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Density-functional calculation of effective Coulomb interactions
in nonmetallic systems: Application to Mn in CdTe, CdS, and Zno
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The effective Coulomb interaction U between the 3d electrons of Mn impurities in CdTe, CdS,
and ZnO is calculated. The inAuence of the host on the renormalization of U is studied. It is shown
that the screening due to charge transfer to the Mn atom is very efficient for Mn in CdTe, less
efficient for Mn in CdS, and rather inefficient for ZnO. This is related to the increasing ionic char-
acter, which makes charge transfer to Mn increasingly difficult. The total effect of all charge-
transfer processes, including charge transfer to the ligand atoms, is nevertheless substantial even for
Mn in ZnO.

I. INTRODUCTION

The eigenvalue spectrum in the local density (LD) ap-
proximation to the density-functional (DF) formalism
often gives an accurate description of the excitation spec-
trum of weakly or moderately strongly correlated sys-
tems. For strongly correlated systems, such as 4f, 5f,
and many 3d compounds, however, the eigenvalue spec-
trum often disagrees qualitatively with experiment. For
many of these systems the Anderson impurity model has
been shown to give a satisfactory description of excita-
tions of the system. It is then interesting to ask if the
DF formalism can be used to calculate the parameters of
the Anderson model. Recently, there have been a num-
ber of such calculations, in most cases with encouraging
agreement with experiment. '

Here we will focus on the calculation of the on-site
Coulomb integral U in the Anderson model. For rare
earth or actinide compounds, U refers to the Coulomb in-
teraction between the f electrons and for a transition
metal compound between the 3d electrons. As discussed
by Herring, ' U is a renormalized quantity, which in-
cludes effects neglected explicitly in the Hamiltonian. If,
for instance, an extra 3d electron is put on a transition
metal atom in a compound, the number of 4s and 4p elec-
trons on that atom is reduced so that the energy cost of
adding the 3d electron is decreased. Since this screening
effect by the 4s and 4p electrons, due to the Coulomb in-
teraction between these electrons and the 3d electrons, is
not included explicitly in the Anderson model, it is in-
cluded implicitly as a reduction of U. Herbst et al. '

have calculated U for the rare earth and actinide metals,
by assuming that the change in the number off electrons
is completely screened within the Wigner-Seitz sphere by
the conduction electrons. While this appears to be a
good assumption for metallic systems, it is not in general
true for other systems. For nonmetallic systems one
therefore has to calculate the screening charge for the
system of interest to obtain U. In a recent paper, such a
calculation has been performed for Mn in CdTe and
different screening mechanisms have been analyzed in de-
tail. ' Here we want to discuss how the screening

changes when the system becomes more ionic. We con-
sider in order of increasing ionicity a Mn impurity in
CdTe, CdS, and ZnO, which have band gaps of 1.6, 2.6,
and 3.4 eV, respectively. We expect to find similar trends
for 4f and 5f impurities as are found here for the 3d im-
purity Mn.

II. GENERAL CONSIDERATIONS
ABOUT SCREENING DUE TO CHARGE TRANSFER

As in the earlier work' we obtain the definition of U
(—:U3d 3d) by considering the Coulomb contribution to
the total energy —,

' Un3d(n3d —1) in the Anderson impuri-

ty model. Mapping the results in the LD calculation
onto the model, we find

(2)

where the sum is over states k belonging to the valence
band and Vk « is a hopping matrix element between the
Mn 4l state and a valence-band state k. This type of
calculation was described in Ref. 15. Perturbation theory
then gives the occupancy n&& of the Mn 4l orbital due to
the mixing into the valence band:

n4t =2(2l +1)
(E4&

—E, )
(3)

BEU=
Bn 3d

where E is the total energy and c3d is the 3d eigenvalue.
We have used the relation' c)Z/Bn 3„=E3d. In the calcu-
lation of E the hopping between the 3d level and the oth-
er levels of the system is suppressed, since this hopping is
included explicitly in the Harniltonian. ' Including the
hopping also in the LD calculation of E would lead to
double counting of the hybridization.

In this section we obtain a simple estimate of the
effectiveness of the screening due to charge transfer to the
atom with the 3d orbital. We first calculate the hopping
integrals between the high-lying Mn 4s and 4p orbitals
and the valence states of the system:
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where c4l is the energy of the Mn 4l orbital and c, is a
typical energy of the valence band. To calculate the
derivative Bc3d /Bn3d, we now change the number of 3d
electrons by Bn3d. This leads to a change of the 4I orbital
energy by

4I 4l, 3d 3d X 4l', 4l 4l'
l'=s, p

eA
l, 3d 3d (4)

where U4l 3d is the Coulomb interaction between the 3d
and 4l orbitals, and U4l. 4l is the Coulomb interaction be-
tween the 4I and 4l' electrons. The second term results
from the charge transfer to the Mn atom, and it tends to
limit the amount of charge transfer in a self-consistent
way. The change in the number of 4l electrons is then '

(3114l

Bn3d
4(2I + 1 ) U4l 3d

(E4l —e, )' (5)

= —4 g (21+ 1)U4l 3d U4l3d
l=s, p (E4l —E, )' (6)

We can see that
I V4l I

/(c, 4l
—E, ) provides a crude mea-

sure for the importance of the screening of U due to
charge transfer to the atom with the 3d orbital.

For the systems of interest here, the 4s level is too close
to the valence band for perturbation theory to be valid
and we therefore concentrate on the 4p level in our sim-
ple estimates. The results of the full calculations, to be
discussed in the following sections, show that the 4s and
4p contributions to screening are comparable for these
systems (see Table III). For the simple estimates we
deduce E, from V4&/(E4 —E, ) —= &l',"IVl, , 4~ I /(E4„
For the orbitals we use orthogonal linear muffin-tin orbit-
als, as in our previous work. '

In Table I we give the estimates of c4p E and V4p.
We can see that V4 is substantially larger for Mn in ZnO
than for Mn in CdTe. The reason is that the atoms are
much closer together in ZnO, leading to larger hopping
integrals. This tends to make the screening of Mn in
ZnO more efricient. The dominating effect is, however,
the energy separation of the 4p level from the valence
band. Because the difference in electronegativity be-
tween Mn (1.6) and 0 (3.5) is much larger than the
difference between Mn (1.6) and Te (2.1), the 4p level is
much higher above the valence band for Mn in ZnO than
in CdTe. Thus we expect the screening to be much less
effective for the very ionic system Mn in ZnO. The ratio
V4 /(E4 —E, ), however, overestimates the efficiency for
Mn in CdTe compared with the other systems. The
reason is that the self-consistency condition (4)
strongly reduces U4p 3d for Mn in CdTe. Thus we
find that U4 3d -0.8 Ry, U4l 4l -0.7 Ry, and
(hn4, +bn4 )/hn3d -0.7 (see Table III). Therefore

U4p 3d-0. 35 Ry, while the corresponding reduction for

This leads to a change in the 3d orbital energy and hence
to a reduction of U by

~& 4l

Bfl 3d)p

TABLE I. The parameters 84p E and V4p as well as the
quantity V4p/(c4p c ) entering in (6) for Mn in the hosts
CdTe, CdS, and ZnO. All energies are in Ry.

Host

CdTe
Cds
ZnO

p2

0.15
0.31
0.61

1.1
2.0
4.7

2
V4p

(E4, —~, )'

0.11
0.04
0.006

Mn in CdS and ZnQ is much smaller because of the
smaller charge transfer for these systems (see Table III).

III. RKSUI.TS

We have performed calculations for a Mn impurity in
CdTe, CdS, and ZnO, where Mn replaces Cd, Cd, and
Zn, respectively. We have assumed that the host has a
zinc-blende lattice structure, although ZnO exists only in
the wurtzite structure. For CdTe and CdS we have used
the experimental lattice parameter, and for ZnO we used
a lattice parameter which gives the same atomic volume
as the experimental atomic volume in the wurtzite lattice.
This gives us a possibility to study the properties which
are related to the different ionicity of the atoms involved,
without having competing effects due to different lattice
structures. Based on the atomic radii, we expect the
ligand atoms to relax towards the Mn atom in CdTe and
away from the Mn atom in ZnO. This relaxation has
been neglected in our calculations. Such a relaxation
could be quite important for a quantitative comparison
with experiment, but it would not remove the large
differences due to the difFerent ionic character of the sys-
tems studied here. In the following we therefore consider
Mn in unrelaxed CdTe, CdS, or ZnO in the zinc-blende
structure as model problems.

This impurity problem was solved using a formalism
based on the linear muffin-tin orbital (LMTO) method in
the atomic sphere approximation. In this approach,
space is divided into spheres, and the potential and
charge density are assumed to be spherically symmetric
inside each sphere. For the hosts considered here, we use
four equally large spheres per unit cell. For, e.g., CdTe,
there is one sphere centered at Cd and one at Te and two
so-called empty spheres in the large interstitial spaces.
We use space-filling spheres, i.e., the volume of the four
spheres is equal to the unit cell volume. The sphere radii
are then s =3.015 (CdTe), 2.710 (CdS), and 2.126 a.u.
(ZnO). Because of the localized character of the Mn 3d
orbital, the different Mn sphere sizes have a rather small
inhuence on this orbital. For instance, a normalized Mn
atomic orbital integrates to 0.98, 0.97, and 0.91 over
spheres with the radii 3.015, 2.710, and 2.126, respective-
ly. As discussed below, the difFerent Mn sphere sizes are
part of the reason for the rather small variations of F in
the first column of Table II. For each sphere we include
s-, p-, and d-partial waves. To compensate for the un-
derestimate of the gap in the'local-spin-density (LSD) ap-
proximation, we have used the so-called scissor opera-
tor. The calculation of the derivative of E3d in (1) is
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TABLE II. The Coulomb integral U for the Mn 3d orbital including different screening mechanisms.
The unrenormalized value is given by the Slater integral F (7) calculated from atomic orbitals (see
text). The column "Mn orbital" shows results when the Mn orbitals are allowed to relax, but no charge
transfer is allowed. The column "Mn charge" shows results when in addition charge transfer to the Mn
atom is included, and the column "Ligand charge" when also charge transfer to the nearest-neighbor
ligand and empty spheres is allowed. The column "Polarization" finally shows results when the ligand
atoms in addition are assumed to be polarizable. This column give an upper limit to the effects of the
polarizability. All energies are in Ry.

Host
Atom

FO
Mn

orbital

Relaxation mechanism solid
Mn Ligand

charge charge Polarization

CdTe
Cds
ZnO

1.63
1.66
1.76

1.18
1.27
1.45

0.60
0.78
1.24

0.57
0.68
0.95

~ 0.44)0.49
~ 0.67

performed at n3d=5. We perform non-spin-polarized
calculations, and the resulting U should be associated
with a Slater F Coulomb integral. Information about
the integrals F and F needed to include multiplet effects
can be obtained from spin-polarized calculations or atom-
ic data. '

The results for the Coulomb interaction are shown in
Table II. First we show results for the Slater integral

F = rdr r' dr'
2 0 0 r)

where r) is the larger of r and r', and P is an atomic 3d
orbital calculated with the occupancies of the 4s and 4p
orbitals in the different hosts. The 3d orbital is normal-
ized to the various atomic spheres of Mn, which is the
reason why the result for Mn in CdTe is slightly larger
than our earlier result. ' These are the unrenormalized
results for U. F is larger for Mn in ZnO than for Mn in
CdTe for several reasons. In ZnO the number of 4s and
4p electrons is smaller than in CdTe. The potential for
Mn in ZnO is therefore more attractive and the 3d orbital
is more contracted, which increases F . In addition the
smaller atomic sphere for Mn in ZnO compared with Mn
in CdTe also leads to a somewhat more compact 3d orbit-
al for Mn in ZnO, since the orbital is renormalized to a
smaller atomic sphere.

The column "Mn orbital" shows results of calculations
where no charge transfer to the Mn atom is allowed and
the charge density in the host is unchanged. Only the or-
bitals inside the Mn atomic sphere are allowed to readjust

t

when the number of 3d electrons is changed. The results
for Mn in CdTe differ slightly from the earlier results, '

due to the use of a slightly different reference
configuration (n3d=5 instead of n3di 5.0 and
Pl 3dg 0. 1 ) and the use of a spin-compensated calculation
instead of the average of the spin-up and spin-down re-
sults in a spin-polarized calculation. The table illustrates
that there is a substantial renormalization of U due to the
relaxation of the Mn orbitals. When an electron is added
to the 3d orbital, all Mn orbitals expand to reduce the en-
ergy cost of adding a 3d electron. In particular, this re-
laxation of the 3d and to a lesser extent the 4s and 4p or-
bitals is very important. ' For Mn in ZnO, where the oc-
cupancies of the 4s and 4p orbitals is smaller, this screen-
ing is less efficient and the reduction relative to F is
smaller. The smaller atomic sphere used for Mn in ZnO
should also reduce the screening.

In the column "Mn charge" we show results when
charge transfer to the Mn atomic sphere is allowed. As
expected from the general arguments in Sec. II this mech-
anism is much more efficient for Mn in CdTe than for Mn
in ZnO. Thus the reduction of U due to this mechanism
is about 0.6 Ry in CdTe but only about 0.2 Ry in ZnO.
This is also illustrated in Table III, which shows the
screening charge in different channels per unit change of
the number of 3d electrons. We can see that the change
in the 3d charge is screened to about 70% for Mn in
CdTe but only to about 20/o for Mn in ZnO. For metals
this screening is traditionally assumed to be 100%, ' '
and the screening is therefore less efficient for Mn in the

TABLE III. The change in the charge on the central Mn site, partitioned in I components, and on
the neighboring four ligand and four empty sites, per unit change of the number of Mn 3d electrons.
For each host the upper rom shows a calculation when no change on the neighboring atoms was al-
lowed.

Host

CdTe
CdTe
Cds
CdS
ZnO
ZnO

Mn 4s

—0.33
—0.27
—0.27
—0.18
—0.11
—0.08

Mn 4p

—0.36
—0.30
—0.25
—0.16
—0.08
—0.06

Mn 3d

1.00
1.00
1.00
1.00
1.00
1.00

Ligand

0
—0.17

0
—0.47

0
—0.42

Empty

0
—0.18

0
—0.13

0
—0.27
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semiconductor CdTe. Still this screening is very essential
for Mn in CdTe. For Mn in ZnO; on the other hand, we
are much closer to the limit where this type of screening
is ineffective. Even in this case, though, the charge
transfer to the Mn atomic sphere cannot be neglected, as
illustrated by the reduction of U by about 0.2 Ry.

In the column "Ligand charge" we have also allowed
the charge in the nearest-neighbor ligand atoms and emp-
ty spheres to relax. This leads to a rather small effect on
U for Mn in CdTe. This is primarily due to the rather
efficient screening already achieved by the charge transfer
to the Mn sphere. But also the relatively large distance
between the Mn and Te atoms makes this screening rath-
er inefficient. ' For Mn in ZnO, on the other hand, U is
reduced substantially due to this relaxation mechanism,
both because of the small on-site screening and because of
the short Mn-0 separation. This is further illustrated in
Table III. Thus about 70% of the change in the 3d
charge is screened in the neighboring spheres, while the
corresponding number for Mn in CdTe is only 35%. The
screening in the Mn sphere is now somewhat reduced so
that the total screening charge is more than 90% for Mn
in CdTe and more than 80% for Mn in ZnO. In linear
response the screening charge should integrate to 1 —1/e
over a large volume surrounding the impurity, where e is
the electronic contribution to the dielectric constant.
This formula predicts about 86% screening for CdTe and
73—75% screening for ZnO.

As mentioned above, we use the atomic sphere approx-
imation (ASA), which means that only the spherical aver-
ages of the potentials and charge densities inside the
spheres are considered. We have therefore neglected pos-
sible polarization effects inside the atomic spheres in the
calculations. The use of empty spheres, however, means
that some effects are included, which would normally be
defined as polarization effects. To estimate an upper limit
to the effects of the ASA, we have used empirical polari-
zabilities. These atomic polarizabilities were estimated
by assuming that the polarizability of a solid can be writ-
ten as a sum of atomic polarizabilities. Such empirical
polarizabilities should therefore ideally describe effects
both due to charge transfer between the atomic spheres
and polarization inside the spheres. Adding these polari-
zabilities to our ASA calculations, which already include
charge transfer effects, therefore leads to double counting
of charge transfer effects, which effectively makes the po-
larization inside the spheres appear more important than
it is. Nevertheless, these polarizabilities provide an upper
limit for the errors due to the ASA. We have performed
calculations where we calculate the electric field acting
on the nearest-neighbor ligand atoms due to the charges
obtained in an ASA calculation. From the empirical po-
larizabilities we then obtain the induced dipoles. These
give rise to an electric field which is included in the ASA
calculation and in the calculations of the dipoles in a
self-consistent way. The result of these calculations are
shown in the column "Polarization. " For Mn in CdTe
we find a rather small effect and U is reduced by about
0.1 Ry. Since the empirical polarizabilities in this case
probably give a substantial overestimate of the errors in
the ASA, we believe that the ASA result is rather close to

the correct value. The rather small effect for Mn in CdTe
is due to the fact that the charge transfer screening is
quite effective. Adding the empirical polarizability, al-
though alone an eKcient screening mechanism, therefore
leads to a small further reduction of U. For Mn in ZnO
we find a substantially larger effect, namely 0.3 Ry. This
reduction makes the ASA result for Mn in ZnO much
more questionable, as one might also have expected from
the less efficient charge transfer screening. As mentioned
above, the empirically polarizabilities should ideally de-
scribe both charge transfer between the spheres and po-
larization inside the spheres. It is therefore not surpris-
ing that we find that a somewhat larger reduction of U
from using the empirical polarizabilities alone than from
using the charge transfer mechanism alone.

IV. CONCLUDING REMARKS

We have calculated the 3d-3d Coulomb interaction U
for Mn in CdTe, CdS, and ZnO, with the emphasis on
how the renormalization depends on the host. In partic-
ular we have been interested in how the increasing ionici-
ty in the series CdTe, CdS, and ZnO influences the
screening of U. An important mechanism for screening is
the transfer for charge to the Mn atom when the number
of Mn 3d electrons is changed. This transfer is favored if
hopping integrals between the valence band and the Mn
4s and 4p levels are large and the energy separations be-
tween the valence band and the 4s and 4p levels are small.
We find that the hopping integrals increase in the series
CdTe, CdS, and ZnO, due to the decreasing atomic sepa-
rations. This effect is, however, clearly outweighed by
the increasing energy separation of the 4s and 4p levels to
the valence band, related to the increasing ionicity. Thus
we find that the charge transfer to the Mn atom reduces
U by 0.6 Ry for Mn in CdTe and by 0.2 Ry for Mn in
ZnO. We find that the change in the number of 3d elec-
trons is screened to about 60—70% in CdTe and to about
15—20% in ZnO inside the Mn Wigner-Seitz sphere.
This in contrast to metallic hosts, where the screening is
normally assumed to be about 100%. Because of this as-
sumption, U can be estimated from renormalized atom
calculations for metallic systems, ' while for nonmetallic
systems we have to perform an impurity calculation.

Because of the incomplete screening of the change in
the number of 3d, electrons inside the Mn Wigner-Seitz
sphere for these systems, there is also charge transfer to
the nearest-neighbor ligand atoms. This has a small
effect for Mn in CdTe, but for Mn in ZnO this screening
gives a further reduction of U by about 0.3 Ry. Thus we
find that charge transfer screening is important even for a
very ionic system like Mn in ZnO. Our calculations as-
sumes that the charge density is spherically symmetric in-
side each atomic sphere. To allow for polarization effects
inside the spheres, we have introduced empirical polari-
zabilities in the calculations. These corrections should
give a (possibly substantial) overestimate of the efFects of
nonspherical charge densities. We conclude that the
ASA probably gives rather accurate results for Mn in
CdTe because of the eKcient charge transfer screening,
while corrections to the ASA probably are more impor-
tant for Mn in ZnO.
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