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Dynamical density response of II-VI semiconductors
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~Received 12 June 1997!

We report results ofab initio calculations of the dynamical density response in CdTe, CdS, and CdSe. The
calculated loss functions in all these semiconductors are rich in fine structures and show a rather unusual,
negative dispersion of the loss peak due to the interaction of interband transitions with the plasmon. The
detailed shape of the loss function in these compounds is strongly affected by various factors, such as the
presence of occupied semicore Cd-4d states, the self-energy effects which shift down these states to the
experimentally observed position, and electron-hole vertex corrections in screening.@S0163-1829~97!04443-3#
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Linear response functions are useful and important qu
tities for many-electron systems. Of particular importance
the density-response function, directly connected to
density-density correlation and dielectric function. It d
scribes electron-hole~e.g., optical! and collective electronic
excitations, determines via the screening W single-part
excitations~e.g., in theGW approximation!, and also ac-
counts for the ground-state energy of a many-elect
system.1 Additionally, it determines the cross section for i
elastic scattering of x rays or fast electrons.

Calculations of response functions from first principl
for real materials are computationally extremely demandi
The main difficulty stems from the inclusion of the actu
band structure of the material. Additional difficulty com
from a complicated interplay of nonlocality effects intr
duced by lattice potential and correlation effects, which
turn are usually enhanced by the strength of the crystal
tential and electron localization. An interaction betwe
electron-hole and collective excitations can cause strong
viations of the shape of response functions from the pre
tions of simple models and can necessitate a self-consis
calculation of the response properties of the system base
the actual band structure. It was realized recently that s
problems are present even in the case of simple metals.2–4 In
the case of partially ionic II-VI semiconductors with the
rather strong crystal potential and localized semicore ca
d electrons, all these problems are very important and
calculation of response functions consists of a computatio
challenge.

In this paper we report onab initio results for the dynami-
cal density response of a series of II-VI semiconducto
CdTe, CdS, and CdSe. The II-VI semiconductors, due
their direct and rather large gap, are technologically imp
tant materials. The recent successful fabrication of the b
green laser diode on the basis of these materials has ren
interest in their physical properties. Theoretically, th
present interesting solids, in which partially covalen
bound s-p electrons interact with more localized cationd
electrons. The effect of this interaction on the ground-st
properties in II-VI compounds was studied within the loc
density approximation5 ~LDA ! by Wei and Zunger.6 The
one-particle excitations, probed, for example, by the direc
inverse photoemission experiments, have been recently s
ied theoretically via the many-bodyGW approach with the
560163-1829/97/56~19!/12285~5!/$10.00
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explicit inclusion of the semicore cationd electrons.7 In the
present paper, we examine the two-particle excitation pr
erties in this class of materials, which are probed in scat
ing experiments with fast external particles, e.g., x rays,
fast electrons. We find that in all semiconductors stud
here, there exists a negatively dispersing loss struct
These findings are predictions in that we are not aware
any experimental determination of the loss dispersion
these materials. The calculated loss spectrum in these c
pounds is rich in fine structures and strongly depends
various factors, such as the inclusion of semicore Cd-d
states, self-energy corrections, and vertex corrections in
irreducible two-particle interaction.

In the framework of the time-dependent densit
functional theory,8,9 the density-response functionx(r ,r 8;v)
can be expressed as

x5x~0!@12~vc1 f xc!x
~0!#21, ~1!

where x (0)(r ,r 8;v) is the nonlocal and dynamical densi
response of noninteracting Kohn-Sham electrons, with
vc(r ,r 8)51/ur2r 8u. The quantityf xc(r ,r 8;v) describes ver-
tex corrections in the two-particle interaction, i.e., in t
screening.9,10 For simplicity, we have dropped the argumen
r ,r 8,v from Eq. ~1!. x (0)(r ,r 8;v) is given by the standard
expression in terms of the Kohn-Sham orbitalsckn and en-
ergiesEkn :

x~0!~r ,r 8;v!5 (
kn,k8n8

f kn2 f k8n8
Ekn2Ek8n81v1 ih

3ckn* ~r !ck8n8~r !ck8n8
* ~r 8!ckn~r 8!, ~2!

where f kn are the Fermi factors. In what follows, we us
atomic units.

Equations~1! and ~2! give an exact description of the
dynamical response in the many-body system, provided
Kohn-Sham orbitals and energies wereexactand the many-
body vertex correctionf xc was known. However, both ar
unknown and a common practice is to usex (0) calculated
within the local-density approximation and either to igno
the f xc factor, which corresponds to the screening within t
random-phase approximation~RPA! for Kohn-Sham elec-
trons, or to expressf xc within one of the existing models
which usually are developed for the homogeneous elec
12 285 © 1997 The American Physical Society
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12 286 56A. FLESZAR AND W. HANKE
gas case. Our approach follows this practice: we calcu
x (0) from the LDA band structure, with the Ceperley an
Alder exchange-correlation energy functional and pot
tial.11 Ab initio pseudopotentials are used including explici
Cd-4d states.12 The Bloch states are projected into a mix
basis consisting of localized functions centered at Cd s
and plane waves. We have assumed the zinc blende stru
for all three compounds studied~with the lattice constant o
12.25, 11.02, and 11.50 a.u. for CdTe, CdS, and CdSe
spectively!. While for CdTe the zinc blende structure is th
natural phase, the other two materials crystalize in the wu
ite structure. With the modern molecular-beam epitaxy te
nology, however, it is possible to produce thin samples w
the zinc blende phase for CdS and CdSe as well.

The density-response functionx is connected through th
relation e21511vcx, with the inverse dielectric function
Both quantities can be Fourier transformed in moment
space, thus becoming matrices in the reciprocal lattice v
tors GW and GW 8. The negative of theGW 5GW 850 element of
the imaginary part of thee21 matrix is the loss function.
Im xGW 50,GW 850(qW ;v) is proportional to the dynamical struc
ture factor of the systemS(qW ;v):

S~qW ;v!522\V Im xGW 50,GW 850~qW ;v! ~3!

and describes the cross section for inelastic scattering of
electrons or x rays.V is the crystal volume.

In Fig. 1 we show the dispersion of the loss function
CdTe, CdS, and CdSe, calculated within the RPA appro
mation for q between 0 and 0.4 a.u. along the~100! direc-
tion. In all three compounds the shape of the loss functio
very different from the case of simple metals, where a sin
and very narrow plasmon line dominates the spectrum
small enough wave vectors. Even in the case of an elem
semiconductor like silicon, the loss function is significan
more peaked and plasmonlike. Here we observe sev
peaks and a rather broad spectrum. However, the most s
tacular feature is the negatively dispersing peak aro
12–13 eV. Similar to the negative plasmon dispersion
cesium,3,4 we expect that also in the case of II-VI compoun
the negative dispersion of the loss peak originates from
interaction of the collective excitation with interband tran
tions.

Let us analyze in more detail the case of CdTe. In or
to exhibit the rate of excitations of interband transitio
for Kohn-Sham electrons, we display in Fig. 2 theGW 5GW 8

50 element of the imaginary part of thee(qW 1GW ,qW

1GW 8;v) matrix (e512vcx
(0)) for growingqW vectors in the

energy region around main loss peaks. The shape of Ime)
explains the mechanism of the negative dispersion: there
dispersionless electron-hole peak in Im(e) at v between
12–13 eV, whose strength grows with growingqW vector. As
a consequence of this interband peak~which occurs in the
region, where the real part ofe is small!, the shape of the los
function is distorted. Therefore, forq50, instead of a sharp
loss peak, which would occur at about 13 eV,13 a broader
peak at 12.2 eV appears. The main loss structure in CdTe
q50, which occurs at 14.2 eV and shows a positive disp
sion, is to be traced back to the interaction of the plasm
with the interband peak in Im(e) at ;15.5 eV.
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In order to analyze the origin of interband peaks in Im(e),
Fig. 3 plots the LDA band structure of CdTe alongL-G-X
directions. We have neglected the spin-orbit splittings in
band structure, which, although quite large in the case
CdTe, should not affect the shape of response function
the energy range of 10–20 eV. A common feature of

FIG. 1. The dispersion of the loss function of CdTe, CdS, a

CdSe calculated within the RPA approximation forqW vectors~in
a.u.! along the~100! direction.

FIG. 2. TheGW 5GW 850 element of the imaginary part of th

RPA dielectric function of CdTe forqW ~in a.u.! along the~100!
direction.
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56 12 287DYNAMICAL DENSITY RESPONSE OF II-VI . . .
II-VI semiconductors with a II B element as a cation~Zn,
Cd, or Hg!, is the presence of a flat, occupied band due
localized cation, semicored states,6 which in the LDA cal-
culations are placed about 8–10 eV below the Fermi le
Comparison with Fig. 2 suggests that a small peak in Ime)
for q50 at ;10 eV is caused by transitions from occupi
Cd-4d bands into lowest and rather flat bands around thX
point in the Brillouin zone. The important interband peak
12–13 eV then originates from transitions between the oc
pied Cd-4d bands and the flat, unoccupied bands alongG-L
line. The upper panel of Fig. 4 proves this conjecture
displays Im(e) for q50 calculated with and without trans
tions from Cd-4d states. The inset blows up the crucial e
ergy region and gives additionally Re(e). In passing, we wan
to mention that almost an identical plot, as represented by
dashed line, is obtained when Cd-4d electrons are treated a
core electrons from the outset and a 5s and 5p pseudopoten-
tial at the cadmium atom is constructed. The lower pane
Fig. 4 shows the same forq50.4 a.u. Its message is impo
tant for understanding the origin of the negative dispersi
although transitions from occupied Cd-4d states contribute
to the strength of Im„e(q,v)… for v.8 eV and have a big
influence on the shape of the loss function, their contribut
is ratherqW independent. The negative dispersion is caused
other transitions, whose strength grows with growingqW vec-
tor. A detailed inspection shows that these transitions are
to electron-hole transitions originating from the upper oc
pied valence bands. Therefore, the case of II-VI compou
resembles the case of the heavy-alkali metal Cs, where
growing strength of interband transitions into the unoccup
states was responsible for the negative plasmon disper
with the growingqW vector.4

We stress the role of the occupied Cd-4d states. For smal
qW vectors their contribution to the strength of Im(e) in the
energy region of main loss peaks is almost as big as
contribution of the ‘‘tail’’ of the absorption peak obtaine
without transitions from Cd-4d states~see Fig. 4!. Therefore,
their effect on the shape of the loss function is very lar
Without account of Cd-4d states, the loss spectrum is mo
peaked and plasmonlike. For largerqW vectors, when the con
tribution due to other transitions is already substantial,
effect of Cd-4d states is smaller. This is, however, only ha

FIG. 3. The LDA band structure of CdTe. The flat, occupi
bands at about28 eV originate from the semicore Cd-4d states.
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of the story of the role of Cd-4d states. It is well known that
the LDA approximation underestimates the binding ene
of these states and places them about 2 eV too high. Th
a common feature of II-VI compounds6 and other materials
containing occupied localized electrons. Shifting down the
states is a many-body self-energy effect beyond LDA.7 An
account of this effect at the first-principles level in a respon
calculation is at present an extremely difficult task. The
fore, we introduce empirically an additional attractive part
the Cd pseudopotential, which forces Cd-4d states to be
close to their experimental position in the self-consist
bulk calculation. Since we work withab initio nonlocal
pseudopotentials,12 it is possible to change the origina
pseudopotential only in itsd component. In this way we
include empirically the self-energy effects on the localiz
Cd-4d states.

The loss function for CdTe calculated with these emp
cally renormalized Cd-4d states is shown in Fig. 5~a!. The
large effect of shifting down the Cd-4d states is clearly seen
although the position of most loss peaks remains essent
unchanged, the overall shape and relative height of them
significantly modified. For smallqW vectors the second, pre

FIG. 4. TheGW 5GW 850 element of the imaginary part of th
RPA dielectric function of CdTe forq50 ~upper panel! and q
50.4 a.u.~lower panel! in the ~100! direction. Solid line: full cal-
culation, dashed line: transitions from the occupied Cd-4d states are
supressed. The insets show the enlarged, important for the
properties, energy part of the spectrum, with additionally real p
of e included.
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12 288 56A. FLESZAR AND W. HANKE
viously dominant peak, is largely supressed and the firs
12 eV, strongly dominates the spectrum now. The nega
dispersion of this peak is still present.

Inclusion of many-body exchange-correlation effects
screening, i.e., vertex corrections beyond the RPA, is ano
difficulty of the calculation of response functions even f
the simplest systems. It can be concluded from calculati
with an approximate inclusion of these effects, as well
from comparison with experiment, that in simple meta
exchange-correlation effects have a significant role in sh
ing the plasmon peaks for larger wave vectors to low
energies.14 In the case of semiconductors and insulators,
matrix form of response functions Fourier transformed in
reciprocal space, mixes small and large~qW andqW 1GW ! wave
vectors, thus enhancing the importance of exchange and
relation even for smallq’s. In a physical picture the short
wavelength density fluctuations~represented by large wav
vectors! probe stronger the short-range exchange-correla
effects ~described by the f xc factor!, than the long-

FIG. 5. The dispersion of the loss function of CdTe calcula
within the RPA~a! and TDLDA ~b! approximations forq ~in a.u.!
along the~100! direction. The;2 eV self-energy shift down of Cd
4d states included in the way described in the text.
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wavelength fluctuations, determined mainly by the lon
range RPA-type response.10 A rough, yet computationally
feasible way of including exchange-correlation effects
screening is within theadiabatic time-dependent local-
density approximation~TDLDA !.8,9 This approximation for
f xc is real15 andv independent and known to show for larg
wave vectors an incorrectq dependence.16 Within TDLDA,

f xc~rW,rW8!5
dVxc

LDA~rW !

dn~rW8!
, ~4!

where Vxc
LDA is the Kohn-Sham-LDA exchange-correlatio

potential. In Fig. 5~b!, the dispersion of the loss function i
shown with both effects included: the self-energy shift
Cd-4d states, and the exchange-correlationf xc factor within
the TDLDA approach. While forq50 the TDLDA vertex
increases the intensity of the peak at 16 eV, the main ef
of this approximation is seen at largerq’s. There, the energy
of the negatively dispersing peak is slightly lowered, maki
the dispersion even more negative, while the intensity
upper peak is strongly enhanced.

Finally, let us mention that the crystal local-field effec
which show up as the effects of the matrix form inGW , GW 8 of
the response functions, are also rather strong in partly io
II-VI compounds. As a consequence, the spectrum calcula
in the diagonal approximation, i.e., withGW 5GW 850, is quali-
tatively different.10

Summarizing, we have studied the dynamical respons
some II-VI compounds at theab initio level. These materials
show various unusual features in their electronic excitati
and related loss functions: the main loss peak in these s
conductors has a negative dispersion, which was show
originate from the interaction of electron-hole excitatio
with the plasmon collective excitation. The dynamical r
sponse depends strongly on various ingredients, such a
inclusion of the occupied semicore cationd states and their
correct binding energy~a many-body, self-energy effect!, the
matrix form of the response functions and the effects of
change and correlation via the vertex correctionf xc . Our
calculations are predictions: to the best our knowledge th
are no measurements of the loss dispersion in these ma
als. The electron-energy loss experiment of Ref. 17 was d
with rather low primary-electron energies and is not direc
comparable with our calculations. The dispersion of loss f
tures was not studied in this experiment. Nevertheless, in
case of CdTe, positions of measured peaks agree well
our calculations.

This work was supported by the Deutsche Forschungs
meinschaft via the SFB 410 Project.

d

m.
1G. D. Mahan,Many-Particle Physics, 2nd ed. ~Plenum, New
York, 1990!.

2W. Schülke, H. Schulte-Schrepping, and J. R. Schmitz, Ph
Rev. B 47, 12 426~1994!; N. E. Maddocks, R. W. Godby, an
R. J. Needs,ibid. 49, 8502 ~1994!; Europhys. Lett.27, 681
~1994!; A. Fleszar, A. A. Quong, and A. G. Eguiluz, Phys. Re
Lett. 74, 590 ~1995!.
.

3A. vom Felde, J. Spro¨sser-Prou, and J. Fink, Phys. Rev.40,
10 181~1989!.

4F. Aryasetiawan and K. Karlsson, Phys. Rev. Lett.73, 1679
~1994!; A. G. Eguiluz, A. Fleszar, and J. Gaspar, Nucl. Instru
Methods Phys. Res. B96, 550 ~1995!; A. Fleszar, R. Stumpf,
and A. G. Eguliuz, Phys. Rev. B55, 2068~1997!.

5P. Hohenberg and W. Kohn, Phys. Rev.136, B864 ~1965!; W.



. B

f

ge

,
e of

ting

d to

56 12 289DYNAMICAL DENSITY RESPONSE OF II-VI . . .
Kohn and L. J. Sham,ibid. 140, A1133 ~1965!.
6S.-H. Wei and A. Zunger, Phys. Rev. B37, 8958~1988!.
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