-.the.-fl’d initial'-':config_ur-a_tion ) ' _ _
o AJ—STE B My {: J Iub(o}l o . {2) ;
3 : . . :
[ 1 ;j'.t_:' e
where .u. 15 the nuclear magnetlc moment of‘ atom ‘j,_”j is nueiear épin. E@'e can

Table T:’ Results for- bond order P a.nd _spin dens'.lty 5> obtained in: thlS work - write: fmm equatmn (1)

~for -the- systems C:N, Si:N and Ge:N,, i te.tr-ahedral.'l‘_d symmetry. and in the

minimum-energy. configuration, of C etry.. R - ) . Z_ . (0112 2 2

menergy. _ guratio 3y Symmetry : : _ _ [ (01T =[x, (027 m . 4

©Substitutional{T,) Dieplaced_('C'ng

: <S>L Fiu <S>n B Ppn- <S>N‘ P ) <S>'A. B Ty T ch', p?..'nj.- BJ--. e T s R SRR (8} v
g a2 . . 0.1 o1 0 0.26  0.08: 0.2 = 0.12 ' ST .
Si 0.31 0.18 0.4 ~0..0- 0.29 ~0.0: 0.0L: 1.22.. where now Ejg(D}[z'é.nakérf > ar'e taken from Hartree—Fock atomlc calculatmns
4 R 1y .

Ge 0.45 0.24 0.2¢ - -0.0-. 036 0.01 0.06 1.84 and the coefficients come from our resglts Ve Dresent then in Ta.ble I a

comparison betwee'n_-'_our- values for Aj and' B, and results f‘rom EFR [5 6]. We




may.see that.we obtain an overall agreement, with the exception of the values

fozr_;..i:he.,aniso,tropic_ term- in Si- {which, however, present the observed trend},

& is_very sma.ll a.nd not: easy. to calculate with a small cluster

a.nd .anis_oti_cqp:icrhyperf_irm_e terms for N impurity in diamond

_4, obtained using values. for iscotopes

SILICON

SICHIL> N

A . B A B
“e5.7 18.4 12.10  1.00
114. 1 5.3 3.7 0.3

; 12 1 b 10 “em )
i For _.the :nmimum-energy C:3 .configuration, for all three

: ‘systems. & Ievel very close tcv the valence band related; to the "lone-pair" N

) orbital - With- strong p-character. . This orbital is very Ilocalized, with
str'ongest Iocalization for - the C: N case. Th1s is another indlcatmn that the
1mpur_1ty. tn. this. (::3 conflguratlon shows sp hybmdization
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