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Dynamical density response of 1I-VI semiconductors
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We report results ofb 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-4tates, the self-energy effects which shift down these states to the
experimentally observed position, and electron-hole vertex corrections in scre&0163-182607)04443-3

Linear response functions are useful and important quarexplicit inclusion of the semicore catiah electrons. In the
tities for many-electron systems. Of particular importance ipresent paper, we examine the two-particle excitation prop-
the density-response function, directly connected to therties in this class of materials, which are probed in scatter-
density-density correlation and dielectric function. It de-ing experiments with fast external particles, e.g., x rays, or
scribes electron-holée.g., optical and collective electronic fast electrons. We find that in all semiconductors studied
excitations, determines via the screening W single-particléiere, there exists a negatively dispersing loss structure.
excitations(e.g., in theGW approximatiof, and also ac- These findings are predictions in that we are not aware of
counts for the ground-state energy of a many-electrony experimental determination of the loss dispersion in
systemt Additionally, it determines the cross section for in- these materials. The calculated loss spectrum in these com-
elastic scattering of x rays or fast electrons. pounds is rich in fine structures and strongly depends on

Calculations of response functions from first principlesvarious factors, such as the inclusion of semicore @d-4
for real materials are computationally extremely demandingstates, self-energy corrections, and vertex corrections in the
The main difficulty stems from the inclusion of the actual irreducible two-particle interaction.
band structure of the material. Additional difficulty comes In the framework of the time-dependent density-
from a complicated interplay of nonlocality effects intro- functional theory’® the density-response functigr{r,r’; w)
duced by lattice potential and correlation effects, which incan be expressed as
turn are usually enhanced by the strength of the crystal po- 0 ()11
tential and electron localization. An interaction between X=X (et fdx ™1 @
electron-hole and collective excitations can cause strong dgghere y(9)(r,r’; ) is the nonlocal and dynamical density
viations of the shape of response functions from the predicresponse  of noninteracting Kohn-Sham electrons, with
tions of simple models and can necessitate a self-consistept(y r/)=1/|r—r’|. The quantityf,(r,r’;») describes ver-
calculation of the response properties of the system based @gx corrections in the two-particle interaction, i.e., in the
the actual band structure. It was realized _recently that suchcreening1° For simplicity, we have dropped the arguments
problems are present even in the case of simple m%_eT%lIB. e from Eq. (D). xO(r,r':w) is given by the standard
the case of partially ionic I_I—VI semlconductors .Wlth thel_r expression in terms of the Kohn-Sham orbités, and en-
rather strong crystal potential and localized semicore Cat'o'%rgiesEkn:

d electrons, all these problems are very important and the

calculation of response functions consists of a computational Ofr prv fen— T
challenge. X rw)= E . Exn—Ewptoting
In this paper we report oab initio results for the dynami- kn,kn i i

cal density response of a series of II-VI semiconductors: * . * ’ ’

CdTe, CdS, and CdSe. The II-VI semiconductors, due to i hen (e (M a1, (2)
their direct and rather large gap, are technologically imporwhere f,, are the Fermi factors. In what follows, we use
tant materials. The recent successful fabrication of the blueatomic units.

green laser diode on the basis of these materials has renewedEquations(1) and (2) give anexactdescription of the
interest in their physical properties. Theoretically, theydynamical response in the many-body system, provided the
present interesting solids, in which partially covalently Kohn-Sham orbitals and energies wepeactand the many-
bounds-p electrons interact with more localized catidn  body vertex correctiorf,, was known. However, both are
electrons. The effect of this interaction on the ground-stateinknown and a common practice is to ug® calculated
properties in 11-VI compounds was studied within the local- within the local-density approximation and either to ignore
density approximatioh (LDA) by Wei and Zungef. The  the f,. factor, which corresponds to the screening within the
one-particle excitations, probed, for example, by the direct orandom-phase approximatiaiRPA) for Kohn-Sham elec-
inverse photoemission experiments, have been recently stuttons, or to expres$,. within one of the existing models,
ied theoretically via the many-bod$W approach with the which usually are developed for the homogeneous electron
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gas case. Our approach follows this practice: we calculate T T T
x@ from the LDA band structure, with the Ceperley and
Alder exchange-correlation energy functional and poten-
tial.!* Ab initio pseudopotentials are used including explicitly
Cd-4d states:? The Bloch states are projected into a mixed
basis consisting of localized functions centered at Cd sites
and plane waves. We have assumed the zinc blende structure
for all three compounds studidgdith the lattice constant of
12.25, 11.02, and 11.50 a.u. for CdTe, CdS, and CdSe, re-
spectively. While for CdTe the zinc blende structure is the 0
natural phase, the other two materials crystalize in the wurz-
ite structure. With the modern molecular-beam epitaxy tech-
nology, however, it is possible to produce thin samples with
the zinc blende phase for CdS and CdSe as well.

The density-response functignis connected through the
relation e 1=1+uv.y, with the inverse dielectric function.
Both quantities can be Fourier transformed in momentum
space, thus becoming matrices in the reciprocal lattice vec-
tors G and G’. The negative of th&&=G’=0 element of
the imaginary part of thee~! matrix is theloss function
Im xG-0G'-0(G;w) is proportional to the dynamical struc-
ture factor of the syster8(q; w):

(CY T
e
S atuttnd
BN

S(G;w)= =270 Im xG-06'-o(0;w) ()

and describes the cross section for inelastic scattering of fast
electrons or x ray<) is the crystal volume.

In Fig. 1 we show the dispersion of the loss function in
CdTe, CdS, and CdSe, calculated within the RPA approxi- N -7
mation forq between 0 and 0.4 a.u. along tfEOO direc-
tion. In all three compounds the shape of the loss function is G, 1. The dispersion of the loss function of CdTe, CdS, and
very different from the case ,Of SImple metals, where a SIngIQ:dSe calculated within the RPA approximation fprvectors (in
and very narrow plasmon line dominates the spectrum fog, ;) ajong the(100 direction.
small enough wave vectors. Even in the case of an element

semiconductor like silicon, the loss function is significantly In order to analyze the origin of interband peaks indm(

more peaked and plasmonlike. Here we observe sever?gig_ 3 plots the LDA band structure of CdTe alohgl’-X
peaks and a rather broad speptrum. Howe\(er, the most spe irections. We have neglected the spin-orbit splittings in the
tacular feature is the negatively dispersing peak aroun

S i and structure, which, although quite large in the case of
12-13 eV. Similar to the negative plasmon dispersion i gn 9 g

AV ; McdTe, should not affect the shape of response functions in
cesium;™ we expect that also in the case of II-VI compound

s
) ; ) . the energy range of 10—-20 eV. A common feature of all
the negative dispersion of the loss peak originates from the 9y g

interaction of the collective excitation with interband transi-

tions. 35 T T T T
Let us analyze in more detail the case of CdTe. In order | ==
to exhibit the rate of excitations of interband transitions 3 3 %;(8)% ........ .

for Kohn-Sham electrons, we display in Fig. 2 tBe=G’

=0 element of the imaginary part of the(q+G,q
+G’; w) matrix (e=1—vx?) for growingq vectors in the
energy region around main loss peaks. The shape o) Im(
explains the mechanism of the negative dispersion: there is ¢
dispersionless electron-hole peak in dn@t o between

12-13 eV, whose strength grows with growiﬁg/ector. As
a consequence of this interband pealich occurs in the
region, where the real part efis smal), the shape of the loss
function is distorted. Therefore, fay=0, instead of a sharp 0 L L L '
loss peak, which would occur at about 13 E\Va broader w [eV]

peak at 12.2 eV appears. The main loss structure in CdTe for

q=0, which occurs at 14.2 eV and shows a positive disper- FIG. 2. TheG=G’=0 element of the imaginary part of the
sion, is to be traced back to the interaction of the plasmoRPA dielectric function of CdTe fog (in a.u) along the (100
with the interband peak in Inaf at ~15.5 eV. direction.

Ime(g, ¢,w)
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FIG. 3. The LDA band structure of CdTe. The flat, occupied
bands at about-8 eV originate from the semicore Cdistates.

II-VI semiconductors with a Il B element as a catinn,
Cd, or Hg, is the presence of a flat, occupied band due to =
localized cation, semicore state$, which in the LDA cal- s
culations are placed about 8—-10 eV below the Fermi level. £
Comparison with Fig. 2 suggests that a small peak inejm(
for g=0 at~10eV is caused by transitions from occupied
Cd-4d bands into lowest and rather flat bands aroundXhe
point in the Brillouin zone. The important interband peak at
12-13 eV then originates from transitions between the occu-
pied Cd-4 bands and the flat, unoccupied bands albrg
line. The upper panel of Fig. 4 proves this conjecture: it
displays Img) for g=0 calculated with and without transi- L
tions from Cd-4l states. The inset blows up the crucial en- FIG. 4. TheG=G'=0 element of the imaginary part of the
ergy region and gives additionally R&(In passing, we want RPA dielectric function of CdTe fog=0 (upper panel and q
to mention that almost an identical plot, as represented by thg 9-4 .u-(lower panel in the (100 direction. Solid line: full cal-
dashed line, is obtained when Cd-électrons are treated as culation, dashed Illne: transitions from the occqpled Cdstates are
core electrons from the outset and sdind 5 pseudopoten- supresged. The insets show the enlarge_d, |mp_o!rtant for the loss
. - . roperties, energy part of the spectrum, with additionally real parts
tial at the cadmium atom is constructed. The lower panel oﬁf < included
Fig. 4 shows the same far=0.4 a.u. Its message is impor- '
tant for understanding the origin of the negative dispersion:
although transitions from occupied Cdt4tates contribute Of the story of the role of Cd-d states. It is well known that
to the strength of Irte(q,w)) for >8 eV and have a big the LDA approximation underestimates the binding energy
influence on the shape of the loss function, their contributiorof these states and places them about 2 eV too high. This is
is ratherq independent. The negative dispersion is caused bga common feature of 1I-VI compountiand other materials
other transitions, whose strength grows with growingec-  containing occupied localized electrons. Shifting down these
tor. A detailed inspection shows that these transitions are dustates is a many-body self-energy effect beyond L'Dan
to electron-hole transitions originating from the upper occu-account of this effect at the first-principles level in a response
pied valence bands. Therefore, the case of II-VI compoundsalculation is at present an extremely difficult task. There-
resembles the case of the heavy-alkali metal Cs, where thgre, we introduce empirically an additional attractive part in
growing strength of interband transitions into the unoccupiegnhe cd pseudopotential, which forces Cd-4tates to be
states was responsible for the negative plasmon dispersiqilose to their experimental position in the self-consistent
with the growingq vector bulk calculation. Since we work witkab initio nonlocal

We stress the role of the occupied Cd-gtates. For small pseudopotentialg it is possible to change the original
ﬁ vectors their contribution to the strength of kp(n the  pseudopotential only in it!l component. In this way we
energy region of main loss peaks is almost as big as thinclude empirically the self-energy effects on the localized
contribution of the “tail” of the absorption peak obtained Cd-4d states.
without transitions from Cd-d stategsee Fig. 4. Therefore, The loss function for CdTe calculated with these empiri-
their effect on the shape of the loss function is very largecally renormalized Cd-d states is shown in Fig.(8). The
Without account of Cd-4 states, the loss spectrum is more |arge effect of shifting down the Cdefistates is clearly seen:
peaked and plasmonlike. For larggwectors, when the con- although the position of most loss peaks remains essentially
tribution due to other transitions is already substantial, thainchanged, the overall shape and relative height of them is
effect of Cd-4l states is smaller. This is, however, only half significantly modified. For smalfj vectors the second, pre-
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wavelength fluctuations, determined mainly by the long-
range RPA-type respond®.A rough, yet computationally
feasible way of including exchange-correlation effects in
N screening is within theadiabatic time-dependent local-
1} density approximatiof TDLDA).2° This approximation for
o f,c is real® andw independent and known to show for larger
' : " wave vectors an incorrect dependencé® Within TDLDA,

CLoeo
PR T

SPETENEYR
i

L SVRA
fxc(rvr ) 5n(|7’) 1 (4)

where V:># is the Kohn-Sham-LDA exchange-correlation
potential. In Fig. Bb), the dispersion of the loss function is
shown with both effects included: the self-energy shift of
Cd-4d states, and the exchange-correlatignfactor within
the TDLDA approach. While fog=0 the TDLDA vertex
increases the intensity of the peak at 16 eV, the main effect
of this approximation is seen at largg's. There, the energy
of the negatively dispersing peak is slightly lowered, making
the dispersion even more negative, while the intensity of
upper peak is strongly enhanced.

Finally, let us mention that the crystal local-field effects,

7 which show up as the effects of the matrix formGn G' of
0 5 10 w}gV] 20 25 30 the response functions, are also rather strong in partly ionic
1I-VI compounds. As a consequence, the spectrum calculated

FIG. 5. The dispersion of the loss function of CdTe calculated'” the diagonal approximation, i.e., with=G' =0, is quali-

: ; 10

within the RPA(a) and TDLDA (b) approximations foq (in a.u) tatively dlffe_r_ent. . .

along the(100) direction. The~2 eV self-energy shift down of Cd- Summarizing, we have studied the dynamical response of
4d states included in the way described in the text. some II-VI compounds at thab initio level. These materials

show various unusual features in their electronic excitations

azimd related loss functions: the main loss peak in these semi-
go_n_ductors has a n_egative_dispersion, which was s_hoyvn to
dispersion of this peak is still present. originate from the interaction of electron-hole excitations

Inclusion of many-body exchange-correlation effects inwith the plasmon collective excitation. The dynamical re-

screening, i.e., vertex corrections beyond the RPA, is anothePOnse depends stron_gly on v_arious in_gredients, such as the
difficulty of the calculation of response functions even forlnclus?g_o;_the occupied semtl)codre catllfdrstates af?g :Eelr

the simplest systems. It can be concluded from calculation§°M €€t Pihding energga many-body, self-energy effgcthe

with an approximate inclusion of these effects, as well agnatrlx form of the response functions and the gffects of ex-
from comparison with experiment, that in simple metals,Chang’]e."’mOI correlatl_on V'a_ the vertex correctigp. Our
exchange-correlation effects have a significant role in shift-CaICUl‘""tIons are predictions: to the best our knowledge there

ing the plasmon peaks for larger wave vectors to lowe'® NO measurements of the loss dispersion in these materi-
energies In the case of semiconductors and insulators, th@l.s' The electron-gnergy loss experiment of Re_f. 17 was done
matrix form of response functions Fourier transformed intoWlth rather lOV‘.’ prlmary—electron energies and.ls not directly

. | . | and laf@eand G + G comparable with our calculations. The dispersion of loss fea-
reciprocal space, mixes small and lafgeandq+G) wave tures was not studied in this experiment. Nevertheless, in the

vectors, thus enhancing the importance of exchange and cotzse of cqTe, positions of measured peaks agree well with
relation even for smalfy’'s. In a physical picture the short- . -5iculations.

wavelength density fluctuationsepresented by large wave
vectorg probe stronger the short-range exchange-correlation This work was supported by the Deutsche Forschungsge-
effects (described by thef,. facton, than the long- meinschaft via the SFB 410 Project.

viously dominant peak, is largely supressed and the first,
12 eV, strongly dominates the spectrum now. The negativ
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