
PHYSICAL REVIEW B VOLUME 31, NUMBER 12 15 JUNE 1985

Calculation



7878 H. KATAYAMA- YOSHIDA AND ALEX ZUNGER 31

TABLE I. Experimentally observed EPR parameter (Ref. 18), hyperfine coupling
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pling of the impurity to the host crystal must be suffi-
ciently weak (A~ is large) to explain the absence' of any
measurably static JT distortion in Si:Fe+ despite the de-
generacy of its T& ground state. Fourth, the total angu-
lar momentum J is consistent with the interpretation' of
atomically localized 3d electrons. Fifth, the very low
solubility and superfast diffusivity suggest a weak in-
terference with the solid, i.e., that no strong bonds are
formed o
BT
/Xi2 8.99 Tf
1175s
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parent plane-wave band structure. The two are in good
agreement with
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the valence band is defined as

X&I(e)= g dI J b.nr pI(E )dg .
r, ~

(25)

Hh'f = p~5p(0) =524.25p(0) kG,
3

(26)

where pz
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where V, , and V„, are,
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FIG. 9. Change An& (e) in the local density of states of Si:Fe in LSD for spin a. (+ or —) and the representation I =a&, e, and
t2. We show only the major orbital components: a =4s for a &, 3d for e, and 3d and 4p for t2.

of the magnetic moment is delocalized
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TABLE III. Impurity occupation [Eq. (2S)] and the local magnetic moment [Eq. (23)] in the impuri-
ty orbital subspace of Si:Fe calculated in the SIC-LSD method.

VB
Impurity occupation

Gap Total
Net magnetization

Gap {p~) Total {pz)
Core
a~
e
t2

(Sum)

18.0
0.0577
1.8064
4.9000

24.7641

0.0
0.0
0.3837
0.5758
0.9595

18.0
0.0577
2.1901
5.4758

25.7236

0.0
0.0121
0.7844
0.8136
1.6101

0.0
0.0
0.3837

—0.5758
—0.1921

0.0
0.0121
1.1681
0.2378
1.4180

4s
4p
3d
4d
4f
(Sum)

net

0.0605
—0.1384

7.3217
—0.4769
—0.0028
24.7641

0.0
0.0072
0.8574
0.0949
0.0
0.959S

0.0605
—0.1312

8.1791
—0.3820
—0.0028
2S.7236
0.2764

0.0095
0.0190
1.5675
0.0115
0.0026
1.6101

0.0
—0.0072
—0.2736

0.0887
0.0

—0.1921

0.0095
0.0118
1.2939
0.1002
0.0026
1.4180

TABLE IV. Impurity occupation [Eq. (2S)] and the local magnetic moment [Eq. (23)] in the impurity
orbital subspace of calculated Si:Fe in the LSD method.

VB
Impurity occupation

Gap Total VB (pg)
Net magnetization

Gap (p~) Total (pz)
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TABLE VI. Impurity occupation [Eq. (25)] and the local magnetic moment [Eq. (23)] in the impurity
orbital subspace of Si:Fe+ in Slater's transition states.

Core
a]
e
t2

(Sum)

VB

18.0
0.0489
1.6286
3.8183

23.4958

0.0
0.0
0.5711
1.5598
2.1309

18.0
0.0489
2.1997
5.3781

25.6267

Impurity occupation
Gap Total VB (~&)

0.0
0.0163
0.6404
2.1973
2.8540

0.0
0.0
0.5711

—1.5598
—0.9887

0.0
0.0163
1.2115
0.6375
1.8653

Net magnetization
Gap (p~} Total (p~)

4s
4p
3d
4d
4f
(Sum)

net

0.0532
—0.1402

6.1647
—0.5776
—0.0043
23.4958

0.0
0.0188
1.8995
0.2126
0.0
2.1309

0.0532
—0.1214

8.0642
—0.3650
—0.0043
25.6267
0.3733

0.0134
0.0264
2.9067

—0.0954
0.

0.
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TABLE VII. Comparison of the SIC-LSD results with the
results of the LSD calculation for Si:Fe .

the case, more careful LSD-SIC calculations are needed to
correctly establish the theoretical ground-state symmetry.

SIC-LSD LSD

~CF

6„/b cF
Am~~

hm ~'~

gm total

e(t' )

e(e+ )

e(t'+ )

~(e' )

e(e+ )

~(t+ )

~(e' )

e(t )

~hf(i)

total

net

0.70 eV

0.80 eV

0.88

1.6 lpga

—0.19pg
1.42pg

E„+0.26 eV

E„+0.44 eV

E„—0.32 eV

E„+1.21 eV

E„—2.80 eV

E„—1.90 eV

E„—2. 10 eV

E„—1.27 eV
—115.14 kG

25.7236
0.2764

0.30 eV

0.90 eV

0.33
1.20p~

—0.06p~
1.14p~

E„+0.18 eV

E„+0.76 eV

E„—0.20 eV

E,+1.01 eV

E„—2.38 eV

E„—1.81 eV

E,—2. 10 eV

E„—1.67 eV
—79.82 kG

25.4448

0.5552

ment (from l. 14pii to 1.42@ii), a corresponding reduction
of the contact hyperfine field Hht (from —79.82 to
—115.14 kG) and an overall attraction of more electronic
charge to the impurity site [0.31 more d electrons and
0.03
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is concentrated on the impurity cell (in agreement with re-
cent ENDOR measurements '), supporting the ALM.
Clearly, the electron density is considerably more extend-
ed than the spin density.

The resolution to the apparent dichotomy between the
covalently delocalized and atomically localized models for
Si:Fe lies therefore in this self-regulating response and in
the fact that different orbitals are responsible for the dif-
ferent aspects of the localization (duality, not dichotomy):
the contact spin density and hyperfine field are decided by
the hyperlocalized core states, the magnetism is largely
contributed by the localized valence-band resonances, and
the donor ionization, with its attendant high-spin configu-
ration, and the constancy of the Mossbauer isomer shift
are decided by a combination of delocalized gap states and
the feedback (self-regulating) response of the valence-band
resonances to excitations of the outer states.
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despite the fact that the molecule is not severely distorted.
The electronic structures of heme proteins and
cytochrome-C have several similarities to that of the iron
impurity in a semiconductor: (i) The free-electron-like m

orbitals in the porphyrin
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relaxation attendant



31 CALCULATION


