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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 functiof§0163-18209)07407-X]

I. INTRODUCTION Our experiments are, to our knowledge, the first EELS

investigations of a material from the class II-VI done with

One of _the ba_sic fe_a_ltures of exten(_jed systems of chargdtigh resolutiorf We have performed our measurements with

particles is their ability to be excited in the form of a primary electron energy of 170 keV and various momen-
plasmons—collective oscillation waves of electrons againsf,m transfers ranging between 0.07 and 0.83 *Ain the

the rigid “background” of positively charged ionic cores. [111] and[110] crystallographic directions. Previous studies

The very existence of plasmons is a classical phenomengiy, e peen performed mainly by reflection electron energy-
and for many materials the plasmon energy is given with 85ss spectroscopyREELS on CdTé110] (Refs. 5-8 and

good approximation by the mean electron dengitjirough 9 " o
the classical relatidnE,= (4mne*/m)*2 Solid-state effects CdTq 100" In addition, thsg {5_ 2 ;aer?é?r%;;anr?g\:\llse?grn v%iItEhLS

are, however, usually not negligible and influence the energStUdIeS withoug resolution,

of plasmons, their dispersion and width via the band struci(nUCh smaller primary electron energy than in our investiga-

ture of materials or via many-body interactichis, materials tion and an electron-beam cross-sgctlonal a_nai_ﬁs'm_e ao!-
of a more complicated band structure, especially where aNantage of EELS measurern_ents in transmission lies in the
interplay between localized and delocalized electrons is imEnhancement of the probability of bulk losses as compared to
portant, interaction effects can lead to qualitatively new situREELS, which is strongly surface sensitive. Furthermore, the
ations as compared to the classical picture. A good examplEELS experiments are performed with a much bigger pri-
is the case of silver, where apart from the classical, freefMary electron energy, which better satisfies the validity of
electron plasmon at 8 eV, an additional very sharp plasmo#N€ first Born approximation. This is necessary in order to
at 3.8 eV appears. relate the experimental results to the response functions of
In this paper, we report about another manifestation ofhe (unperturbegl s_ystem, i.e., to its two-partlcle excitation
solid-state effects, namely, the occurrence afomplex of ~SPectrum. Experimental access to this spectrum gat
loss structuresf comparable strengths instead of one single, =0 A "' can be achieved also by other methods, e.g., by
damped plasmon. In high-resolution electron energy-los§ptical measurements, which are well established due to their
spectroscopy(EELS) transmission experimeritson CdTe  high precision. CdTe has also been studied by optical means:
single crystals we observe a group of three main and a feweflectivity;" ellipsometry;*** optical absorptiort® and by
less pronounced peaks of energies between 11.9 and 16f% extended synchrotron x-ray reflectivity.
eV. Usingab initio calculations of the bulk dielectric func- ~ On the theoretical side, there is a very recabtinitio
tion and the loss function of CdTe, we analyze the expericalculation of the bulk loss properties of a series of Cd-based
mental spectra and show that the multipeak structure origill-VlI compounds for momentum transfers along 0
nates from the presence of two interband transitions from thdirection!® According to this calculation, there appears a
occupied Cd 4 states into high-density regions of unoccu- number of loss structures in these materials and the dominant
pied states. Since the energy of these interband transitions igss peak in all #-VI compounds theoretically studied
very close to the energy of the “free-electron” plasmon in shows a rather unusual, negative dispersion with growing
CdTe, a strong interference of both effects takes place, whiclmomentum transfeg. It was also found that the loss function
results in a complex structure of the loss function. A similarof CdTe is sensitive to various computational factors, such as
behavior is expected in other 11-VI compounds with a shal-the presence and the correct energy position of semicore Cd
low semicore states. 4d states, or the many-body corrections in screening. There-
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fore, a comparison of our EELS measurements with theoret-
ical predictions should not only test the accuracy of the lat-
ter, but also bring an experimental verification of the various
computational ingredients. In order to enable such an accu
rate comparison, we have performed detailed calculations
computationally similar to those in Ref. 18. 10

In the next sections we present the experimental setup
some computational details and discuss the results. The ori
gin of the multiplasmon shape of the loss spectrum will be

14

12

analyzed in detail. 6
Il. EXPERIMENT 4
>
The transmission EELS measurements were "performe(i
using a dedicated spectrometer at the InstitutHestkaper- 2
und WerkstofforschunglFW) in Dresden, Germany. It was &

operated with a primary energy of 170 keV and the energy
and momentum resolution were 120 meV and 0.05'A 2
respectively(for details see Ref.)4 Due to the finite mean-
free path of electrons, only samples up to a thickness of -4
about 100 nm can be investigated at the primary energy use!
in our experiment. 61
The CdTe samples were prepared using a hew preparatio
procedure; a detailed description of the method and the
sample characterization by means of TEf{ansmission

T
\
VA
e

8 r

-10

electron microscopeand x-ray diffraction will be given ———
elsewheré?® Briefly, a CdTe film of 100 nm thickness was
grown on a GaAd00 substrate at 260°C in the central r X w L r

molecular-beam epitaxy facility at the University of  FiG. 1. LDA band structure of CdTe obtained with a semi-
Wurzburg. Under these conditions one obtains epitaxiabmpirical shift of Cd 41 states and including spin-orbit interaction.
CdT«100 layers(despite the large lattice mismatch of CdTe . . o .
and GaAs of~14%) that are completely relaxed after a few measured position of these states in photoemission experi-
monolayers have been deposited. X-ray diffraction showdN€Nts. It was shown in Ref. 18 that such a correctishich

that the CdTe films are of high structural quality and that the€MPirically models many-body effects on the localized Cd
growth direction deviates from the nominil00] direction ~ 4d States leads to a significant change of the shape of the
by about 0.12° loss function in CdTe. In Fig. 1 the resulting band structure,

including spin-orbit interaction, is shown for a few crystal-
After the growth process the sample was exposed to a“ggraphic directions. From the LDA bands, a loss function

and was mechanically polished on the substrate side down ; -
a thickness of about 10@«m. Thereafter, the remaining {9515 been calculated. Itis defined as

GaAs substrate was chemically removed by a very dilute W(;0)=—Ime X0, 0)G-06 -0 1)
mixture of H,O, and NaOH leaving a free-standing, clean '
CdTe film of about 100 nm thickness. This film was
then attached to a standard TEM copper mesh, which is uset

as sample holder. e 1=1+v ' O[1— (ve+fro)x @172, 2

wheree ™! is the inverse, longitudinal dielectric matrix of the
stem. It can be represented by the following equation:

I1l. THEORETICAL CONSIDERATIONS where all objects are matrices with respect@‘.oé’, the

. . O ". Lo . .

The experimental results are compared with the calcuIateae(:lprocal_lam_Ce vec_torsx( )(q’w)G'G' is the density re-
loss functiongor various momentum transfegsin the[111] ~ SPONse ofoninteractingkohn-Sham electrons;=4/|q
direction. The computational scheme was analogous to that G|>86.6 is the Coulomb interaction in the Fourier space
used in Ref. 18. The starting point of our calculations Con_andfxc.desc.rlbes vertex corrections in t.he screening. Within
sisted of a band structure, which has been obtained withifh€ adiabatic LDA approximatiof?, f,. is w independent
the local-density approximatiofLDA) using a mixed basis and is given by
code(localized,d-type gaussians centered at the Cd sites and fre(Q,0)G.6 =Fr(G'—G)
plane waves with a cutoff of 12.5 RyElectron-ion interac-
tion has been modeled by a nonlocal pseudopotential taking 3 (GG dVy(r) - -

.. . — i(G'=C)r !
explicitly into account the Cd d states as valence staf@s. j d°re A a(r—r’), 3
The LDA exchange-correlation energy functional has been
taken as in Ref. 21. Since the LDA approximatibseverely — whereV,(r) andn(r’) are the self-consistent Kohn-Sham
underestimates the binding energy of the localized semicorpotential of the system and its electron density, respectively.
Cd 4d states, we have constructed an empirical correction tdhe density response of noninteracting Kohn-Sham electrons
thed component of the Cd"™ pseudopotential in such away, x(®0 has been calculated according to the well-known
that the resulting position of Cdd4bands agrees with the expressio
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Convergence with respect to size of the matri,G') With increasing momentum transfer, significant changes

(crystallocal-field effecty and the uniformk-mesh sampling in the shape of the spectra in Fig. 2 are observed. This is
in the above expression has been very carefully checked. O§ven more evident in Fig.(8) where the experimental spec-
most accurate results have been obtained with the matrix siZ&2 for the[111] direction are shown for morg values. Peak
ranging between 8883 and 9k 907 depending on the mo- A is the dominant peak at |OWVa|UeS; it exhibits a doublet
mentum transfer and tHemesh of 10 976 points in the Bril- Structure that is however not present fp-0.3 A~*. No
louin zone(although much smaller meshes of 2048 and geAlispersion is observed and its center of mass remains at 11.9
k points give already convergent and acceptable résults €V for all g vectors studied in our measurement. P8aat

Most of our calculations have been performed without14.1 eV also displays no dispersion. The loss featDrat
account of the spin-orbit splitting. However, in a few sampleabout 16.3 eV §=0.15 A~*) shows a small positive dis-
cases it has been checked that the inclusion of spin-orbRersion with increasingg, up to about 16.8 eV
splitting does not lead to any significant changes in our re=0.83 A~%). The intensities of peaké and B decrease
sults. This point will be briefly discussed below. with increasing momentum transfer as compared to figak

In addition to the dominant lossés B, andC, two broad
spectral structures labeldd and E are observed at about
22.7 and 27 eV. These structures are more pronounced for
A. Experimental results small g transfers. At lower loss energies, four small features

. a, b, c,andd at 2.1, 4.2, 6.3, and 7.6 eV, respectively, and a
In Fig. 2.’ we present EEL.S measurements for [thi] shouldere at 9.9 eV are observed for small momentum trans-
and[110] directions at four different momentum transfers.

e L . fers (up to 0.3 A™1). The energies of these peaks agree

The crystallographic directions were determimeditu using ; .

: . . : well with the loss energies of 2.4, 4.4, 6.0, 7.6, and 10.4 eV
Bragg reflections in the electron diffraction pattern. Threeobserved in the REELS measurements using low primary
dominant loss features, B, andC are qbserved at energies energies. These structures can be attributed to low-lying in-
of 11.9, 14.1, and 16.3 eV, respectively. The spectra are. band transitions or surface plasmons
normalized to the intensity of peak and shifted in their '
ordinate.

A comparison of the spectra for tjié¢11] and[110] di- B. Comparison of measurements and calculations

rections shows no significant differences indicating an iso-
tropic dielectric functione. While this is expected in the
optical limit (q=0) from symmetry arguments for a crystal
with zinc-blende structur: it is not necessarily the case for

IV. RESULTS AND DISCUSSION

The calculated loss spectra along fid 1] direction are

shown in Fig. 8b) and compared to the experimental spectra
from Fig. 3a). Two sets of theoretical curves are presented,
v which correspond to different levels of approximation: the
finite q values. The fact that even for a momentum transfersg|iq jine gives the loss function obtained within the RPA

_l . . . .
of 0'3]3 A~* no difference |sf(iﬁsei(rved for the :WO d'r?Ct'on,S approximation without inclusion of crystal local-field correc-
IS rather surprising In view ot Ine Xnown anisoopy ot NOMI= o i o without considering the matrix fortin G,G’

nally more free-electron semiconductors, e.g.2°3WVe will h AR .
y 9 vectorg of the response functionsve call it a “diagonal

discuss the reasons of such a behavior below. RPA approximation The dashed line gives the loss function
with the inclusion of both, crystal local fields and correlation
effects within the time-dependent local density approxima-
tion (TDLDA). Due to the contribution of secondary losses
at the high-energy side, it is difficult to determine an absolute
scale for the experimental spectrum via, e.g., by normalizing
with the f-sum rule. Therefore, there remains some arbitrari-
ness in the scaling of experimental and theoretical intensities.
In spite of this, it is remarkable how well both spectra agree.
Except the doublet structure of peékall features observed
in experiment are well reproduced by the calculations. Not
only energetic positions of the calculated peaks agree rather
well with the experiment, but also the relative intensities of
ol Vo . ! peaks and various more subtle details of the measurements
. — 1'-0 — - — - ' - are reproduced. The fine structure of peakis probably
caused by the spin-orbit splitting of the Cdl 4tate4® and
might be absent in the calculations due to the fikitmesh,
FIG. 2. CdTe EELS results for crystalline directiofisl]) and ~ which has to be used and which limits the resolution of the
(110 at different momentum transfers collected at primary en- results. The fact that the agreement seems slightly better for
ergy of 170 keV. the “diagonal” RPA calculation, than—what one would

Intensity [arb. units]

Loss energy [eV]
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FIG. 3. Comparison of measured EELS spectra along1tié¢) direction[panel(a)] and theab initio calculated loss function of CdTe
[panel(b)]. Solid line in panelb), RPA calculation without crystal local fields; dashed line, crystal local fields and many-body corrections
(within TDLDA approximation included.

expect—for the full-matrix LDA approximation, may have exist in most cases interband transitions for all energies
its rationale in the well known fact that the crystal local- above the absorption threshold, also in the energy region of
fields and the many-body local-fields, i.e., the correlationthe onset of plasmons, which results in a coupled mode of
effects, almost cancel each other. As it was shown in Ref. 2%ollective and one-particle excitations. Nevertheless, the
both factors contribute to response functions with a similapjasmon concept retains its validity as a damped collective
strength; therefore the inclusion of only one of them can leagycitation® The situation gets complicated when signifi-
to the deterioration of the quality of the results. An examplecantly strong interband transitions appear in the plasmon en-
of such a situation in the density response of solid cesiungrgy region(which could be defined as the region where the
has been discussed in Ref. 28. Our results from Fig. 3 seef5| nart of the dielectric function is close to zgréhe pres-

to suggest that the TDLDA approximation underestimate%nce of interband peaks leads to changes in the shape of
the strength of the correlation effects in the screening for : .
CdTe and that there should be a cancellation between thRe(E)’ such that it becomes zero several times, or take a

crystal and many-body local field effects &aracteristic, “saw-type” shape. In effect, the loss function,
- . B _ 2, 2
The comparison of the experimental and theoretical spec- Im(1/e)=e€,/(e1+ €3), wheree, ande, are the real and

tra shows that the agreement in peak positions between eynaginary parts of the dielectric function, respeciively, can
Show a qualitatively new and unusual character, as compared

with the cases of normal metals or semiconductors. For in-
tance, the charge carrier plasmon energy and its dispersion
re significantly reducedenhanceg when a shallow core-
evel excitation comes to lie in the energetic neighborhood as

agreement is observed for struct@ewhich disperses posi-
tively in both theory and experiment by an amount of about®
0.5 eV. The most evident difference is the presence of

small negative dispersion of the structéén the theory and - "
g P y it is observed for the late or post-transition metdlés our

its absence in the experiment. . L ! -
P Falculatlons show, this is also the case for the dielectric func-

The tail of the spectrum for higher loss energies is almos
structureless and has clearly a bigger amplitude in the exper}ion ©f CdTe and probably other®HVI compounds. In order

v\/g trace back the origin and character of various loss peaks in

ment due to multiple scattering losses. Nevertheless, the t : :
broader peaks in the experimental spectra at 22.7 and 27 /€ SPectra, we analyze the shape of the RPA dielectric func-

- 1 .
(which we labeD andE) are almost perfectly reproduced in tion of CdTe forq vectors of 0.15 and 0.70 A’ in the
the calculations, which, in addition, predict two less pro-[111l directionin Figs. 4 and 5, respectively. Pat@lshows
nounced peaks at energies of 18.5 and 31.5 eV. again the loss function, calculated without and with the spin-

orbit splittings in the band structufsolid and dashed lines,
respectively.®® In panel (b) the relevant portions of the
imaginary and real parts of the corresponding dielectric func-
The interpretation of EELS spectra is not a simple taskions are depicted. In addition, in par(e), Im(e) is decom-
and it is not always possible to unambiguously classify thgposed into contributions originating from various occupied
experimentally observed structures as collective excitationbands. In particular, the dotted line shows the contribution
or electron-hole interband transitions. In real materials, therérom Cd 4d states. The vertical dotted lines are drawn at the

C. Discussion
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theoretically obtained positions of the loss peak8, andC.

It is interesting to note, that the inclusion of spin-orbit inter-
action does not lead to any essential changes in the shape
the loss functions, as is concluded from Fig&)4and Ha). !
Therefore, in panelgéb) and (c) of both figures we analyze
the behavior of the dielectric function obtained without in-
clusion of this effect. It is seen that the peaksB, andC
correspond either to a local minimum or to a turning point
close to a minimum in Im¢) and a growing part of the °©

T T
Loss Function

without SO interaction ——
with SO interaction -—---

) A _ 0 5 10 15 20 25 30
“sawlike” portion of Re(e). The local peaks in Ind),
which are responsible for such a shape of the dielectric func- (b) ' ' ' e
tion, originate mainly from interband transitions with initial Refef —————

states in the Cd d bands[dotted line in panelc)]. These '[
peaks do not have the same energies as the loss peaks.
contrast, they are located in between the structiyd® and

C. This behavior seems to favor a “collective” nature of
peaksA, B, andC, although the role played by the interband °
transitions from Cd 4 states is clear and the loss peaks have
a pronounced contribution from these transitions. It is worth
while to note that the usual condition for the appearance of ¢
plasmon, namely Re{ =0, would be applicable only to the T
structureA [and even in this case not perfectly, because for
largerq the loss peald is slightly shifted with respect to the
zero position of Ref)], whereas for the loss structur@&
andC, as well as for other, less pronounced peaks, this cont|
dition is not fulfilled. Nevertheless, it is just the structi@e
which becomes most pronounced with growipg-or large

g it would best correspond to a damped plasmon that one
would obtain with the Cd d states frozen in the core. To
quantify the last point, let us take the classical limit for the
plasmon in CdTe a&,=(4mne’/m)¥?=12.7 eV and its
dispersion coefficient within the RPA, given bygpa N
=§EF/EP=O.4. Both numbers are calculated for the CdTe 4l L

A
2]
~

Im(e)-total ——

Im(e)-h.h. and Lh. bands
Im(€)-SO band
Im(e)-Cd-4d states
Im(e)-Te-bs band --—

valence electron density of=0.0174 a.u. As a result we ° 5 Y g V] 20 2 30
obtain a free-electron plasmon energy of 16.8 eV dpr
=0.70 A1, FIG. 4. Panela): loss function of CdTe witi{dashed lingand

The presence of a complex of a few loss peaks with avithout (solid line) spin-orbit splittings in the band structure fqr
strong collective character renders the case of CdTe rathef0.15 A~* in the (111 direction. Panelb): Im(e) (solid line)
different from normal metals or semiconductors. We expecfind Re€) (dashed lingfor the sameg-vector as in(a). Panel(c):

a similar situation for other compounds of the cIa§S\!I, Im(e) decomposed into contributions coming from various occu-
as well as for some of the class I1I-V. This observation is notPied bands; heavy-holei.h) and light-holes(l.h.) upper bands
exceptional, and the case of silver provides an example of §ond-dashed ling spin-orbit(SO) splitted bandshort-dashed line
similar phenomenon, where the free-electron plasmon is splft® 4d states(dotted ling, Te 5 band, i.e., the lowest occupied
into one at 8 eV having a strong free-electron character, antf'ence banddashed-dotted lie

one at 3.8 eV, for which a strong coupling to Agl 4ransi- . .

tions takes place. Furthermore, the results presented here p&Rn- The very flat, almost dispersionless Qti Bands con-
allel the loss function of Zn where the shallow core excita-tribute to the Img) function with a very smallg depen-
tions and the charge carrier plasmon strongly interact and thdence, in both, modulus and direction. Since the influence of
dispersion of the charge carrier plasmon is considerably rethese bands on the shape of the loss function is so strong, it
duced as a consequence of the spectral weight decreaserefults in the isotropy of the loss properties of CdTe.

the shallow core excitations with increasing momentum An interesting difference between the calculated spectra
transfer’! and experiment is the dispersion of the loss structdire

In contrast to the peaks, B, andC, the loss structure®  While this feature does not seem to disperse in the experi-
andE have a clear character of an interband transition. As isnental spectra, it shows r@egativedispersion of about 0.8
seen in Figs. 4 and 5, these loss peaks have the same positie¥ betweeng=0.15 andq=0.83 A1 in the calculations.
as the interband peaks due to Cd 4tates in the In¥) This negative dispersion is observed for all versions of cal-
curves. culations, i.e., with and without spin-orbit splitting, with and

All above observations point out a very important role without the crystal local-field effects, as well as within the
played by the Cd d states. Also the experimentally and RPA and the TDLDA approximations. The careful analysis
computationally evidenced momentum isotropy of the losof this behavior reveals that with a growigigvector a small
function (see Fig. 2 seems to originate from the same rea-peak at 12.2 eV in the In&) function appears, which is
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eV in calculations, due to self-energy corrections on the
higher conduction bands. Another reason could be a well-
known fact that the correlation effects in screeniag., the
excitonic effecty tend to increase the spectral weight of
Im(e) for small energies at the cost of spectral weight at
higher energies, what is necessary for the fulfillment of sum
rules. The importance of such correlation effects should in
general grow with a growing. Therefore, the descending
part of the Drude peak could be in reality less pronounced
than in the RPA(and TDLDA) calculation and possibly the
peak at 13 eV would still dominate. These are hypotheses
that are rather difficult to check computationally, although
first attempts to include such effectsab initio calculations
for real materials have recently appearéd”>

V. SUMMARY

We have presented results of the high-resolution electron
energy-loss measurements of films of CdTe single crystals.

0 The loss function in thd111] and [110Q] crystallographic

directions for momentum transfers ranging between 0.07 and
0.83 A~! was experimentally investigated. Our results
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show a rather unusual shape of the loss function composed
of a complex of a few intense and well-resolved structures of
comparable strength occupying a rather narrow energy re-
gion of 5 eV around the classical plasmon energy. These
structures show no or small dispersion and are isotropic with
respect to the direction of the momentum transfer. A detailed
analysis of the experimental spectra usatginitio calcula-
tions of the CdTe dielectric function points out the very im-
portant role played by the semicore Cd 4tates in the loss
properties of CdTe. Our results indicate that a similar behav-
ior is to be expected in other materials possessing localized

FIG. 5. Same as Fig. 4 fa;=0.70 A~ in the(111) direction.

mostly due to transitions from the spin-split battde SO
band. This peak, supported by a growing tail of the main
electron-hole peak in the Iraj function, which in analogy

15
Energy [eV]

20 25

semicore states, which give rise to interband transitions in
the energy range of the plasmon due to the valence electrons.
This concerns in particular other semiconductors from the

30

class IB-VI.
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