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Configuration-interaction description of transition-metal impurities in II-VI semiconductors
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The electronic properties of substitutional 3d transition-metal impurities in II-VI semiconductors have
been studied using the cluster and Anderson impurity models with configuration interaction. It is shown
that the photoemission and inverse-photoemission spectra, d-d optical-absorption spectra, exchange in-
teraction between the 3d magnetic moment and the host band states, and donor and acceptor ionization
energies can be reproduced with the same set of parameters, which show systematic variation with ex-
pected chemical trends. The importance of multiplet effects in the formation of donor and acceptor lev-
els within the band gap is demonstrated.

I. INTRODUCTION

3d transition-metal impurities in semiconductors have
attracted much interest from their technological impor-
tance as well as from the viewpoint of basic physics. Ap-
parently paradoxical experimental results have been ob-
tained from different experimental techniques. Optical-
absorption spectra' ' have a series of weak, sharp
features due to intra-atomic d-d transition and have been
analyzed by ligand-field theory, "' indicating that the 3d
electrons are essentially localized. Donor and acceptor
ionization energies deduced from transport measure-
ments and charge-transfer optical absorption show varia-
tion suggestive of multiplet effects. ' On the other hand,
the reduction of hyperfine-coupling constants relative to
free ions in electron-spin double-resonance spectra
and superhyperfine interaction in electron-nuclear-spin
double-resonance spectra suggest that the 3d electrons
are delocalized through strong hybridization with the
host band states, and have been successfully reproduced
by first-principles calculations using the local-density ap-
proximation (LDA). "' Haldane and Anderson' have
shown using the unrestricted Hartree-Fock (HF) approxi-
mation that under the strong hybridization multiple
charges states are formed within the band gap of the host
semiconductor. There have been some attempts to de-
scribe the ionization energies and d-d transitions energies
starting from the HF or LDA solutions. '' ' ' For ex-
ample, LDA calculations corrected for self-interaction
have been extensively made by Zunger to calculate the
donor and acceptor ionization energies. ' Recently, pho-
toemission studies on diluted magnetic semiconductors'
such as Cd& Mn Te have shown that the hybridization
is quite substantial as predicted by the LDA calculations
whereas there are also multielectron satellite features
which cannot be explained by one-electron theories. ' '
In order to explain the photoemission spectra, cluster'
and Anderson impurity models with configuration in-
teraction (CI) have been introduced. The latter models
start from the ionic configuration and include ligand-to-
3d charge-transferred configurations in a CI formalism.
In the light of the various physical pictures emerging
from the different experiments and different theories, it is

highly desirable to construct a coherent picture in which
one can explain the various experimental data in a unified
way.

In this paper, we have applied CI theory to the analysis
of a variety of experimental data and shown that the CI
picture can indeed give a unified description of the elec-
tronic properties of the 3d transition-metal impurities.
The organization of this paper is as follows. A brief
description of the CI picture is given in Sec. II. In Secs.
III A —III C, we present the results of d-d absorption
spectra, photoemission and inverse-photoemission spec-
tra, and exchange constants between the 3d magnetic mo-
ment and the host band states obtained from the cluster
model calculations. In Sec. IVD, donor and acceptor
ionization energies are calculated using the Anderson im-
purity model.

II. CONFIGURATION-INTERACTION APPROACH

In the CI picture, the wave functions of the ground
state and charge-conserving excited states, which
we call X-electron states, are spanned by the
d",d"+'L, . . . , d' L ' " configurations, where L
denotes a hole in the valence band for the Anderson im-
purity model or a hole in a ligand p orbital for the cluster
model. The lig and-to-3d charge-transfer energy is
defined by 6=E(d" 'L ) E—(d") and —the 3d-3d
Coulomb interaction energy by Q =E (d " '

)
+E(d"+')—2E(d"), where E(d"'L ') is the center of
gravity of the d"'L ' multiplet This defin.ition, from
which the multiplet effect is excluded, makes clear the
systematic variation of the parameters on cation atomic
number and formal valence. ' Alternatively, the charge-
transfer and Coulomb interaction energies can be defined
with respect to the lotvest term of each multiplet, and are
denoted by A,z and U,&, respectively. Note that the actu-
al energy required for the acceptor ionization process
d"~d" '+L is determined by A,z rather than A. The
multiplet splittings are given in terms of Racah 8, C pa-
rameters, which are fixed to the free-ion values. '

The energy of the ground state Eo(N) of the neutral
impurity ( A ) as well as those of the excited d" multiplet
terms are obtained by diagonalizing the Hamiltonian in
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FIG. 1. Schematic energy-level diagrams from a d"
transition-metal impurity in a II-UI semiconductor, including
hybridization between the 3d and host valence band. For clari-
ty, higher-order charge-transfer states (e.g., d"+ L in the N-

electron states) are not shown.

the X-electron subspace as shown in the central panel of
Fig. 1. In the right panel of Fig. 1, we show the energy
levels of the (N —1) electron states (positively ionized im-
purity, A+), namely, the final states of photoemission
which are given by linear combinations of d " ', d "L,
d"+'L, etc. The lowest-energy level of the (N —1) elec-
tron system is the first ionization level of the X-electron
system or the donor level; the donor ionization energy is
given by Eo(N —1)—Eo(N)+e, (=ED), where E,—is the
energy of the conduction-band minimum. The energy
levels for the (N+ 1)-electron states (negatively ionized
impurity, A ) are shown in the left panel of Fig. 1. The
lowest-energy level of the (N+1)-electron system is the
aSnity level of the X-electron system or the acceptor lev-
el; the acceptor ionization energy is given by
Eo(N+1) —Eo(N) —E„(=E„),where E, is —the energy of
the valence-band maximum. If we replot the electron re-
moval energies E(N —1)—Eo(N) downward and com-
bine it with the electron addition energies
E(N+1)—Eo(N) as in the left panel of Fig. 1, we can
effectively map the many-electron energies onto the one-
electron energy-level scheme.

III. RESULTS

A. d -d optical-absorption spectra

In order to analyze the valence-band photoemission
and d-d optical-absorption spectra of M +

( A ) impuri-
ties substituting cation sites in II-VI semiconductors,
we have performed CI calculations on a tetrahedral
(MX4) cluster model (X=S, Se, or Te). ' ' ' One-
electron transfer integrals between the 3d orbitals and the
ligand orbitals are expressed in terms of Slater-Koster
parameters (pd o)and (pd sr): . T2 =( t2 ~

h
~ LI2)—

=+4/3(pdo ) +8/9(pdm) and T, —:(e~h~L, )
=2&6/3(pd~), where L,2 and L, are ligand orbitals with
T2 and E symmetry of the T& point group, respectively.
In order to reproduce the d-d optical-absorption spectra

TABLE I. Parameters used to calculate the valence-band
photoemission and inverse photoemission spectra and d-d
optical-absorption spectra (in eU).

(pdo. )

MnO
Cd& Mn„S/Cd& Mn S
Cd

&
Mn Se/Cd ] Mn Se

Cd& „Mn„Te

7.0
3.0
2.5
2.0

5.5
4.0
4.0
4.0

1.5
1.3
1.2
1.1

using the same 6 and U as those for the valence-band
photoemission spectra, the transfer integrals had to be
taken larger than those for the photoemission spectra,
indicating that the transfer integrals for the X-electron
system are larger than those for the (N —1)-electron sys-
tem. Indeed, Gunnarsson and Jepsen have shown that
the transfer integrals depend on the local electronic
configuration significantly. Following their results, we
have assumed that the transfer integra1s between d"
and d "L are smaller by -20%%uo and those between d"+'
and d"+ L larger by -20%%uo than those between d" and
d"+'L. Parameter values for d"—d"+'L are given in
this paper.

In Fig. 2, the d-d optical-absorption spectra of MnO,
where the Mn + ion is octahedrally coordinated by six
O ions, and Mn + (d:A ) impurities in ZnS, ZnSe,
and CdTe (Ref. 5) are compared with the result of CI
cluster-model calculations. Here, we compare the calcu-
lated multiplet structures with the energies of absorption
maxima in the spectra which correspond to the purely
electronic (Frank-Condon) transition energies. The
ground state of the Mn + impurity is A

&
in the

tetrahedral as well as in the octahedral coordination
geometry. The energy levels for the lowest excited terms
T„T2,2 &, and E, which originate from the 6 term

of the free d ion, are in good agreement with experi-
ment. Agreement is less satisfactory for the higher-
energy terms E, T„and T2, which are derived from
the D and I' terms, because the energy levels of the D
and I' of the free d ion already cannot be accurately
reproduced within the Racah parameter scheme. The ob-
tained parameter sets are listed in Table I, where one can
see that in going from S to Se to Te the charge-transfer
energy 6 decreases as the electronegativity Of the ligand
decreases and that the transfer integral (pdo) also de-
creases as the distance between the transition-metal cat-
ion and the ligand anions increases. The effects of the
decrease in b, and in (pdo ) cancel to yield the almost
identical A, - T& separation for the ZnS, ZnSe, and
CdTe hosts, consistent with the experimental results. %"e
have also performed CI cluster-model calculations for
various transition-metal impurities, V to Ni, in ZnS and
ZnSe. The d-d optical-absorption spectra ' ' are com-
pared with the CI cluster-model calculations in Fig. 3 for
the ZnS host. The obtained parameters are listed in
Table II. The calculated d-d transition energies are gen-
erally in good agreement with the experimental results.
Agreement for the T& level of Co + and the T& level of
Cr + is less satisfactory because the energy level of I' for
the free d ion and that of I' for the free d ion already
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FIG. 2. Energy levels for Mn + (A ) im-
purities in II-VI semiconductors and MnO cal-
culated using the CI cluster model compared
with experimental d-d optical-absorption spec-
tra (Refs. 3—5 and 26).
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cannot be reproduced well within the Racah parameter
scheme. The 6 values thus obtained monotonically de-
crease in going from lighter to heavier transition-metal
atoms as expected from chemical trends whereas h, ff ex-
hibits nonmonotonic behavior due to the multiplet
effects. ""

band maximum. The failure of the band-structure calcu-
lation is due to the neglect of the Coulomb contribution
to the Mn 3d 1'-3d $ splitting, resulting in the too small
d -d splitting.

C. Exchange constants

B. Photoemission and inverse-photoemission spectra

In Fig. 4, we compare the Mn 3d-derived photoemis-
sion spectra of Cd, „Mn„I' ( I' =S, Se, Te) (Refs. 18 and
19) with those calculated using the CI cluster model. In
contrast to the d -d optical-absorption spectra, the
changes in b, and (pd o. ) with ligand atoms affect the pho-
toemission spectra constructively because the energy-
level ordering of the ionic (d and d ) and charge-
transfer (d L or d L ) configurations is inverted in going
from the N-electron to the (N —1)-electron states: In go-
ing from S to Se to Te, the intensity within -2.5 eV of
the valence-band maximum relative to the main peak at-3.4 eV decreases and that of the satellite at 5 —9 eV in-
creases. These observations are well reproduced with the
same parameter sets obtained from the d -d optical-
absorption spectra given in Table I.

As for the inverse-photoemission spectra, the Mn 3d-
derived structure -4.8 eV above the valence-band max-
imum is also reproduced by the CI cluster-model calcu-
lation as shown in Fig. 5 whereas in band-structure calcu-
lations it is predicted to be -2 eV above the valence-

The exchange constant Np between the Mn + magnet-
ic moment and the Bloch electron at the valence-band
maximum of Cd& Mn 1'(I'=S, Se, Te) is derived from
magneto-optical effects. ' In the second-order perturba-
tion with respect to the charge transfer, the NP is given
by

NP = —(16/5) [1/( U,s —h, fr) + I /b, ,s]

X [1/3(pd o. ) —2/9&3(pd vr ) ]

(S =5/2). The Np values for S, Se, and Te evaluated
using the above parameters are —1.40, —1.14, and—0.95, which are in good agreement with the experimen-
tal results, —1.8, —1.11, and —0.88 for Y=S, Se, and
Te, respectively. ' Here, the values for the X-electron
state are used for (pdo ) and (pdrr) since Np is obtained
from optical measurements where the number of elec-
trons in the system is conserved. In Ref. 30, c„—c.d

—3.4
eV instead of b,,s has been used in Eq. (1) for Mn com-
pounds, where E.

„

is the position of the main peak in the

TABLE II. Parameters used to calculate the d-d optical-absorption spectra of neutral (Mn +:A )
transition-metal impurities in ZnS and ZnSe (in eV). Racah B and C parameters are fixed to the values
of free ions (Ref. 12).

Ni2+
02+

Fe
Mn +

2+

V2+

0.135
0.138
0.131
0.119
0.103
0.095

0.600
0.541
0.484
0.412
0.425
0.354

1.0 (2.3)
1.5 (2.9)
2.0 (3.3)
3.0 (5.2)
4.0 (1.9)
4.5 (3.6)

ZnS
(pd o. )

1.2
1.1
1.2
1.3
1.2
1.3

0.5 (1.8)
1.0 (2.4)
1.5 (2.8)
2.5 (4.7)
3.5 (1.4)
4.0 (3.1)

ZnSe
(pd o. )

1.1
1.0
1.05
1.2
1.1
1.2
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FIG. 3. Energy levels for
various transition-metal impuri-
ties (from V + to Ni +) in ZnS
calculated using the CI cluster
model compared with experi-
mental d -d optical-absorption
spectra (Refs. 3 and 6—10).
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D. Donor and acceptor ionization energies

When 6,&( U,&, the donor level has mainly d "L char-
acter and the acceptor level has mainly d"+' character.

Cd 1—zMnzS
' I I I I I I

Cdo.

dunno.

ss

photoemission spectra. The c, —c.d values are thus nearly
constant for different Y's, whereas the A,z values ob-
tained from photoemission spectra decrease in going
from S to Se to Te.

As can be seen from Table II, many transition-metal im-
purities in II-VI semiconductors satisfy this condition.
Then the "effective Mott-Hubbard energy" UDz (Fig. 1),
defined as the difference between the donor and acceptor
levels, is determined by b,,o- rather than Udr (Ref. 27) and
therefore d"L-like donor and d' '-like acceptor levels
can be formed within the band gap in spite of the large
U. ' In order to study the d "L-like discrete states split
off from the valence-band continuum, we have used an
Anderson impurity model instead of the cluster model for
an M + ion embedded in the filled host valence band.
In order to solve the problem numerically, the intra-
atomic multiplet coupling is approximated by retaining

Cdt zMnzSe

Q

Cdo lNno Pe

Cdo.ooMno. eoTe

I
' ' '

I

Cd& Pfn Te

~P4

Pho
Q

IIllS SlOXl

Cd. i-xM~xTe . I . I . I I . I . I
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10
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FICx. 4. Mn 3d-derived photoemission spectra for
Cd& Mn„F (F=S, Se, Te) calculated using the CI cluster
model. Experimental results (Ref. 19) are shown in the inset.
The calculated spectra are broadened with a Gaussian of 1.67
eV full width at half maximum. Binding energies are referenced
to the valence-band maximum.

d%'

d I

I)I I

FIG. 5. Mn 3d-derived photoemission (Ref. 19) and inverse-
photoemission spectra (Ref. 28) for Cd& Mn Te compared
with those calculated using the CI cluster model. Energies are
referenced to the valence-band maximum.
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(1«) =
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FIG. 6. (X—1)-electron ( A+), X-electron
( A ), and (%+1)-electron ( A ) energy levels
of a Cr impurity in ZnS calculated using the
Anderson impurity model. The inset shows
their mapping onto the one-electron energy-
level scheme.

0-

Cr + in ZnS

(A'/A')

(A /A')

V

VaM

only the diagonal matrix elements in Kanamori's parame-
trization scheme. ' As for the transfer integrals, we in-
troduce V,z(E) =—(tz~h~L, 2(E) ) and V, (e)= (e~h~L, (E) ),
where c. is the energy of the valence electron. The energy
dependence of

~ V,2(e) ~
and

~ V, (E)
~

is assumed to be a
semiellipsoid with an appropriate width 8'„,which is tak-
en to be -2 eV for the sulfides and selenides. Although
the width of the valence band is 4—5 eV for ZnS or ZnSe
studied here, host valence-band states within 2 —3 eV of
the valence-band maximum are found to predominantly
contribute to the

~ V,2(E)~ and
~ V, (E)~ . In actual cal-

culations, the valence-band continuum is replaced by
10—20 discrete states, and f ~ V,2(E)~ dE and f I V, (E)~ dE

are assumed to be equal to T,z and T, , respectively. Un-
der this condition, the 8' ~0 limit corresponds to the
cluster model.

As shown in Fig. 6, the Cr +, a d L-like split-off state
is formed well below the d L continuum in the (N —1)-

electron state through the strong hybridization with the
d state, which originally lies only U,&

—6,&-1.1 eV
above the center of the d L continuum. The split-off
state corresponds to the donor level formed within the
band gap. Since UD~ -A,z and the 5,& is smaller than
the band gap of ZnS, the lowest-energy level of the
(X+ I)-electron state or the acceptor level is located
below the conduction-band minimum. We can map the
donor and acceptor levels onto the one-electron energy-
level scheme following the procedure described in Sec. II
(see Fig. 1). On the other hand, in the (X —1)-electron
state of Mn + in ZnS, a discrete state hardly splits off
from the d L continuum as shown in Fig. 7 because the
d state is too far (U, lr

—b,,lr-3. 2 eV) above the lowest
multiplet component of the d L continua to induce a
splitoff state since the latter d L component is stabilized
by the exchange energy of the half-filled d shell. An ac-
ceptor level is not formed also within the band gap since

Mn (A ) Mn+(A)
(N+ 1)—electron N —electron

Qd

Mn"(A')
(N —1)—electron

d'L'
d4

b, =30eV
U =4.0 eV

(1«) =
1.2 eV

W = 2.0eV

yd

Eg

CBM
(A'/A') (X—1)-electron (A+), ¹lectron

( A ), and (N + 1)-electron ( A ) energy levels
of a Mn impurity in ZnS calculated using the
Anderson impurity model. The inset shows
their mapping onto the one-electron energy-
level scheme.

0-

Mn + in ZnS (A /A')

~M
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(a) 3d Impurities in ZnS
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FIG. 8. Donor and acceptor ionization levels for various 3d
transition-metal impurities in ZnS (a) and ZnSe (b) calculated
using the Anderson impurity model. The calculations are com-
pared with experimental values (Refs. 1 and 2).

calculated results explain the general lowering of the
donor and acceptor levels with increasing atomic number
of the transition-metal impurities as due to the monoton-
ic decrease of A. As mentioned above, on the other hand,
the local maxima and minima at Cr, Mn, or Fe are attri-
buted to the multiplet effects, which are reflected upon
the nonmonotonic behavior of A,ff.

IV. CONCLUSION

We have shown that the various experimental results
on the 3d transition-metal impurities in II-VI semicon-
ductors can be consistently explained in the CI picture:
the d-d optical absorption, photoemission, and inverse-
photoemission spectra and donor and acceptor ionization
energies can be reproduced with a single set of parame-
ters, b„U,and (pdo. ). The variation of the p-d exchange
constant NP of Cd, Mn Y ( Y =S, Se, Te) on the anion
P is also explained. It is shown that the physical proper-
ties are controlled both by the smooth variation of 6 as a
function of impurity atomic number and by the apparent-
ly irregular variation of A,~ due to the multiplet effects.
Application of the present method to a wider range of
impurity systems, e.g. , impurities in more covalent hosts
such as III-V semiconductors, as well as to the calcula-
tion of other physical properties such as the g values and
the hyperfine-coupling constants remain to be made in fu-
ture.
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