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ment;  we find a low-spin-like (LSL) level arrangement 
(i.e., t $ below e 1`) for both the low-Z limit (Sc, Ti and 
V) and for the high-Z limit (Co and beyond) of the 3d 
series [7], whereas for all intermediate impurities (Cr, 
Mn and Fe) we find a high-spin-like (HSL) level 
arrangement. Our calculation agrees with the data of 
LW for all impurities which they measured. However, 
for Ti °, T i - ,  V °, V + and Co 2+ we predict low-spin 
ground states of 3T 1, 2T 2, 2T 2, 3T 1 and 2E, respectively. 
These are not observed as yet find
BT
3 Tr
1 0 0 1 285.60 632.88 Tm
1 1 1 rg
/F4 6.24 Tf
0.87 Tc
0 Tw
91 Tz
(~" ) Tj
17.28 0 TD
1 1 1 rg
0 Tc
0 Tw
(2 ) Tj
1 0 0 1 287.28 628.56 Tm
1 1 1 rg
0 Tc
0 Tw
(o ) Tj
1 0 0 1 287.52 609.84 Tm
1 1 1 rg
/F2 8.16 Tf
0 Tc
0 Tw
86 Tz
(e- ) Tj
1 0 0 1 285.84 602.64 Tm
1 1 1 rg
/F1 8.64 Tf
0 Tc
0 Tw
93 Tz
(O ) Tj
17.28 0 TD
1 1 1 rg
0 Tc
0 Tw
(1 ) Tj
ET

BT
3 Tr
1 0 0 1 303.36 575.52 Tm
1 1 1 rg
/F4 6.24 Tf
0 Tc
0 Tw
91 Tz
(0 ) Tj
1 0 0 1 286.08 561.36 Tm
1 1 1 rg
/F1 8.64 Tf
1.12 Tc
0 Tw
93 Tz
("~ ) Tj
17.28 0 TD
1 1 1 rg
/F4 6.24 Tf
0 Tc
0 Tw
91 Tz
(3 ) Tj
1 0 0 1 286.32 552.24 Tm
1 1 1 rg
/F5 10.80 Tf
0.32 Tc
0 Tw
100 Tz
(,5 ) Tj
1 0 0 1 288 531.84 Tm
1 1 1 rg
/F4 6.24 Tf
0 Tc
0 Tw
91 Tz
(• ) Tj
15.60 0 TD
1 1 1 rg
0 Tc
0 Tw
(2 ) Tj
1 0 0 1 288 526.08 Tm
1 1 1 rg
/F6 9.60 Tf
0 Tc
0 Tw
94 Tz
(E ) Tj
1 0 0 1 288 520.08 Tm
1 1 1 rg
/F4 6.24 Tf
0 Tc
0 Tw
91 Tz
(o ) Tj
1 0 0 1 288.24 495.60 Tm
1 1 1 rg
/F2 8.16 Tf
0 Tc
0 Tw
86 Tz
(O ) Tj
1 0 0 1 288.24 489.84 Tm
1 1 1 rg
/F4 6.24 Tf
0 Tc
0 Tw
91 Tz
(o ) Tj
1 0 0 1 286.56 484.56 Tm
1 1 1 rg
/F1 8.64 Tf
0 Tc
0 Tw
93 Tz
(,.J ) Tj
1 0 0 1 303.84 473.76 Tm
1 1 1 rg
/F4 6.24 Tf
0 Tc
0 Tw
91 Tz
(0 ) Tj
ET

BT
3 Tr
1 0 0 1 320.64 672.96 Tm
1 1 1 rg
/F4 6.24 Tf
0.87 Tc
0 Tw
(3o ) Tj
45.36 0 TD
1 1 1 rg
0.87 Tc
0 Tw
(a~ ) Tj
38.64 0 TD
1 1 1 rg
0.87 Tc
0 Tw
(t32 ) Tj
1 0 0 1 318.24 669.60 Tm
1 1 1 rg
/F7 10.08 Tf
-0.29 Tc
0 Tw
75 Tz
(t+e+ ) Tj
45.12 0 TD
1 1 1 rg
-0.38 Tc
0 Tw
(t+e+ ) Tj
44.16 0 TD
1 1 1 rg
-0.30 Tc
0 Tw
(+e+ ) Tj
1 0 0 1 323.52 659.52 Tm
1 1 1 rg
/F8 5.52 Tf
0 Tc
0 Tw
45 Tz
(I ) Tj
43.44 0 TD
1 1 1 rg
0 Tc
0 Tw
(I ) Tj
43.92 0 TD
1 1 1 rg
0 Tc
0 Tw
(I ) Tj
ET

BT
3 Tr
1 0 0 1 338.40 589.92 Tm
1 1 1 rg
/F7 10.08 Tf
-0.19 Tc
0 Tw
75 Tz
(Oo.p ) Tj
1 0 0 1 322.80 581.04 Tm
1 1 1 rg
/F9 13.68 Tf
0 Tc
0 Tw
100 Tz
(/ ) Tj
ET

BT
3 Tr
1 0 0 1 323.04 476.16 Tm
1 1 1 rg
/F10 7.44 Tf
0 Tc
0 Tw
86 Tz
(/ ) Tj
45.12 0 TD
1 1 1 rg
0 Tc
0 Tw
(I ) Tj
43.44 0 TD
1 1 1 rg
0 Tc
0 Tw
(I ) Tj
1 0 0 1 317.52 465.84 Tm
1 1 1 rg
1.04 Tc
0 Tw
(Cr ) Tj
11.04 0 TD
1 1 1 rg
-0.08 Tc
0 Tw
(3+ ) Tj
32.88 0 TD
1 1 1 rg
1.04 Tc
0 Tw
(Cr ) Tj
11.04 0 TD
1 1 1 rg
-0.08 Tc
0 Tw
(2+ ) Tj
32.64 0 TD
1 1 1 rg
1.04 Tc
0 Tw
(Cr ) Tj
11.04 0 TD
1 1 1 rg
0.16 Tc
0 Tw
(I+ ) Tj
ET

BT
3 Tr
1 0 0 1 284.88 451.20 Tm
1 1 1 rg
/F1 8.64 Tf
0.19 Tc
0 Tw
93 Tz
(Fig. ) Tj
17.28 0 TD
1 1 1 rg
-0.16 Tc
0 Tw
(1. ) Tj
9.84 0 TD
1 1 1 rg
0.27 Tc
0 Tw
(Decomposition ) Tj
55.20 0 TD
1 1 1 rg
0.32 Tc
0 Tw
(of ) Tj
11.04 0 TD
1 1 1 rg
0.18 Tc
0 Tw
(the ) Tj
13.92 0 TD
1 1 1 rg
0 Tc
0 Tw
(local ) Tj
19.68 0 TD
1 1 1 rg
0.21 Tc
0 Tw
(change ) Tj
28.08 0 TD
1 1 1 rg
0 Tc
0 Tw
(Q* ) Tj
14.16 0 TD
1 1 1 rg
0.36 Tc
0 Tw
(and ) Tj
16.32 0 TD
1 1 1 rg
0.24 Tc
0 Tw
(the ) Tj
14.40 0 TD
1 1 1 rg
0 Tc
0 Tw
(local ) Tj
1 0 0 1 284.88 442.32 Tm
1 1 1 rg
0.24 Tc
0 Tw
(magnetic ) Tj
33.84 0 TD
1 1 1 rg
0.34 Tc
0 Tw
(moment ) Tj
31.68 0 TD
1 1 1 rg
0 Tc
0 Tw
(# ) Tj
8.40 0 TD
1 1 1 rg
0.38 Tc
0 Tw
(into ) Tj
16.80 0 TD
1 1 1 rg
0 Tc
0 Tw
(gap ) Tj
15.36 0 TD
1 1 1 rg
0.36 Tc
0 Tw
(and ) Tj
15.60 0 TD
1 1 1 rg
0.24 Tc
0 Tw
(valence ) Tj
28.32 0 TD
1 1 1 rg
0.43 Tc
0 Tw
(band ) Tj
20.16 0 TD
1 1 1 rg
0.36 Tc
0 Tw
(contributions ) Tj
1 0 0 1 284.88 433.68 Tm
1 1 1 rg
0.18 Tc
0 Tw
(for ) Tj
12.72 0 TD
1 1 1 rg
0.26 Tc
0 Tw
(interstitial ) Tj
37.20 0 TD
1 1 1 rg
0.32 Tc
0 Tw
(Cr ) Tj
9.60 0 TD
1 1 1 rg
-0.12 Tc
0 Tw
(3+, ) Tj
12.96 0 TD
1 1 1 rg
0.24 Tc
0 Tw
(Cr ) Tj
9.60 0 TD
1 1 1 rg
-0.16 Tc
0 Tw
(2+ ) Tj
11.28 0 TD
1 1 1 rg
0.36 Tc
0 Tw
(and ) Tj
15.12 0 TD
1 1 1 rg
0.32 Tc
0 Tw
(Cr ) Tj
9.60 0 TD
1 1 1 rg
0 Tc
0 Tw
(+ ) Tj
7.68 0 TD
1 1 1 rg
0.32 Tc
0 Tw
(in ) Tj
9.36 0 TD
1 1 1 rg
-0.12 Tc
0 Tw
(Si. ) Tj
ET

BT
3 Tr
1 0 0 1 285.36 408.24 Tm
1 1 1 rg
/F1 8.64 Tf
0.72 Tc
0 Tw
(netism ) Tj
29.04 0 TD
1 1 1 rg
0.40 Tc
0 Tw
((/tvB ) Tj
20.88 0 TD
1 1 1 rg
0 Tc
0 Tw
(= ) Tj
8.88 0 TD
1 1 1 rg
0.27 Tc
0 Tw
(1.15/~a) ) Tj
32.40 0 TD
1 1 1 rg
0.32 Tc
0 Tw
(is ) Tj
9.60 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(hence ) Tj
25.44 0 TD
1 1 1 rg
0.76 Tc
0 Tw
(contributed ) Tj
48 0 TD
1 1 1 rg
0.72 Tc
0 Tw
(by ) Tj
13.20 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(the ) Tj
15.36 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(im- ) Tj
1 0 0 1 285.12 397.20 Tm
1 1 1 rg
0.72 Tc
0 Tw
(purity ) Tj
25.92 0 TD
1 1 1 rg
0.75 Tc
0 Tw
(induced ) Tj
33.12 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(valence ) Tj
30.72 0 TD
1 1 1 rg
0.86 Tc
0 Tw
(band ) Tj
21.84 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(resonances. ) Tj
46.08 0 TD
1 1 1 rg
0.56 Tc
0 Tw
(As ) Tj
12.96 0 TD
1 1 1 rg
0.32 Tc
0 Tw
(we ) Tj
12.96 0 TD
1 1 1 rg
0.48 Tc
0 Tw
(raise ) Tj
20.40 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(the ) Tj
1 0 0 1 285.36 386.16 Tm
1 1 1 rg
0.76 Tc
0 Tw
(Fermi ) Tj
26.64 0 TD
1 1 1 rg
0.36 Tc
0 Tw
(level ) Tj
21.60 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(EF, ) Tj
17.28 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(the ) Tj
15.36 0 TD
1 1 1 rg
0.48 Tc
0 Tw
(gap ) Tj
17.04 0 TD
1 1 1 rg
0.66 Tc
0 Tw
(orbital ) Tj
29.04 0 TD
1 1 1 rg
0 Tc
0 Tw
(e ) Tj
5.52 0 TD
1 1 1 rg
-1.20 Tc
0 Tw
(1" ) Tj
8.88 0 TD
1 1 1 rg
0.72 Tc
0 Tw
(can ) Tj
16.56 0 TD
1 1 1 rg
0.69 Tc
0 Tw
(capture ) Tj
32.16 0 TD
1 1 1 rg
0.66 Tc
0 Tw
(one ) Tj
17.28 0 TD
1 1 1 rg
0.56 Tc
0 Tw
(or ) Tj
1 0 0 1 285.36 375.36 Tm
1 1 1 rg
0.54 Tc
0 Tw
(two ) Tj
18.72 0 TD
1 1 1 rg
0.52 Tc
0 Tw
(electrons, ) Tj
40.80 0 TD
1 1 1 rg
0.72 Tc
0 Tw
(changing ) Tj
39.36 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(the ) Tj
16.56 0 TD
1 1 1 rg
0.58 Tc
0 Tw
(formal ) Tj
29.52 0 TD
1 1 1 rg
0.51 Tc
0 Tw
(charge ) Tj
29.76 0 TD
1 1 1 rg
0.52 Tc
0 Tw
(state ) Tj
22.56 0 TD
1 1 1 rg
0.58 Tc
0 Tw
(from ) Tj
1 0 0 1 285.12 364.32 Tm
1 1 1 rg
/F2 8.16 Tf
1.04 Tc
0 Tw
86 Tz
(Cr ) Tj
10.80 0 TD
1 1 1 rg
0.48 Tc
0 Tw
(3+ ) Tj
11.28 0 TD
1 1 1 rg
/F1 8.64 Tf
0.48 Tc
0 Tw
93 Tz
(to ) Tj
10.08 0 TD
1 1 1 rg
/F2 8.16 Tf
0.96 Tc
0 Tw
86 Tz
(Cr ) Tj
10.80 0 TD
1 1 1 rg
0.40 Tc
0 Tw
(2+ ) Tj
11.04 0 TD
1 1 1 rg
/F1 8.64 Tf
0.78 Tc
0 Tw
93 Tz
(and ) Tj
16.80 0 TD
1 1 1 rg
0.64 Tc
0 Tw
(Cr ) Tj
10.80 0 TD
1 1 1 rg
0.16 Tc
0 Tw
(+, ) Tj
9.60 0 TD
1 1 1 rg
0.46 Tc
0 Tw
(respectively. ) Tj
49.44 0 TD
1 1 1 rg
0.43 Tc
0 Tw
(Fig. ) Tj
17.52 0 TD
1 1 1 rg
0 Tc
0 Tw
(1 ) Tj
6.96 0 TD
1 1 1 rg
0.44 Tc
0 Tw
(shows ) Tj
25.44 0 TD
1 1 1 rg
0.62 Tc
0 Tw
(that ) Tj
17.52 0 TD
1 1 1 rg
0.64 Tc
0 Tw
(in ) Tj
1 0 0 1 285.36 353.28 Tm
1 1 1 rg
0.48 Tc
0 Tw
(this ) Tj
16.80 0 TD
1 1 1 rg
0.61 Tc
0 Tw
(sequence ) Tj
36.72 0 TD
1 1 1 rg
0.72 Tc
0 Tw
(both ) Tj
21.12 0 TD
1 1 1 rg
/F3 5.76 Tf
0.81 Tc
0 Tw
90 Tz
(~gap ) Tj
19.20 0 TD
1 1 1 rg
/F1 8.64 Tf
0.78 Tc
0 Tw
93 Tz
(and ) Tj
17.76 0 TD
1 1 1 rg
0.36 Tc
0 Tw
(#vB ) Tj
18.24 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(are ) Tj
14.40 0 TD
1 1 1 rg
0.55 Tc
0 Tw
(increased, ) Tj
40.56 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(whereas ) Tj
1 0 0 1 285.60 342.48 Tm
1 1 1 rg
0.54 Tc
0 Tw
(the ) Tj
15.60 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(valence ) Tj
32.16 0 TD
1 1 1 rg
0.86 Tc
0 Tw
(band ) Tj
23.52 0 TD
1 1 1 rg
0.78 Tc
0 Tw
(and ) Tj
18.24 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(gap ) Tj
17.52 0 TD
1 1 1 rg
0.75 Tc
0 Tw
(contributions ) Tj
55.44 0 TD
1 1 1 rg
0.40 Tc
0 Tw
(to ) Tj
11.76 0 TD
1 1 1 rg
0.48 Tc
0 Tw
(the ) Tj
16.56 0 TD
1 1 1 rg
/F0 8.64 Tf
0 Tc
0 Tw
100 Tz
(charge ) Tj
1 0 0 1 285.36 331.44 Tm
1 1 1 rg
/F1 8.64 Tf
0.48 Tc
0 Tw
93 Tz
(act ) Tj
17.04 0 TD
1 1 1 rg
0.64 Tc
0 Tw
(in ) Tj
12.96 0 TD
1 1 1 rg
0.61 Tc
0 Tw
(opposite ) Tj
37.92 0 TD
1 1 1 rg
0.61 Tc
0 Tw
(directions ) Tj
42.96 0 TD
1 1 1 rg
0 Tc
0 Tw
((Ogap ) Tj
27.36 0 TD
1 1 1 rg
0.50 Tc
0 Tw
(increases, ) Tj
42.96 0 TD
1 1 1 rg
0.30 Tc
0 Tw
(QvB ) Tj
22.32 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(de- ) Tj
1 0 0 1 285.12 320.64 Tm
1 1 1 rg
0.48 Tc
0 Tw
(creases) ) Tj
34.32 0 TD
1 1 1 rg
0.65 Tc
0 Tw
(partially ) Tj
36.24 0 TD
1 1 1 rg
0.65 Tc
0 Tw
(cancelling ) Tj
42.72 0 TD
1 1 1 rg
0.72 Tc
0 Tw
(one ) Tj
18.24 0 TD
1 1 1 rg
0.64 Tc
0 Tw
(another. ) Tj
35.76 0 TD
1 1 1 rg
0.62 Tc
0 Tw
(This ) Tj
21.12 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(implies ) Tj
1 0 0 1 285.36 309.60 Tm
1 1 1 rg
0.62 Tc
0 Tw
(that ) Tj
19.20 0 TD
1 1 1 rg
0.81 Tc
0 Tw
(Coulomb ) Tj
39.36 0 TD
1 1 1 rg
0.68 Tc
0 Tw
(interactions ) Tj
48.96 0 TD
1 1 1 rg
0.72 Tc
0 Tw
((underlying ) Tj
48 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(the ) Tj
15.60 0 TD
1 1 1 rg
0.55 Tc
0 Tw
(charge ) Tj
30 0 TD
1 1 1 rg
0.42 Tc
0 Tw
(Q*) ) Tj
1 0 0 1 285.12 298.80 Tm
1 1 1 rg
0.60 Tc
0 Tw
(are ) Tj
15.60 0 TD
1 1 1 rg
0.48 Tc
0 Tw
(effectively ) Tj
42.72 0 TD
1 1 1 rg
0.56 Tc
0 Tw
(screened ) Tj
36.24 0 TD
1 1 1 rg
0.72 Tc
0 Tw
(by ) Tj
13.44 0 TD
1 1 1 rg
0.60 Tc
0 Tw
(the ) Tj
15.60 0 TD
1 1 1 rg
0.66 Tc
0 Tw
(semiconductor, ) Tj
61.68 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(whereas ) Tj
1 0 0 1 285.12 287.76 Tm
1 1 1 rg
0.67 Tc
0 Tw
(spin ) Tj
19.44 0 TD
1 1 1 rg
0.68 Tc
0 Tw
(interactions ) Tj
48.24 0 TD
1 1 1 rg
0.74 Tc
0 Tw
((underlying ) Tj
48.24 0 TD
1 1 1 rg
0.64 Tc
0 Tw
(~) ) Tj
12.24 0 TD
1 1 1 rg
0.54 Tc
0 Tw
(are ) Tj
15.12 0 TD
1 1 1 rg
0.58 Tc
0 Tw
(not. ) Tj
18.48 0 TD
1 1 1 rg
0.48 Tc
0 Tw
(As ) Tj
13.92 0 TD
1 1 1 rg
0 Tc
0 Tw
(a ) Tj
7.44 0 TD
1 1 1 rg
0.55 Tc
0 Tw
(result ) Tj
24.72 0 TD
1 1 1 rg
0.56 Tc
0 Tw
(of ) Tj
1 0 0 1 285.12 276.96 Tm
1 1 1 rg
0.53
15.60 0 TD
c
0 285.12 276.96 Tm
1 1 1 rg
0.4 Tj
48 0 TD
1 1 1 rg
0Tj
 Tw
(interactions ) Tj
Tj
39.3

0 Trg
0.86 Tc
0 Tw
(bandd5ng ) Tj
42.72 0 TD
1 15336 Tc
0 Tw
(#vB ) Tj
18.lomb r9.4 Tj
48 0 TDpj
1ein  ga50.64 Tc
0 Tal is 

ga19.4 Tj
48 0Q
(are ) Tj
1 276.96 Tm
1 1 1 r1 ga8.44 0 TD
1 Qvare both and 
resonancmand a n d  ( s  T j 
 g 0  1  2 8 b o t h  



1038 H. Katayama-Yoshida, A. Zunger / Properties of interstitial 3d impurities in Si 

exchange charge. Possible examples include f-electron 
impurit ies,  mixed-valence compounds  and  surface mag- 
netism. Our  work offers a new way to examine compu-  
rationally such effects: compar ing  the var iat ions of ~ ( N )  
and  Q * ( N )  with occupat ion  N and  the spin-restr icted 
H u b b a r d  energy Uver : E(N 1)) + E(N+I) _ 2E(N)  

(where E is the total  energy) with its exchange correc- 
t ion A U M c = J ( N - ] ) + J ( N + I ) - -  2 J  (N). A si tuat ion in 

which Uve r < I A U M c [  can lead to many  interest ing 
physical  effects, since in such a case Aq(n)  is never  the 
g round  state, bu t  ins tead d ispropor t ionates  into A q - 1(N 
+ l)  + Aq+I (N  - 1). "Mis s ing  oxidat ion states" (e.g., 
of ten M n  4+ and  M n  2+ exist, bu t  M n  3+ does not;  In t+ 
and  In 3+ exist, bu t  in In 2+ does not)  could be such a 
case. 
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