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Complex loss function of CdTe
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We report results of high-resolution electron energy-loss measurements in transmission of CdTe films. In
contrast to simple metals and other semiconductors studied experimentally so far, our results show a number
of loss structures of comparable strength occupying a rather narrow energy region around the classical plasmon
energy. With increasing momentum transfer these structures show no or only weak dispersion and the relative
spectral weight shifts from the energetically lowest to the highest feature. The measurements are analyzed
usingab initio calculations of the CdTe loss function.@S0163-1829~99!07407-X#
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I. INTRODUCTION

One of the basic features of extended systems of cha
particles is their ability to be excited in the form o
plasmons—collective oscillation waves of electrons aga
the rigid ‘‘background’’ of positively charged ionic cores1

The very existence of plasmons is a classical phenome
and for many materials the plasmon energy is given wit
good approximation by the mean electron densityn through
the classical relation2 Ep5(4pne2/m)1/2. Solid-state effects
are, however, usually not negligible and influence the ene
of plasmons, their dispersion and width via the band str
ture of materials or via many-body interactions.3 In materials
of a more complicated band structure, especially where
interplay between localized and delocalized electrons is
portant, interaction effects can lead to qualitatively new s
ations as compared to the classical picture. A good exam
is the case of silver, where apart from the classical, fr
electron plasmon at 8 eV, an additional very sharp plasm
at 3.8 eV appears.1

In this paper, we report about another manifestation
solid-state effects, namely, the occurrence of acomplex of
loss structuresof comparable strengths instead of one sing
damped plasmon. In high-resolution electron energy-l
spectroscopy~EELS! transmission experiments1 on CdTe
single crystals we observe a group of three main and a
less pronounced peaks of energies between 11.9 and
eV. Usingab initio calculations of the bulk dielectric func
tion and the loss function of CdTe, we analyze the exp
mental spectra and show that the multipeak structure o
nates from the presence of two interband transitions from
occupied Cd 4d states into high-density regions of unocc
pied states. Since the energy of these interband transitio
very close to the energy of the ‘‘free-electron’’ plasmon
CdTe, a strong interference of both effects takes place, w
results in a complex structure of the loss function. A simi
behavior is expected in other II-VI compounds with a sh
low semicore states.
PRB 590163-1829/99/59~8!/5544~7!/$15.00
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Our experiments are, to our knowledge, the first EE
investigations of a material from the class II-VI done wi
high resolution.4 We have performed our measurements w
a primary electron energy of 170 keV and various mom
tum transfers ranging between 0.07 and 0.83 Å21 in the
@111# and@110# crystallographic directions. Previous studi
have been performed mainly by reflection electron ener
loss spectroscopy~REELS! on CdTe@110# ~Refs. 5–8! and
CdTe@100#.9 In addition, there are also transmission EEL
studies withoutq resolution,8,10,11performed, however, with
much smaller primary electron energy than in our investi
tion and an electron-beam cross-sectional analysis.12 The ad-
vantage of EELS measurements in transmission lies in
enhancement of the probability of bulk losses as compare
REELS, which is strongly surface sensitive. Furthermore,
EELS experiments are performed with a much bigger p
mary electron energy, which better satisfies the validity
the first Born approximation. This is necessary in order
relate the experimental results to the response function
the ~unperturbed! system, i.e., to its two-particle excitatio
spectrum. Experimental access to this spectrum atq
50 Å 21 can be achieved also by other methods, e.g.,
optical measurements, which are well established due to t
high precision. CdTe has also been studied by optical me
reflectivity,13 ellipsometry,14,15 optical absorption,16 and by
the extended synchrotron x-ray reflectivity.17

On the theoretical side, there is a very recentab initio
calculation of the bulk loss properties of a series of Cd-ba
II-VI compounds for momentum transfers along the~100!
direction.18 According to this calculation, there appears
number of loss structures in these materials and the domi
loss peak in all IIB-VI compounds theoretically studie
shows a rather unusual, negative dispersion with grow
momentum transferq. It was also found that the loss functio
of CdTe is sensitive to various computational factors, such
the presence and the correct energy position of semicore
4d states, or the many-body corrections in screening. Th
5544 ©1999 The American Physical Society
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PRB 59 5545COMPLEX LOSS FUNCTION OF CdTe
fore, a comparison of our EELS measurements with theo
ical predictions should not only test the accuracy of the
ter, but also bring an experimental verification of the vario
computational ingredients. In order to enable such an ac
rate comparison, we have performed detailed calculatio
computationally similar to those in Ref. 18.

In the next sections we present the experimental se
some computational details and discuss the results. The
gin of the multiplasmon shape of the loss spectrum will
analyzed in detail.

II. EXPERIMENT

The transmission EELS measurements were perform
using a dedicated spectrometer at the Institut fu¨r Festkörper-
und Werkstofforschung~IFW! in Dresden, Germany. It wa
operated with a primary energy of 170 keV and the ene
and momentum resolution were 120 meV and 0.05 Å21,
respectively~for details see Ref. 4!. Due to the finite mean-
free path of electrons, only samples up to a thickness
about 100 nm can be investigated at the primary energy u
in our experiment.

The CdTe samples were prepared using a new prepara
procedure; a detailed description of the method and
sample characterization by means of TEM~transmission
electron microscope! and x-ray diffraction will be given
elsewhere.19 Briefly, a CdTe film of 100 nm thickness wa
grown on a GaAs~100! substrate at 260 °C in the centr
molecular-beam epitaxy facility at the University o
Würzburg. Under these conditions one obtains epitax
CdTe~100! layers~despite the large lattice mismatch of CdT
and GaAs of;14%) that are completely relaxed after a fe
monolayers have been deposited. X-ray diffraction sho
that the CdTe films are of high structural quality and that
growth direction deviates from the nominal@100# direction
by about 0.12°.19

After the growth process the sample was exposed to
and was mechanically polished on the substrate side dow
a thickness of about 100mm. Thereafter, the remainin
GaAs substrate was chemically removed by a very dil
mixture of H2O2 and NaOH leaving a free-standing, clea
CdTe film of about 100 nm thickness. This film wa
then attached to a standard TEM copper mesh, which is u
as sample holder.

III. THEORETICAL CONSIDERATIONS

The experimental results are compared with the calcula
loss functionsfor various momentum transfersqW in the @111#
direction. The computational scheme was analogous to
used in Ref. 18. The starting point of our calculations co
sisted of a band structure, which has been obtained wi
the local-density approximation~LDA ! using a mixed basis
code~localized,d-type gaussians centered at the Cd sites
plane waves with a cutoff of 12.5 Ry!. Electron-ion interac-
tion has been modeled by a nonlocal pseudopotential ta
explicitly into account the Cd 4d states as valence states20

The LDA exchange-correlation energy functional has be
taken as in Ref. 21. Since the LDA approximation22 severely
underestimates the binding energy of the localized semic
Cd 4d states, we have constructed an empirical correctio
thed component of the Cd121 pseudopotential in such a way
that the resulting position of Cd 4d bands agrees with th
t-
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measured position of these states in photoemission exp
ments. It was shown in Ref. 18 that such a correction~which
empirically models many-body effects on the localized
4d states! leads to a significant change of the shape of
loss function in CdTe. In Fig. 1 the resulting band structu
including spin-orbit interaction, is shown for a few crysta
lographic directions. From the LDA bands, a loss functi
has been calculated. It is defined as

W~qW ;v!52Im e21~qW ;v!GW 50,GW 850 , ~1!

wheree21 is the inverse, longitudinal dielectric matrix of th
system. It can be represented by the following equation:

e21511vcx
~0!@12~vc1 f xc!x

~0!#21, ~2!

where all objects are matrices with respect toGW ,GW 8, the
reciprocal-lattice vectors.x (0)(qW ;v)GW ,GW 8 is the density re-
sponse ofnoninteractingKohn-Sham electrons,vc54p/uqW
1GW u2dGW ,GW 8 is the Coulomb interaction in the Fourier spa
and f xc describes vertex corrections in the screening. Wit
the adiabatic LDA approximation,23 f xc is v independent
and is given by

f xc~qW ,v!GW ,GW 85 f xc~GW 82GW !

5E d3rei ~GW 82GW !rW
dVxc~rW !

dn~rW8!
d~rW2rW8!, ~3!

whereVxc(rW) and n(rW8) are the self-consistent Kohn-Sha
potential of the system and its electron density, respectiv
The density response of noninteracting Kohn-Sham electr
x (0) has been calculated according to the well-kno
expression23

FIG. 1. LDA band structure of CdTe obtained with a sem
empirical shift of Cd 4d states and including spin-orbit interaction
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Convergence with respect to size of the matrix (GW ,GW 8)
~crystal local-fieldeffects! and the uniformk-mesh sampling
in the above expression has been very carefully checked.
most accurate results have been obtained with the matrix
ranging between 83383 and 90390, depending on the mo
mentum transfer and thek mesh of 10 976 points in the Bril
louin zone~although much smaller meshes of 2048 and 8
k points give already convergent and acceptable results!.

Most of our calculations have been performed witho
account of the spin-orbit splitting. However, in a few samp
cases it has been checked that the inclusion of spin-o
splitting does not lead to any significant changes in our
sults. This point will be briefly discussed below.

IV. RESULTS AND DISCUSSION

A. Experimental results

In Fig. 2, we present EELS measurements for the@111#
and @110# directions at four different momentum transfer
The crystallographic directions were determinedin situ using
Bragg reflections in the electron diffraction pattern. Thr
dominant loss featuresA, B, andC are observed at energie
of 11.9, 14.1, and 16.3 eV, respectively. The spectra
normalized to the intensity of peakC and shifted in their
ordinate.

A comparison of the spectra for the@111# and @110# di-
rections shows no significant differences indicating an i
tropic dielectric functione. While this is expected in the
optical limit (q50) from symmetry arguments for a cryst
with zinc-blende structure,24 it is not necessarily the case fo
finite q values. The fact that even for a momentum trans
of 0.83 Å21 no difference is observed for the two directio
is rather surprising in view of the known anisotropy of nom
nally more free-electron semiconductors, e.g., Si.25 We will
discuss the reasons of such a behavior below.

FIG. 2. CdTe EELS results for crystalline directions~111! and
~110! at different momentum transfersq, collected at primary en-
ergy of 170 keV.
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With increasing momentum transfer, significant chang
in the shape of the spectra in Fig. 2 are observed. Thi
even more evident in Fig. 3~a! where the experimental spec
tra for the@111# direction are shown for moreq values. Peak
A is the dominant peak at lowq values; it exhibits a double
structure that is however not present forq.0.3 Å 21. No
dispersion is observed and its center of mass remains at
eV for all q vectors studied in our measurement. PeakB at
14.1 eV also displays no dispersion. The loss featureC at
about 16.3 eV (q50.15 Å21) shows a small positive dis
persion with increasingq, up to about 16.8 eV (q
50.83 Å21). The intensities of peaksA and B decrease
with increasing momentum transfer as compared to peakC.

In addition to the dominant lossesA, B, andC, two broad
spectral structures labeledD and E are observed at abou
22.7 and 27 eV. These structures are more pronounced
small q transfers. At lower loss energies, four small featu
a, b, c, andd at 2.1, 4.2, 6.3, and 7.6 eV, respectively, and
shouldere at 9.9 eV are observed for small momentum tran
fers ~up to 0.3 Å21). The energies of these peaks agr
well with the loss energies of 2.4, 4.4, 6.0, 7.6, and 10.4
observed in the REELS measurements using low prim
energies.9 These structures can be attributed to low-lying
terband transitions or surface plasmons.

B. Comparison of measurements and calculations

The calculated loss spectra along the@111# direction are
shown in Fig. 3~b! and compared to the experimental spec
from Fig. 3~a!. Two sets of theoretical curves are present
which correspond to different levels of approximation: t
solid line gives the loss function obtained within the RP
approximation without inclusion of crystal local-field corre
tions, i.e., without considering the matrix form~in GW ,GW 8
vectors! of the response functions~we call it a ‘‘diagonal’’
RPA approximation!. The dashed line gives the loss functio
with the inclusion of both, crystal local fields and correlatio
effects within the time-dependent local density approxim
tion ~TDLDA !. Due to the contribution of secondary loss
at the high-energy side, it is difficult to determine an absol
scale for the experimental spectrum via, e.g., by normaliz
with the f-sum rule. Therefore, there remains some arbitra
ness in the scaling of experimental and theoretical intensit
In spite of this, it is remarkable how well both spectra agr
Except the doublet structure of peakA, all features observed
in experiment are well reproduced by the calculations. N
only energetic positions of the calculated peaks agree ra
well with the experiment, but also the relative intensities
peaks and various more subtle details of the measurem
are reproduced. The fine structure of peakA is probably
caused by the spin-orbit splitting of the Cd 4d states26 and
might be absent in the calculations due to the finitek mesh,
which has to be used and which limits the resolution of
results. The fact that the agreement seems slightly bette
the ‘‘diagonal’’ RPA calculation, than—what one woul
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FIG. 3. Comparison of measured EELS spectra along the~111! direction @panel~a!# and theab initio calculated loss function of CdTe
@panel~b!#. Solid line in panel~b!, RPA calculation without crystal local fields; dashed line, crystal local fields and many-body corre
~within TDLDA approximation! included.
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expect—for the full-matrix LDA approximation, may hav
its rationale in the well known fact that the crystal loca
fields and the many-body local-fields, i.e., the correlat
effects, almost cancel each other. As it was shown in Ref.
both factors contribute to response functions with a sim
strength; therefore the inclusion of only one of them can le
to the deterioration of the quality of the results. An exam
of such a situation in the density response of solid ces
has been discussed in Ref. 28. Our results from Fig. 3 s
to suggest that the TDLDA approximation underestima
the strength of the correlation effects in the screening
CdTe and that there should be a cancellation between
crystal and many-body local field effects.

The comparison of the experimental and theoretical sp
tra shows that the agreement in peak positions between
periment and theory is good, although not perfect. The b
agreement is observed for structureC, which disperses posi
tively in both theory and experiment by an amount of ab
0.5 eV. The most evident difference is the presence o
small negative dispersion of the structureA in the theory and
its absence in the experiment.

The tail of the spectrum for higher loss energies is alm
structureless and has clearly a bigger amplitude in the exp
ment due to multiple scattering losses. Nevertheless, the
broader peaks in the experimental spectra at 22.7 and 2
~which we labelD andE) are almost perfectly reproduced
the calculations, which, in addition, predict two less pr
nounced peaks at energies of 18.5 and 31.5 eV.

C. Discussion

The interpretation of EELS spectra is not a simple ta
and it is not always possible to unambiguously classify
experimentally observed structures as collective excitati
or electron-hole interband transitions. In real materials, th
n
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exist in most cases interband transitions for all energ
above the absorption threshold, also in the energy regio
the onset of plasmons, which results in a coupled mode
collective and one-particle excitations. Nevertheless,
plasmon concept retains its validity as a damped collec
excitation.3 The situation gets complicated when signi
cantly strong interband transitions appear in the plasmon
ergy region~which could be defined as the region where t
real part of the dielectric function is close to zero!. The pres-
ence of interband peaks leads to changes in the shap
Re(e), such that it becomes zero several times, or tak
characteristic, ‘‘saw-type’’ shape. In effect, the loss functio
2Im(1/e)5e2 /(e1

21e2
2), wheree1 and e2 are the real and

imaginary parts of the dielectric function, respectively, c
show a qualitatively new and unusual character, as comp
with the cases of normal metals or semiconductors. For
stance, the charge carrier plasmon energy and its disper
are significantly reduced~enhanced! when a shallow core-
level excitation comes to lie in the energetic neighborhood
it is observed for the late or post-transition metals.29 As our
calculations show, this is also the case for the dielectric fu
tion of CdTe and probably other IIB-VI compounds. In order
to trace back the origin and character of various loss peak
the spectra, we analyze the shape of the RPA dielectric fu
tion of CdTe for q vectors of 0.15 and 0.70 Å21 in the
@111# direction in Figs. 4 and 5, respectively. Panel~a! shows
again the loss function, calculated without and with the sp
orbit splittings in the band structure~solid and dashed lines
respectively!.30 In panel ~b! the relevant portions of the
imaginary and real parts of the corresponding dielectric fu
tions are depicted. In addition, in panel~c!, Im(e) is decom-
posed into contributions originating from various occupi
bands. In particular, the dotted line shows the contribut
from Cd 4d states. The vertical dotted lines are drawn at



r-
pe

n-

in

n
l

s

of
d
v
rt
of

fo

o

on
o
he

Te

h
th
ec

o
of
p
an

p
ta
t
r

se
um

s
si

le
d
s
a

of
g, it

ctra

eri-

al-
d
e
is

u-

d

5548 PRB 59H. DRÖGE et al.
theoretically obtained positions of the loss peaksA, B, andC.
It is interesting to note, that the inclusion of spin-orbit inte
action does not lead to any essential changes in the sha
the loss functions, as is concluded from Figs. 4~a! and 5~a!.
Therefore, in panels~b! and ~c! of both figures we analyze
the behavior of the dielectric function obtained without i
clusion of this effect. It is seen that the peaksA, B, andC
correspond either to a local minimum or to a turning po
close to a minimum in Im(e) and a growing part of the
‘‘sawlike’’ portion of Re(e). The local peaks in Im(e),
which are responsible for such a shape of the dielectric fu
tion, originate mainly from interband transitions with initia
states in the Cd 4d bands@dotted line in panel~c!#. These
peaks do not have the same energies as the loss peak
contrast, they are located in between the structuresA, B, and
C. This behavior seems to favor a ‘‘collective’’ nature
peaksA, B, andC, although the role played by the interban
transitions from Cd 4d states is clear and the loss peaks ha
a pronounced contribution from these transitions. It is wo
while to note that the usual condition for the appearance
plasmon, namely Re(e)50, would be applicable only to the
structureA @and even in this case not perfectly, because
largerq the loss peakA is slightly shifted with respect to the
zero position of Re(e)], whereas for the loss structuresB
andC, as well as for other, less pronounced peaks, this c
dition is not fulfilled. Nevertheless, it is just the structureC,
which becomes most pronounced with growingq. For large
q it would best correspond to a damped plasmon that
would obtain with the Cd 4d states frozen in the core. T
quantify the last point, let us take the classical limit for t
plasmon in CdTe asEp5(4pne2/m)1/2512.7 eV and its
dispersion coefficient within the RPA, given byaRPA
5 3

5 EF /Ep50.4. Both numbers are calculated for the Cd
valence electron density ofn50.0174 a.u. As a result we
obtain a free-electron plasmon energy of 16.8 eV forq
50.70 Å21.

The presence of a complex of a few loss peaks wit
strong collective character renders the case of CdTe ra
different from normal metals or semiconductors. We exp
a similar situation for other compounds of the class IIB-VI,
as well as for some of the class III-V. This observation is n
exceptional, and the case of silver provides an example
similar phenomenon, where the free-electron plasmon is s
into one at 8 eV having a strong free-electron character,
one at 3.8 eV, for which a strong coupling to Ag 4d transi-
tions takes place. Furthermore, the results presented here
allel the loss function of Zn where the shallow core exci
tions and the charge carrier plasmon strongly interact and
dispersion of the charge carrier plasmon is considerably
duced as a consequence of the spectral weight decrea
the shallow core excitations with increasing moment
transfer.31

In contrast to the peaksA, B, andC, the loss structuresD
andE have a clear character of an interband transition. A
seen in Figs. 4 and 5, these loss peaks have the same po
as the interband peaks due to Cd 4d states in the Im(e)
curves.

All above observations point out a very important ro
played by the Cd 4d states. Also the experimentally an
computationally evidenced momentum isotropy of the lo
function ~see Fig. 2! seems to originate from the same re
of
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son. The very flat, almost dispersionless Cd 4d bands con-
tribute to the Im(e) function with a very smallqW depen-
dence, in both, modulus and direction. Since the influence
these bands on the shape of the loss function is so stron
results in the isotropy of the loss properties of CdTe.

An interesting difference between the calculated spe
and experiment is the dispersion of the loss structureA.
While this feature does not seem to disperse in the exp
mental spectra, it shows anegativedispersion of about 0.8
eV betweenq50.15 andq50.83 Å21 in the calculations.
This negative dispersion is observed for all versions of c
culations, i.e., with and without spin-orbit splitting, with an
without the crystal local-field effects, as well as within th
RPA and the TDLDA approximations. The careful analys
of this behavior reveals that with a growingq vector a small
peak at 12.2 eV in the Im(e) function appears, which is

FIG. 4. Panel~a!: loss function of CdTe with~dashed line! and
without ~solid line! spin-orbit splittings in the band structure forq
50.15 Å21 in the ~111! direction. Panel~b!: Im(e) ~solid line!
and Re(e) ~dashed line! for the sameq-vector as in~a!. Panel~c!:
Im(e) decomposed into contributions coming from various occ
pied bands; heavy-holes~h.h.! and light-holes~l.h.! upper bands
~long-dashed line!, spin-orbit~SO! splitted band~short-dashed line!,
Cd 4d states~dotted line!, Te 5s band, i.e., the lowest occupie
valence band~dashed-dotted line!.
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PRB 59 5549COMPLEX LOSS FUNCTION OF CdTe
mostly due to transitions from the spin-split band~the SO
band!. This peak, supported by a growing tail of the ma
electron-hole peak in the Im(e) function, which in analogy
with the metal case could be called a ‘‘Drude peak,’’ dom
nates the peak at 13 eV due to Cd 4d states, which in the
total Im(e) curve forq50.70 Å21 remain only as a shoul
der. This kind of behavior seems not to occur in experime
There could be several reasons for this discrepancy: On
them could be an energy shift of the interband peak at 1

FIG. 5. Same as Fig. 4 forq50.70 Å21 in the ~111! direction.
by

c

v.
-

t.
of
.2

eV in calculations, due to self-energy corrections on
higher conduction bands. Another reason could be a w
known fact that the correlation effects in screening~e.g., the
excitonic effects! tend to increase the spectral weight
Im(e) for small energies at the cost of spectral weight
higher energies, what is necessary for the fulfillment of s
rules. The importance of such correlation effects should
general grow with a growingq. Therefore, the descendin
part of the Drude peak could be in reality less pronounc
than in the RPA~and TDLDA! calculation and possibly the
peak at 13 eV would still dominate. These are hypothe
that are rather difficult to check computationally, althou
first attempts to include such effects inab initio calculations
for real materials have recently appeared.32–35

V. SUMMARY

We have presented results of the high-resolution elec
energy-loss measurements of films of CdTe single cryst
The loss function in the@111# and @110# crystallographic
directions for momentum transfers ranging between 0.07
0.83 Å21 was experimentally investigated. Our resu
show a rather unusual shape of the loss function compo
of a complex of a few intense and well-resolved structures
comparable strength occupying a rather narrow energy
gion of 5 eV around the classical plasmon energy. Th
structures show no or small dispersion and are isotropic w
respect to the direction of the momentum transfer. A deta
analysis of the experimental spectra usingab initio calcula-
tions of the CdTe dielectric function points out the very im
portant role played by the semicore Cd 4d states in the loss
properties of CdTe. Our results indicate that a similar beh
ior is to be expected in other materials possessing local
semicore states, which give rise to interband transitions
the energy range of the plasmon due to the valence electr
This concerns in particular other semiconductors from
class IIB-VI.
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