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Many-electron multiplet effects in the spectra of 3d impurities
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The excitation energies of impurities in semiconductors, as well as their donor and acceptor ioni-
zation energies, represent a combination of one-electron and many-electron multiplet effects, where
the latter contribution becomes increasingly significant as localized states are formed. Analysis of
the absorption and ionization data for 3d impurities is often obscured by the inability of contem-

porary multiplet theories (e.g., the Tanabe-Sugano approach) to separate these two contributions and

by the inadequacy of mean-field, one-electron theories that neglect multiplet effects altogether. We
present a novel theory of the multiplet structure of localized impurities in semiconductors that cir-
cumvents the major shortcomings of the classical Tanabe-Sugano approach and at the same time
separates many-electron from mean-field effects. Excitation and ionization energies are given as a
sum of mean-field (MF) and multiplet corrections (MC): AE =hEMF +AEMc. We determine EEMc
from the analysis of the experimental data. This provides a way to compare experimentally deduced
mean-field excitation and ionization energies AEMF ——AE —AEMc with the results of electronic-
structure calculations. The three central quantities of the theory

the
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ergies of the one-electron impurity levels e and t2 show a
clear monotonic decrease in binding energy with increas-
ing atomic number. ' The same monotonic trend per-
sists in the calculated total-energy differences correspond-
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FIG, 1. Observed absorption spectra of the Co + impurity in
tetrahedrally
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crystal external (ext) potential (e.g. , pseudopotential) and
screening (scr), respectively, whereas b.V,„,
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The multiplet-corrected ground-state energy E~z, ~
is now

E~s, )
——Ez (m*,n') +bE"(m', n*),

and
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the term 2&/, I
4 0 I P, ) pertinent to this reference con-

figuration, yielding

Dii(e't') =
&
t'

I ~,
I
t')+2hcF ~

Dzz(e't') = &e't'
I
~i

I
e't')+hcF

and hence in Eq. (17) k» ——2 and kzz ——1. The off-
diagonal elements of the interaction matrix represent con-
figuration mixing (CM) between two configurations,
(m, n) and (m', n'), that belong to the
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where RMT is the muffin-tin (MT) radius (usually half of
the bond length of the host crystal). While intuitively ap-
pealing, it is not obvious whether Eq. (27) forms a reason-
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spin-orbit parameters), but we have instead aimed at
achieving a good global fit for many systems, so that re-
gularities can

EFFECTS
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FIG. 4. Variations in the effective crystal-field energy A,ff
and e- and t2-orbital deformation parameters A,, and I,, with the
host crystal for the substitutional Co + impurity in various
semiconductors. Solid circles indicate the results of the present
study; open circles are results
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FIG. 8. Dependence of the multiplet correction to the
and E states of ZnS:Mn + on the t2-orbital deformation param-
eter.

FIG. 9. Comparison of the multiplet structure for the 'AI,
E, and T2 states of the Cr + impurity using the 8, and C, b,cF

approach and the present method. We set the ground state of
T2 at the same energy for comparison.

spond to the average total energies (B, C, and b,cF method
and the present method, respectively) of each configura-
tion, and the center columns correspond to the energies of
the multiplet states, already including configuration mix-
ing. What is apparent from the figure is that the energy
separation between the configurations e and e t is strik-
ingly different; this is a consequence of the way the two-
electron interactions are treated in the two models, namely
that the contribution of the symmetric part of the interac-
tions [the A (m,

+
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feature is the position of the E state originating mainly
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tiplet corrections &E" [Fig. 2(d)] to discuss the "open-
shell contributions" to the cohesive energies of 3d coordi-
nation compounds. The binding energy of a guest atom to
a host lattice is composed of closed-shell and open-shell
cohesive interactions. In the absence of both multiplet ef-
fects and e-t2 crystal-field splitting (e.g., for compounds
of closed-shell ions such Ca +, Zn +, Sc +, and
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TABLE V. Multiplet correction energy for the ground and the three lowest excited states of divalent impurities in ZnS. Some of
the multiplets involve a single one-electron configuration (e.g., ground state of Cr, Mn, Fe, and Co). Others involve configuration
mixing. We list separately the contribution to the total multiplet energy from such interconfigurational interactions. This effect ac-
counts for all of the multiplet corrections in some cases (e.g., second excited state of Cr
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TABLE VI. Calculated multiplet corrections (in eV) to the
Coulomb repulsion energies for the neutral (A
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We first calculate the positions of the spin-up and
spin-down 3d orbital energies of free 3d ions in their 3+
oxidation state (analogous to neutral substitutional
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TABLE VIII. Functions f „(A,„A,, ) and g „(A,„k,) that enter in the expressions for E(m, n), for m+n=N and 2&N&5.

d3

2

et
t2

d4

e4
e3t1

e 2t2

e't'
t4



3454 A. FAZZIO, M. J. CALDAS, AND ALEX ZUNGER 30

2052 (1975)j.
7J. M. Noras, H. R. Szawelska, and J. W. Allen, J. Phys. C 14,

3255 (1981).
86. Roussos and H. J. Schultz, Phys. Status Solidi B 100, 577

(1980).
E. M. Wray and J. W. Allen, J. Phys. C 4, 512 (1971).
G. Grebe, G. Roussos, and H. J. Schulz, J. Phys. C 9, 4511
(1976).
D. W. Langer and H. J. Richter, Phys. Rev. 146, 554 (1966).
J. M. Baranowski, J. M. Allen, and G. L. Pearson, Phys. Rev.
160, 627 (1967).

(a) K. P. O'Donnell, K. M. Lee, and G. D. Watkins, J. Phys.
C 16, 728 (1983); (b) J. H. Haanstra, in II-VI Semiconducting
Compounds, edited by D. G. Thomas (Benjamin, New York,
1967), p. 207.

S. G. Bishop, P. J. Dean, P. Porteous, and D. J. Robbins, J.
Phys. C 13, 1331 (1980).
(a) U. Kaufmann, M. Ennen, and J. Weber, unpublished re-
sults quoted in Ref. 1, p. 218; (b) U. Kaufmann, W. H. Kos-
chel, J. Schneider, and J. Weber, Phys. Rev B 19, 3343 (1979);
(c) U. Kaufmann and J. Schneider, Appl. Phys. Lett. 36, 748
(1980).
A. T. Vink and G. G. P. Van Gorkom, J. Lumin. 5, 379
(1972).
D. G. Andrianov, P. M. Grinshtein, G. K. Ippolitova, E. M.
Omel'yanovskii, N. I. Suchkova, and V. I. Fistul, Fiz. Tekh.
Poluprovodn, 10, 1173 (1976) [Sov. Phys. —Semicond. 10, 696
(1976)].
J. M. Baranowski, J. W. Allen, and G. L. Pearson, Phys. Rev.
167, 758 (1968).

I H. A. Weakliem, J. Chem. Phys. 36, 2117 (1962).
B. N. Figgis, Introduction to Ligand Field (Wiley, New York,
1967).

(a) A. Fazzio and J. R. Leite, Phys. Rev. B 21, 4710 (1980); (b)
A. Fazzio and A. Dal Fino, Jr., Rev. Bras. Fis. Semiconduct-
ors, 436 (1983) (special issue).
L. A. Hemstreet, Phys. Rev. B 15, 834 (1977).
L. A. Hemstreet and J. P. Dimmock, Phys. Rev. B 20, 1527
(1979).
B.G. Cartling, J. Phys. C 8, 3171 (1975).

25G. G. De Leo, G. D. Watkins, and W. B. Fowler, Phys. Rev.
B 25, 4962 (1982).
V. Singh, U. Lindefelt, and A. Zunger, Bull. Am. Phys. Soc.
28, 288 (1983), and unpublished results.

27A. Zunger and U. Lindefelt, Phys. Rev. B 26, 5989 (1982).
A. Zunger, Phys. Rev. B 28, 3628 (1983).
J. A. Majewski, Phys. Status Solidi B 108, 663 (1981).
L. F. Mattheiss, Phys. Rev. B 5, 306 (1972).

3~T. M. Wilson, Int. J. Quantum Chem. 3S, 757 (1970).
B. H. Brandow, Adv. Phys. 26, 651 (1977).
W. Hoogenstraten, Phillips Res. Rep. 13, 515 (1958).
K. Kocot and J. M. Baranowski, Phys.



30 MANY-ELECTRON MULTIPLET EFFECTS IN THE SPECTRA. . . 3455

Rev. 8 25, 5598 (1982).
7~M. S. Skolnic, P. J. Dean, M. J. Kane, Ch. Uehlein, D. J. Rob-

bins, W. Hayes, B. Cockayne, and W. R. MacEwan, J. Phys.
C 16, L775 (1983).
J. Weber, H. Ennen, U. Kaufmann, and J. Schneider, Phys.
Rev. 8 21, 2394 (1980).

73G. A. Pratt and R. Coelho, Phys. Rev. 116, 281 (1959).
74J. Johansen and V. Wahlgren, Mol. Phys. 33, 651 (1977).

P. S. Bagus and V. Wahlgren, Mol. Phys. 33, 641 (1977).
L. Pauling, The Nature of the Chemical Bond (Cornell Univer-

sity Press, Ithaca, New York, 1960).
R. D. Shannon, in Structure and Bonding in Crystals, edited

by M. O'Keefe and A.


