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A spin-polarized local-density Green’s-function calculation for tetrahedral interstitial 34 impurities in sil-
icon reveals a new energy-level scheme that explains the observed chemical trends both in ground-state
properties (hyperfine coupling constants and g values) and in excited-state properties (donor and acceptor

ionization energies).

I. THE ISSUES

More than twenty years ago, Ludwig and Woodbury!
(LW) proposed what has since become the classical model
for explaining the observed electron paramagnetic-resonance
(EPR) spectra of interstitial 3d-transition (7°) atom impuri-
ties in silicon. This model has since been extended to mag-
netic impurities in many other semicon‘ductors.2

This classical crystal-field model"* shows that the tenfold
degenerate atomic 3d-orbital splits in the tetrahedral inter-
stitial symmetry of a silicon lattice into a sixfold degenerate
t, orbital, separated by a crystal-field (CF) splitting Acg
from the fourfold degenerate e orbital above it. These lev-
els are further split by the exchange interactions A, into
spin-up (¢t+ and e.) and spin-down (f_ and e_) com-
ponents. In complete analogy with the well-studied
behavior of substitutional 3d impurities in octahedrally coor-
dinated ionic compounds® (e.g., MgO), LW postulated' that
all N-atomic valence electrons of the transition atom (.e.,
d™s" with m +n=N) occupy the ¢, and e levels in a way

that produces the maximum possible spin value S (Hund’s -

rule); i.e., the level ordering implied is 1+ <e; <t_<e_.
We refer to this strong-field®> (A, > Acg) ordering as high-
spin-like (HSL), to distinguish it from the low-spin-like
(LSL) level ordering t+ <t¢_ <e4+ <e_ in which the e
level does not cross the ¢_ level. Considerable interest has
focused on determining experimentally the actual level or-
dering.!"> This could often be inferred from the measure-
ment of the spin (S) and momentum (J) quantum
numbers in EPR experiments. Likewise, observation by
Hall effect and deep-level transient spectroscopy (DLTS) of
acceptor E(0/—) and donor E(0/+) ionizations from the
impurity level to the host band edges have also been used?
to infer the level structure, since a HSL level ordering
predicts a different highest occupied orbital than the LSL
level ordering. Such experiments on 3d impurities in semi-
conductors'"? have advanced a number of universal (i.e.,
impurity-independent) rules which have since become the
paradigms of this field. (i) All 34 impurities give rise to a
HSL level arrangement. (ii) They all have a (Hund’s rule)
maximum spin value. (iii) The chemical trends in acceptor
and donor transition energies are determined by rules (i)
and (ii) above, e.g., a d>/d* ionization energy is larger (i.e.,
lower in the gap) than a d%/d? ionization energy since the
former transition commences from a deeper (exchange-
stabilized) e 4+ level and the latter from a shallower ¢_ level.
(iv) In analogy with 3d impurities in ionic crystals, exchange
interactions are envisioned to dominate over covalent hy-
bridization (hence also crystal-field effects). Consequently,
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the universally observed quenching of the angular momen-
tum part g; of the g values!'2 and the reduction in the hy-
perfine coupling constants' A were attributed to unusual
new effects (e.g., dynamic Jahn-Teller coupling*), rather
than to covalency effects.’

Theory has not produced a conclusive picture either,
largely because no ‘‘unified approach’’ to the problem—i.e.,
prediction from the same model of both wave-function-
related ground-state properties (g values, hyperfine coupling
constants) and energy-related excited-state properties
(donor and acceptor transition energies) —has been attempt-
ed. The LW hypothesis continued to be the prevailing
working model in the field and remained unchallenged.

We have applied a first-principles self-consistent
Green’s-function method® within the self-interaction correct-
ed®7 local-spin-density formalism to study the ground- and
excited-state properties of all interstitial 34 impurities in sil-
icon in their different charge states. Our results challenge
the four concepts [(i)-(iv) abovel used in the classical
models, yet they produce agreement with the available ex-
perimental data, provide predictions for hitherto unobserved
transitions, and point to new crucial experiments.

Our method of calculation is identical to what has been
previously described.” We retain all core and valence elec-
trons of the impurity as spin-polarizable states, and treat
them on the same footings (an all-electron approach). We
incorporate the self-interaction correction®’ (SIC) to the
local-spin-density (LSD) formalism. The band structure of
Si has been calculated® using an empirically adjusted pseu-
dopotential, to assure that the few lowest band gaps are
correctly reproduced.

II. ELECTRONIC STRUCTURE

Central to the understanding of -the properties of such im-
purities in covalent semiconductors is the fact that much of
the 3d character exists as broad, impurity-induced valence-
band resonances (missing in classical ionic models'-?) and
not only as isolated gap levels (the only ones present in ion-
ic systems, e.g., Mg0:3d). The spin-polarized local density
of states of the neutral centers (Fig. 1) shows that these im-
purities in silicon introduce bonding () valence-band reso-
nances of ¢, (¢4, and 2 ) and e (e% and €% ) symmetries
in the upper part of the valence bands (shaded areas), and
that their antibonding (a) counterparts (¢4, %, e%, and
e% ), appear in the band gap or inside the conduction band
[in addition, deep and nearly impurity-independent reso-
nances (R) &, tR, aR, and aR appear in the lower part of
the valence band®’]. We find that these VB resonances con-
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FIG. 1. Calculated local density of states (projected 3d component) of neutral interstitial 3d impurities in silicon, for spin up (plus sign)
and spin down (minus sign). Q, and u, are the charge and local magnetic moment of representation a.

the impurity’s charge distribution and magnetism.

Decomposition’ of the local magnetic moments u and the
effective impurity charge Q in the impurity subspace into
contributions from the occupied VB and the gap (g) levels,
shows that much of u and Q are contributed by the hybri-
dized impurity-induced VB states. For example, out of the
27 electrons of neutral Co [atomic configuration (core)!®
d’s?], we find 18e to reside in the core levels, 7.49¢ to be in
VB resonances, and only 1.15¢ in the el el gap levels (leav-
ing a net formal charge of +0.36e on the impurity ion).
These VB electrons contribute to the magnetism (wyg=0.29
wg) almost as much as the gap electrons do (u,=0.31up).
Further examples are given as inserts to Fig. 1. The coex-
istence of VB resonances with isolated gap levels leads to a

remarkable constancy of the net impurity charge (Qpe in
Fig. 2) in different ionized states’ (i.e., gap holes are
screened effectively by VB resonances, leading to a self-
regulating response). It also controls the g values and hy-
perfine constants, as discussed next.

III. g VALUES AND HYPERFINE COUPLING CONSTANTS

The phenomena of quenching of the angular-momentum
part g; of the g value which occurs for 3d impurities in
semiconductors’*? has long been familiar in inorganic chem-
istry of coordination compounds,’ where it has been inter-
preted?® in terms of a hybridization-induced partial cancella-
tion between p- and d-orbital effects. The early notion'*
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FIG. 2. Calculated ground-state energy levels for (a) neutral, (b) singly positive, and (c) doubly positive interstitial 34 impurities in Si.
Occupation numbers are given in parentheses. S is the spin, Q. is the net impurity charge (Ref. 5). An asterisk on the multiplet denotes a

predicted low-spin state.
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that no such hybridization could exist universally for 3d im-
purities in semiconductors has led to the suggestion (and
indeed, the discovery) of a new mechanism for quenching
gr—the dynamic Jahn-Teller effect.* While this has been
subsequently demonstrated to be the case in other systems,
no proof (theoretical, or experimental) has been advanced
to show that this is a viable effect for 3d impurities in semi-
conductors, and what its measurable distinguishing features
are relative to the p-d hybridization effect. The hitherto un-
recognized universal occurrence of hybridized valence reso-
nances for all 34 impurities which we find (Fig. 1) led us to
reconsider the classical p-d hybridization effect. Calculat-
ing®-1° g from the impurity wave functions, with no adju-
stable parameters (Table 1), we find that the hybridization
effect explains the quenching of g; and the chemical trends
in g both along the 3d series and for different ionized im-
purity states. The same effect (through a covalent reduc-
tion of the s-d repulsion) also explains the trends in the hy-
perfine. coupling constant’ 4 (Table I). Table I includes a
number of predictions. In particular, the parameters of
SiTit (4= +4.727%x10"*cm ™!, g=1.9912), not observed
by LW, are in excellent agreement with the data [A4
= (45224 £0.010)x10"% cm™!, g=1.99806 +0.00004]
observed very recently by Van Wesep and Ammeriaan.!!

TABLE 1. Calculated (Refs. 8 and 9) and observed (Refs. 1 and
11) g values and hyperfine coupling constants A4 of interstitial 3d im-
purities in Si. Asterisks denote -calculated values of contact interac-
tion alone. A4 is in unit of 10~% cm~1. Error bars (Ref. 11) are
given only in the case of SiTit [g=1.99806 +0.00004,
A=(%£5224+0010) x10~% cm~1].

Impurity S J 8calc Eexpt Acalc Aexpt
#sc® 3+ 3 19885 -13.6

ATt 2 3 19912 1.9986 +4.7 5.224
Sty2+ 3 2 19731 19892 -33.0 —42.10

5 Scrt $ 0 & 1998 19978 +11.0 410,67
Mn2* 3 3 20047 20066 —41.0  —5347
Ber® 2 1 30828 297 +14.0* 15.9
B 20 20 16393 172 +8.3*

& Bl 20 30 12764 +6.4*
SMn*t 2 1 31069  3.01 —68.3* 73.8
Mn*t 2 2 16390  1.68 —-38.1* 46.1
SSMn* 2 3 12758 1.34 —30.4*
SMn® 3 1 3.5265  3.362 —42.4 92.5

g M’ 4 3 14051 146 ~35.6*

| ret 3 L 35582 3524 -39 2.99
(STFet 3 3 14072 -3.8* '
5Mn ~ 2.0430  2.0104  —49.1 —71.28

d#15Fe® 1 1 20210 20699 -5.2 6.98
¥Cot 1 1 2.0600 —-13.8
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IV. HSL VERSUS LSL LEVEL ORDERING AND
. THE TOTAL SPIN

The calculated one-electron configurations of the intersti-
tial 3d impurities in the T°, T, and T?¥ charge states in Si
leading to the results of Table I are depicted in Fig. 2. We
see that for the neutral centers 7°, contrary to the classical
model,! the e% level lies above the % level; i.e., we have a
LSL level arrangement. For the charged centers Tt and
T?*, the same is true for both the high-Z and low-Z ends
of the 3d series. A LSL level arrangement at both ends of
the 3d series has been also recently predicted'? for substitu-
tional 3d impurities in GaP. It reflects the fact that
A, > Acr is not universally true. In contrast, small-cluster
calculation with spherical potentials!® leads to an underes-
timation’ of directional covalency effects (hence Acg),
rendering the exchange coupling as the only ‘‘strong in-
teraction;”” hence A, >> Acp. This resulted in a universal
HSL level arrangement for all 34 impurities.”> We find in
our LSD-SIC calculation that the ground-state spin values
and multiplets (Fig. 2) conform with those suggested! by
LW (i.e., Hund’s rule) for all impurities but Ti®, Ti~, VO,
V+*, and Co?* for which we predict the low-spin multiplets
3Ty, *T,, 2T, and °T,, and 2E, respectively, indicated in Fig.
2 by asterisks. No experimental data exist for these centers
as yet; these would surely be critical experiments.

For Cr® and Mn® we find an interesting level arrange-
ment. The possible ground-state configurations are Cr°
t3 1Lt~ with spin S =2—n, and Mn® £3.¢2*"%~" with
spin § =3/2 — n, where nis an integer =0. Normally,' one
associates a maximum spin value (i.e., n =0 above) with a
HSL level ordering (e 4 below ¢_). Rather than assuming
this, we have searched first for an integer » that produces
the lowest total energy, letting the level ordering be deter-
mined by the self-consistent solution. In agreement with
experiment,! we find for Cr® and Mn° that the minimum
energy solution corresponds to the maximum spin value
(i.e., n=0). Interestingly, however, these stable solutions
have a LSL level arrangement [Fig. 2(a)]l. This is so be-
cause both n=0 [cf. Fig. 2(a)] yield tL below e, whereas
the excited state n =1 gives an el level below ¢2. This is a
statement of the fact that we find a delicate, occupation-
dependent balance between two competing effects:
A, < Acp for n =0, but A, > Acr for n=1. Notice that the
latter result shows that the total energy of (S =2, n=0) is
lower than that of (§=0, n=2) since the con-
figuration el 2 is the transition-state configuration for an
S§=0—8=2 excitation. Using fractional occupating
numbers s, we find that #» =0.35 for Cr° and n =0.45 for
Mn° yield the (absolute) lowest total energy (and degen-
erate ey and t_ orbitals). This ‘““Fermi statistics problem”’
is natural for the LSD model, and is familiar from atomic
calculations® on Fe and Co: if infeger occupation numbers n
are used for Fe, the d3d.""s} s~ configuration shows the
experimentally observed ground state for »=0. Both
choices n =0 and n =1 produce an unoccupied level lower
in energy than the highest occupied level, n =0.4 yields the
absolute minimum in total energy, with degenerate s_ and
d _ orbitals.

V. ELECTRICAL LEVELS

The vertical arrows in Figs. 2(a)-2(c) denote the one-
electron levels that can be ionized in the lowest-energy sin-
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FIG. 3. Calculated and observed (Ref. 2) donor and acceptor
ionization energies for interstitial 3d impurities in Si. Transitions in-
side the host bands are shown schematically by shaded areas.

gle, double, and triple donor transitions, respectively. No-
tice that in principle impurities with two gap levels (e.g., Fe’
with a ¢+ level below e4) could exhibit a photolumines-
cence transition (from the higher level to the CB) different
from a DLTS transition (from the lower level to the VB).
This idea awaits experimental testing. We predict that,
whereas the first donor transition in Ti, V, and Fe com-
mence from the % level, the same transitions in Sc, Cr,
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Mn, and Co commence from the %, e%, e%, and e% levels,
respectively. The corresponding transition energies have
been calculated as total energy differences between the final
and initial states, using Slater’s transition-state construct.
Their trends follow those of the different one-electron lev-
els shown in Fig. 2. The calculated transition energies (Fig.
3) display the chemical trends apparent in the experimental
data? in contrast with models!? that embody a universal HSL
level ordering for all impurities. For instance, we find the
occurrence of local minima (maxima) in the first donor en-
ergy of V d*/d° (Cr d°/d®) to be a consequence of switch-
ing the initial state from 2 (in V) to e% (in Cr), and the
relative ease of ionizing in Cr° the sixth electron, producing
the exchange-stabilized half-filled shell of Cr* (4°). On the
other hand, the classical argument assuming a universal
HSL ordering will predict the first acceptor of Ti(d*/d°) to
likewise be lower in the gap than the first acceptor of
V(d°/d®), in contrast with the reversed trend observed.?
This reversal is naturally accounted for in our model (Fig.
3) in terms of the low-spin ground states of Ti® and V°. Note
that since the calculated values correspond to an unrelaxed
lattice (i.e., Frank-Condon optical transitions), they are
higher in energy than the experimental values depicted in
Fig. 3, which were obtained under equilibrium-relaxed con-
ditions (thermal excitations). Figure 3 contains a number
of predictions for hitherto unobserved transitions. The
overall agreement between theory and experiment for both
ground-state and excited-state properties lends support to
this new microscopic model for deep 3d impurities in silicon.
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