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The paper presents original experimental results which were chosen
to present an application of the synchrotron radiation for study of engi-
neering of the valence band electronic structure of the semimagnetic semi-
conductors. The results of the resonant photoemission study (Fano type
resonance) of transition metal atoms (3p-3d electrons transition) and rare
earth atoms (4d—4f electrons transition) incorporated into the volume of
the II-VI and IV-VI compounds or deposited on clean surface of the CdTe
crystal will be presented.

PACS numbers: 79.60.—, 71.20.Nr, 73.20.At

1. Introduction

Synchrotron storage ring is a source of continuos electromagnetic radi-
ation in a very wide range of radiation energy, starting from infrared, by
visible, vacuum ultraviolet, soft X-ray up to hard X-ray [1,2]. The appear-
ance of the tuneable source of radiation, provided by synchrotron, opens
new opportunities for advanced studies in materials science. It refers to the
studies of the crystalline structure as well as to the studies of electronic
structure of the materials. Application of the continuous, tuneable light
source gives the possibility to study particular resonance effects appearing
for single atoms incorporated to the clusters, liquids, volume of the solids
and its surface.

As an adequate example of the one group of the mentioned methods of
the crystalline structure investigation the extended X-ray absorption fine
structure (EXAFS) method can be used. In the EXAFS method, the ab-
sorption spectrum of a given constituent atom of the material is measured at
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the chosen X-ray absorption edge (usually K or L). Detailed analysis of the
oscillatory part of the absorption coefficient, extracted from the high energy
tail (more than 100 eV above the absorption edge) of the acquired absorption
spectrum, ensures the fundamental parameters describing the local environ-
ment of the absorbing atom in a lattice, i.e. the nearest-neighbours (also
second nearest neighbours or higher order) distances and the coordination
number [3-6]. Therefore, EXAFS became especially useful in the studies
of local atomic order in ternary and multinary alloy systems since it led to
the verification of the bond length vs alloy composition dependence, which
usually do not obey the simple Vegard law [4-6] and references therein).

As an example of electronic structure study is an application of the tune-
able ultraviolet light source in the range of energy from 10 eV to the 200 eV in
the new technique — Resonant Photoemission Spectroscopy (RPES) [7-14].
In this technique the radiation energy hv is tuned to reach the resonant elec-
tron transition of the electron in the atom, to excite locally and selectively
the electron in the atom chosen in the e.g. ternary crystal Cd;_,Fe;Te or
Pbi_,Gd;Te (e.g. transition metal 3p-3d electronic transition or rare earth
atoms 4d-4f electronic transition). For this particular resonant energy ap-
pears the increase of the elements (peaks or structures) of the measured
energy distribution curve of photoemitted electrons. The increase of this
elements gives the possibility to ascribe observed peak or structure as cor-
responding to the particular atom electrons contribution to the electronic
structure of the valence band and to determine the binding energy of this
peak. The paper presents the application of the tuneable source of ultra-
violet radiation for study of the valence band electronic structure of clean
surface and volume of the semiconductor compounds and to investigate the
change of the structure caused by the introduction of the transition metal or
rare earth metal on the clean semiconductor surface and/or into the volume
of the crystal. The resonant photoemission spectroscopy will be presented
as a tool to determine the contribution of the electrons of the localised or-
bital 3d of the atoms of transition metal or localised orbital of 4f electrons
of the rare earth metal atoms to the valence band electronic structure. The
experimental results will be presented for the case when the impurity atoms
will be introduced to the volume of the crystal during the crystal growth by
the modified Bridgman method (Cd;_,Fe,Te, Pby_,Gd,Te or Pby_,Eu,Te)
and to the case when the impurity atoms will be deposited on the clean sur-
face of the semiconductor compound (Yb on CdTe).
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2. Photoemission Electron Spectroscopy

The Fig. 1 presents the conditions of the photoemission experiment [7,8].
The sample is illuminated by the radiation in the energy hv range between 20
and 200 eV. The angle of illumination is frequently 45° to the surface normal.
The illumination of the sample leads to the photoemission of the electrons
from the surface of the sample. The electron energy analyser can measure the
Energy Distribution Curve (EDC) of the emitted electrons as a whole angle
integrated total amount of the emitted electrons energy distribution or it
can measure the energy distribution curve as a function of particular take-
of angle (Angle Resolved AREDC). In the first case the angle integrated
electronic structure will be measured while in the second case the band
structure — E(k) dependence can be determined from the measured curves.

Electron Energy
Analyser

€. .8)

sample

Fig.1. The configuration of the photoemission experiment.

The ultraviolet radiation penetrates to the sample on the distance of the
several hundred of Angstréms as the absorption coefficient for the radiation
is in the range of 105 cm~! (Fig. 2). The escape depth (the distance on
which the number of escaping electrons decreases e times) of the electrons
leaving the crystal strongly depends on the kinetic energy of the emitted
electrons and it can range from several Angstréms up to several hundreds of
Angstroms [7,8]. In a case when kinetic energy of escaping electron is about
90 eV, the escape depth reaches the minimum value of several Angstréms.
This region of electron kinetic energy is commonly used to distinguish the
surface effects contribution to the measured spectra. If becoming with ki-
netic energy more distant from 90 eV, the continuous and pronounced in-
crease of the escape depth leads to the increase of the volume electrons
contribution to the measured spectra.
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Fig.2. The depth of the penetration of the ultraviolet radiation and the ranges of
the value of the escape depth dependence on the kinetic energy of escaping electron.

Fig. 3 presents how the energy distribution curve is created by the elec-
tron energy analyser counting of the photoemitted electrons in the vacuum
(at the right hand side of Fig. 3). The left hand side of Fig. 3 presents the
density of states distribution in the crystal-below the vacuum level. The

structure of the occupied states of the crystal is shifted of hv energy to the
vacuum.
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Fig.3. The model how the energy distribution curve is created. The left hand
side of the figure presents the density of occupied states distribution in the crystal
— below the vacuum level. The structure of the occupied states of the crystal
is shifted by hv energy to the vacuum. The electron energy analyser counts the
photoemitted electrons in the vacuum (right hand side of Fig. 3).
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All the atoms adsorbed on the surface strongly scatter the escaping pho-
toemitted electrons. To obtain the proper electronic structure of the crystal
the crystal surface has to be clean. The best way to get a clean surface of
the crystal is the cleavage of the crystal in the ultra high vacuum conditions
and to perform the measurements in situ. The other method to obtain clean
surface is the Ar ion bombardment of the crystal surface followed by heat-
ing. For some of the experiments the filing of the e.g. metallic sample is an
efficient way of the sample surface cleaning.

3. Resonant Photoemission Spectroscopy

Tuneable radiation source gives the possibility to measure the ultraviolet
absorption edge of the thin metallic films like e.g. the transition metal (3p—3d
electrons transition observed e.g. for Fe atoms for radiation energy around
57 €V [9]) or rare earth atoms (4d-4f electrons transition observed for e.g.
Gd atoms for energy of radiation around 150 eV [9]). The change of the Fe
3d% or Gd 4f7 orbital occupation can be expressed in regular photoemission
process (not resonant photoemission Fig. 4) as follows:

Fe...3p%3d°% + hv = Fe...3p%3d” + ¢,

Gd...4d"04f7 + hv = Gd...4d"04f5 + e .

In the case when hr radiation energy approaches the value of the resonant
energy, the absorption of the light leads to the additional absorption of the
radiation and to the creation of excited state of the atom (*). The change
of the electron orbital occupation is as follows (see Fig. 4):

Fe...3p5%3d5 + hv = [Fe...3p°3d"]% = Fe...3p3d" + ¢,

Gd...4d"°4f7 + hy = [Gd...4d°4f%]« = Gd...4d"04f5 + e~ .

Due to the quantum interference of the states obtained in both ways of
photoemission process for Fe or Gd atoms, the contribution of the 3d or 4f
electrons respectively to the spectra manifests itself clearly by the Fano-type
resonant enhancement. The Fano-type resonance [10] curve possesses the
maximum for the resonant energy hvr and the minimum value for antireso-
nant energy lower than hvr on about several eV. Hence, the contribution of
the Fe 3d% or Gd 4f7 shell to the electronic structure of the crystal valence
band can be characterised by the comparison of the photoemission spectra
taken for the resonant and antiresonant radiation energy [11-14].
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Fig.4. Two possible ways of absorption of radiation at the resonant hv energy

region.

Fig. 5 presents the measured set of energy distribution curves correspond-
ing to the electrons emitted from the valence band region (from valence band
edge down to the 9 eV) of the ternary semimagnetic semiconductor crystal
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Fig.5. Measured set of energy distribution curves corresponding to the electrons
emitted from the valence band edge and down to the 9 eV of the ternary semimag-
netic semiconductor crystal Cdg gg5Feq.g15Te for the different hv energy indicated
on the right hand side of the figure (a). The zero energy is located at the Fermi
level. The curve A EDC was obtained by subtraction of the antiresonant curve
(53.7 eV) from the resonance curve (57.5 eV).
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Cdg.os5Feg.015Te. The zero of the binding energy is located at the Fermi level
and the region of the energy down to the 7 eV corresponds to the with of the
crystal valence band. In Fig. 5(a) each curve corresponds to the different hv
energy indicated on the right hand side of the figure. With an increase of the
hv value from 53.7 €V (antiresonant energy of the Fano type resonance) the
contribution of 3d electrons to the curve increases and reaches the maximum
for hv equal 57.5 €V (resonant energy of the Fano type resonance) and then
moderately decreases with increase of hv. In Fig. 5(b) the middle curve
was obtained by subtraction of the antiresonant curve (53.7 eV) from the
resonance curve (57.5 eV). This difference curve represents the contribution
of the Fe 3d electrons to the electronic structure of the valence band of the
ternary CI‘ySt&l Cd0.985F60.015Te.

Fig. 6 presents the measured set of energy distribution curves corre-
sponding to the electrons emitted from the valence band region (from va-
lence band edge down to the 15 eV) of the ternary semimagnetic semicon-
ductor compounds crystals Pbg95GdggsTe (Fig. 6(a)) and Pbg.g5Gdg.g5Se
(Fig. 6(b)) [14]. The zero of the binding energy is located at the Fermi
level and the whole energy region, up to 15 eV, corresponds to the width
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Fig.6. Measured energy distribution curves corresponding to the electrons emitted

from the valence band region (from valence band edge down to the 15 eV) of the

ternary semimagnetic semiconductor compounds crystals Pbg.g5Gdg.05Te (a) and
Pb0_95Gd0.og,Se (b)
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of the crystal valence band. Changing the energy hv from 142.3 eV up to
153.8 €V (Fig. 6(a)) we can recognise the resonant curve (biggest height of
the peak corresponding to 4f7 electrons at the binding energy 10.2 eV) cor-
responding to the hv = 150.4 €V and antiresonant curve corresponding to
the 145 eV. The difference between curves can be treated as a contribution
of the electrons Gd 4f to the spectra.

Fig. 7 presents measured energy distribution curve corresponding to
the electrons emitted from the valence band region of the ternary semi-
magnetic semiconductor compounds crystals Pbg g5 Eug 05 Te (Fig. 7(a)) and
Pbg.gsEugg55e (Fig. 7(b)). Changing the energy hv from 128 eV up to
147 eV (Fig. 6(a)) we can recognise the resonant curve (peak corresponding
to Eu 4f7 electrons located at the edge region of the valence band) corre-
sponding to the hv = 141.3 eV and antiresonant curve corresponding to the
hv =136 eV.
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Fig. 7. Measured energy distribution curves corresponding to the electrons emitted
from the valence band region of the ternary semimagnetic semiconductor com-
pounds crystals Pbg. g5 Eug.05Te (a) and Pbg.g5Eug.055e (b).

The energy distribution curve corresponding to the electrons emitted
from the valence band region of the CdTe crystal is presented on Fig. 8
curve A. The curve was taken for radiation energy hv = 90 eV for which the
electron escape depth has the minimum. The zero of energy corresponds to
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the valence band edge and two first peaks correspond to the valence band
of CdTe crystal. The next peak corresponds to the Cd 4d electrons. After
the deposition on its surface of about one monolayer of Yb atoms (curve B)
the two split peaks of Yb 4f14 electrons dominates at the edge of the CdTe
valence band region and the Yb layer dumps the height of the Cd 4d peak.
After the heating of the sample the diffusion of the Yb atoms in the surface
region takes place and the big part of Yb atoms deposited on the surface
are now bonded to the Te atoms (curve C). On the curve C a new structure
of the peaks appears (Yb 4f13) located below Yb 4f'4 peak. This structure
of the peaks corresponds to the split Yb 4f'3 electrons. The change of the
valence of Yb?t4f! to the valence of Yb3T4f'3 leads to the remarkable
change of the contribution of the Yb 4f electrons to the valence band region
spectra.
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Fig.8. Measured energy distribution curves (hv = 90 eV) corresponding to the
electrons emitted from the valence band region of the CdTe crystal (A) and after
deposition of Yb atoms on it (B) and then after heating (C).

4. Summary

The paper presents the examples of the application of the synchrotron
radiation as a tuneable source of the ultraviolet radiation in the range from
20 to 200 eV, for study the electronic structure of the semimagnetic semicon-
ductors ternary alloys by means of the resonant photoemission spectroscopy
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using the Fano type resonance. The contribution of 3d electrons of Fe was
determined for the Fe atoms introduced to CdTe crystal. The contribution of
the 4f electrons of Gd or Eu atoms introduced to the PbTe and PbSe crystal
valence band and Yb to the valence band of CdTe crystal was determined.

Authors acknowledge the support of KBN projects nr 2 PO3B 089 10 and
nr2 P03B 091 12.
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