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TUNABLE ULTRAVIOLET SOURCE FOR RESONANTPHOTOEMISSION SPECTROSCOPY�B.A. Orlowski, B.J. Kowalski, E. Guziewi
zand K. Szamota-SadowskaInstitute of Physi
s, Polish A
ademy of S
ien
esAl. Lotników 32/46, 02-668 Warszawa, Poland(Re
eived Mar
h 8, 1999)The paper presents original experimental results whi
h were 
hosento present an appli
ation of the syn
hrotron radiation for study of engi-neering of the valen
e band ele
troni
 stru
ture of the semimagneti
 semi-
ondu
tors. The results of the resonant photoemission study (Fano typeresonan
e) of transition metal atoms (3p�3d ele
trons transition) and rareearth atoms (4d�4f ele
trons transition) in
orporated into the volume ofthe II-VI and IV-VI 
ompounds or deposited on 
lean surfa
e of the CdTe
rystal will be presented.PACS numbers: 79.60.�i, 71.20.Nr, 73.20.At1. Introdu
tionSyn
hrotron storage ring is a sour
e of 
ontinuos ele
tromagneti
 radi-ation in a very wide range of radiation energy, starting from infrared, byvisible, va
uum ultraviolet, soft X-ray up to hard X-ray [1,2℄. The appear-an
e of the tuneable sour
e of radiation, provided by syn
hrotron, opensnew opportunities for advan
ed studies in materials s
ien
e. It refers to thestudies of the 
rystalline stru
ture as well as to the studies of ele
troni
stru
ture of the materials. Appli
ation of the 
ontinuous, tuneable lightsour
e gives the possibility to study parti
ular resonan
e e�e
ts appearingfor single atoms in
orporated to the 
lusters, liquids, volume of the solidsand its surfa
e.As an adequate example of the one group of the mentioned methods ofthe 
rystalline stru
ture investigation the extended X-ray absorption �nestru
ture (EXAFS) method 
an be used. In the EXAFS method, the ab-sorption spe
trum of a given 
onstituent atom of the material is measured at� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.(2097)
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hosen X-ray absorption edge (usually K or L). Detailed analysis of theos
illatory part of the absorption 
oe�
ient, extra
ted from the high energytail (more than 100 eV above the absorption edge) of the a
quired absorptionspe
trum, ensures the fundamental parameters des
ribing the lo
al environ-ment of the absorbing atom in a latti
e, i.e. the nearest-neighbours (alsose
ond nearest neighbours or higher order) distan
es and the 
oordinationnumber [3�6℄. Therefore, EXAFS be
ame espe
ially useful in the studiesof lo
al atomi
 order in ternary and multinary alloy systems sin
e it led tothe veri�
ation of the bond length vs alloy 
omposition dependen
e, whi
husually do not obey the simple Vegard law [4�6℄ and referen
es therein).As an example of ele
troni
 stru
ture study is an appli
ation of the tune-able ultraviolet light sour
e in the range of energy from 10 eV to the 200 eV inthe new te
hnique � Resonant Photoemission Spe
tros
opy (RPES) [7�14℄.In this te
hnique the radiation energy h� is tuned to rea
h the resonant ele
-tron transition of the ele
tron in the atom, to ex
ite lo
ally and sele
tivelythe ele
tron in the atom 
hosen in the e.g. ternary 
rystal Cd1�xFexTe orPb1�xGdxTe (e.g. transition metal 3p�3d ele
troni
 transition or rare earthatoms 4d�4f ele
troni
 transition). For this parti
ular resonant energy ap-pears the in
rease of the elements (peaks or stru
tures) of the measuredenergy distribution 
urve of photoemitted ele
trons. The in
rease of thiselements gives the possibility to as
ribe observed peak or stru
ture as 
or-responding to the parti
ular atom ele
trons 
ontribution to the ele
troni
stru
ture of the valen
e band and to determine the binding energy of thispeak. The paper presents the appli
ation of the tuneable sour
e of ultra-violet radiation for study of the valen
e band ele
troni
 stru
ture of 
leansurfa
e and volume of the semi
ondu
tor 
ompounds and to investigate the
hange of the stru
ture 
aused by the introdu
tion of the transition metal orrare earth metal on the 
lean semi
ondu
tor surfa
e and/or into the volumeof the 
rystal. The resonant photoemission spe
tros
opy will be presentedas a tool to determine the 
ontribution of the ele
trons of the lo
alised or-bital 3d of the atoms of transition metal or lo
alised orbital of 4f ele
tronsof the rare earth metal atoms to the valen
e band ele
troni
 stru
ture. Theexperimental results will be presented for the 
ase when the impurity atomswill be introdu
ed to the volume of the 
rystal during the 
rystal growth bythe modi�ed Bridgman method (Cd1�xFexTe, Pb1�xGdxTe or Pb1�xEuxTe)and to the 
ase when the impurity atoms will be deposited on the 
lean sur-fa
e of the semi
ondu
tor 
ompound (Yb on CdTe).
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tros
opy 20992. Photoemission Ele
tron Spe
tros
opyThe Fig. 1 presents the 
onditions of the photoemission experiment [7,8℄.The sample is illuminated by the radiation in the energy h� range between 20and 200 eV. The angle of illumination is frequently 45Æ to the surfa
e normal.The illumination of the sample leads to the photoemission of the ele
tronsfrom the surfa
e of the sample. The ele
tron energy analyser 
an measure theEnergy Distribution Curve (EDC) of the emitted ele
trons as a whole angleintegrated total amount of the emitted ele
trons energy distribution or it
an measure the energy distribution 
urve as a fun
tion of parti
ular take-of angle (Angle Resolved AREDC). In the �rst 
ase the angle integratedele
troni
 stru
ture will be measured while in the se
ond 
ase the bandstru
ture � E(k) dependen
e 
an be determined from the measured 
urves.

Fig. 1. The 
on�guration of the photoemission experiment.The ultraviolet radiation penetrates to the sample on the distan
e of theseveral hundred of Ångströms as the absorption 
oe�
ient for the radiationis in the range of 106 
m�1 (Fig. 2). The es
ape depth (the distan
e onwhi
h the number of es
aping ele
trons de
reases e times) of the ele
tronsleaving the 
rystal strongly depends on the kineti
 energy of the emittedele
trons and it 
an range from several Ångströms up to several hundreds ofÅngströms [7,8℄. In a 
ase when kineti
 energy of es
aping ele
tron is about90 eV, the es
ape depth rea
hes the minimum value of several Ångströms.This region of ele
tron kineti
 energy is 
ommonly used to distinguish thesurfa
e e�e
ts 
ontribution to the measured spe
tra. If be
oming with ki-neti
 energy more distant from 90 eV, the 
ontinuous and pronoun
ed in-
rease of the es
ape depth leads to the in
rease of the volume ele
trons
ontribution to the measured spe
tra.
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Fig. 2. The depth of the penetration of the ultraviolet radiation and the ranges ofthe value of the es
ape depth dependen
e on the kineti
 energy of es
aping ele
tron.Fig. 3 presents how the energy distribution 
urve is 
reated by the ele
-tron energy analyser 
ounting of the photoemitted ele
trons in the va
uum(at the right hand side of Fig. 3). The left hand side of Fig. 3 presents thedensity of states distribution in the 
rystal�below the va
uum level. Thestru
ture of the o

upied states of the 
rystal is shifted of h� energy to theva
uum.

Fig. 3. The model how the energy distribution 
urve is 
reated. The left handside of the �gure presents the density of o

upied states distribution in the 
rystal� below the va
uum level. The stru
ture of the o

upied states of the 
rystalis shifted by h� energy to the va
uum. The ele
tron energy analyser 
ounts thephotoemitted ele
trons in the va
uum (right hand side of Fig. 3).
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tros
opy 2101All the atoms adsorbed on the surfa
e strongly s
atter the es
aping pho-toemitted ele
trons. To obtain the proper ele
troni
 stru
ture of the 
rystalthe 
rystal surfa
e has to be 
lean. The best way to get a 
lean surfa
e ofthe 
rystal is the 
leavage of the 
rystal in the ultra high va
uum 
onditionsand to perform the measurements in situ. The other method to obtain 
leansurfa
e is the Ar ion bombardment of the 
rystal surfa
e followed by heat-ing. For some of the experiments the �ling of the e.g. metalli
 sample is ane�
ient way of the sample surfa
e 
leaning.3. Resonant Photoemission Spe
tros
opyTuneable radiation sour
e gives the possibility to measure the ultravioletabsorption edge of the thin metalli
 �lms like e.g. the transition metal (3p�3dele
trons transition observed e.g. for Fe atoms for radiation energy around57 eV [9℄) or rare earth atoms (4d�4f ele
trons transition observed for e.g.Gd atoms for energy of radiation around 150 eV [9℄). The 
hange of the Fe3d6 or Gd 4f7 orbital o

upation 
an be expressed in regular photoemissionpro
ess (not resonant photoemission Fig. 4) as follows:Fe:::3p63d6 + h� = Fe:::3p63d5 + e� ;Gd:::4d104f7 + h� = Gd:::4d104f6 + e� :In the 
ase when h� radiation energy approa
hes the value of the resonantenergy, the absorption of the light leads to the additional absorption of theradiation and to the 
reation of ex
ited state of the atom (*). The 
hangeof the ele
tron orbital o

upation is as follows (see Fig. 4):Fe:::3p63d6 + h� = [Fe:::3p53d7℄� = Fe:::3p63d5 + e ;Gd:::4d104f7 + h� = [Gd:::4d94f8℄� = Gd:::4d104f6 + e� :Due to the quantum interferen
e of the states obtained in both ways ofphotoemission pro
ess for Fe or Gd atoms, the 
ontribution of the 3d or 4fele
trons respe
tively to the spe
tra manifests itself 
learly by the Fano-typeresonant enhan
ement. The Fano-type resonan
e [10℄ 
urve possesses themaximum for the resonant energy h�r and the minimum value for antireso-nant energy lower than h�r on about several eV. Hen
e, the 
ontribution ofthe Fe 3d6 or Gd 4f7 shell to the ele
troni
 stru
ture of the 
rystal valen
eband 
an be 
hara
terised by the 
omparison of the photoemission spe
trataken 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 h� energyregion.Fig. 5 presents the measured set of energy distribution 
urves 
orrespond-ing to the ele
trons emitted from the valen
e band region (from valen
e bandedge down to the 9 eV) of the ternary semimagneti
 semi
ondu
tor 
rystal

(a) (b)Fig. 5. Measured set of energy distribution 
urves 
orresponding to the ele
tronsemitted from the valen
e band edge and down to the 9 eV of the ternary semimag-neti
 semi
ondu
tor 
rystal Cd0:985Fe0:015Te for the di�erent h� energy indi
atedon the right hand side of the �gure (a). The zero energy is lo
ated at the Fermilevel. The 
urve � EDC was obtained by subtra
tion of the antiresonant 
urve(53.7 eV) from the resonan
e 
urve (57.5 eV).



Tunable Ultraviolet Sour
e for Resonant Photoemission Spe
tros
opy 2103Cd0:985Fe0:015Te. The zero of the binding energy is lo
ated at the Fermi leveland the region of the energy down to the 7 eV 
orresponds to the with of the
rystal valen
e band. In Fig. 5(a) ea
h 
urve 
orresponds to the di�erent h�energy indi
ated on the right hand side of the �gure. With an in
rease of theh� value from 53.7 eV (antiresonant energy of the Fano type resonan
e) the
ontribution of 3d ele
trons to the 
urve in
reases and rea
hes the maximumfor h� equal 57.5 eV (resonant energy of the Fano type resonan
e) and thenmoderately de
reases with in
rease of h�. In Fig. 5(b) the middle 
urvewas obtained by subtra
tion of the antiresonant 
urve (53.7 eV) from theresonan
e 
urve (57.5 eV). This di�eren
e 
urve represents the 
ontributionof the Fe 3d ele
trons to the ele
troni
 stru
ture of the valen
e band of theternary 
rystal Cd0:985Fe0:015Te.Fig. 6 presents the measured set of energy distribution 
urves 
orre-sponding to the ele
trons emitted from the valen
e band region (from va-len
e band edge down to the 15 eV) of the ternary semimagneti
 semi
on-du
tor 
ompounds 
rystals Pb0:95Gd0:05Te (Fig. 6(a)) and Pb0:95Gd0:05Se(Fig. 6(b)) [14℄. The zero of the binding energy is lo
ated at the Fermilevel and the whole energy region, up to 15 eV, 
orresponds to the width

(a) (b)Fig. 6. Measured energy distribution 
urves 
orresponding to the ele
trons emittedfrom the valen
e band region (from valen
e band edge down to the 15 eV) of theternary semimagneti
 semi
ondu
tor 
ompounds 
rystals Pb0:95Gd0:05Te (a) andPb0:95Gd0:05Se (b).
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rystal valen
e band. Changing the energy h� from 142.3 eV up to153.8 eV (Fig. 6(a)) we 
an re
ognise the resonant 
urve (biggest height ofthe peak 
orresponding to 4f7 ele
trons at the binding energy 10.2 eV) 
or-responding to the h� = 150.4 eV and antiresonant 
urve 
orresponding tothe 145 eV. The di�eren
e between 
urves 
an be treated as a 
ontributionof the ele
trons Gd 4f to the spe
tra.Fig. 7 presents measured energy distribution 
urve 
orresponding tothe ele
trons emitted from the valen
e band region of the ternary semi-magneti
 semi
ondu
tor 
ompounds 
rystals Pb0:95Eu0:05Te (Fig. 7(a)) andPb0:95Eu0:05Se (Fig. 7(b)). Changing the energy h� from 128 eV up to147 eV (Fig. 6(a)) we 
an re
ognise the resonant 
urve (peak 
orrespondingto Eu 4f7 ele
trons lo
ated at the edge region of the valen
e band) 
orre-sponding to the h� = 141.3 eV and antiresonant 
urve 
orresponding to theh� = 136 eV.

(a) (b)Fig. 7. Measured energy distribution 
urves 
orresponding to the ele
trons emittedfrom the valen
e band region of the ternary semimagneti
 semi
ondu
tor 
om-pounds 
rystals Pb0:95Eu0:05Te (a) and Pb0:95Eu0:05Se (b).The energy distribution 
urve 
orresponding to the ele
trons emittedfrom the valen
e band region of the CdTe 
rystal is presented on Fig. 8
urve A. The 
urve was taken for radiation energy h� = 90 eV for whi
h theele
tron es
ape depth has the minimum. The zero of energy 
orresponds to
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tros
opy 2105the valen
e band edge and two �rst peaks 
orrespond to the valen
e bandof CdTe 
rystal. The next peak 
orresponds to the Cd 4d ele
trons. Afterthe deposition on its surfa
e of about one monolayer of Yb atoms (
urve B)the two split peaks of Yb 4f14 ele
trons dominates at the edge of the CdTevalen
e band region and the Yb layer dumps the height of the Cd 4d peak.After the heating of the sample the di�usion of the Yb atoms in the surfa
eregion takes pla
e and the big part of Yb atoms deposited on the surfa
eare now bonded to the Te atoms (
urve C). On the 
urve C a new stru
tureof the peaks appears (Yb 4f13) lo
ated below Yb 4f14 peak. This stru
tureof the peaks 
orresponds to the split Yb 4f13 ele
trons. The 
hange of thevalen
e of Yb2+4f14 to the valen
e of Yb3+4f13 leads to the remarkable
hange of the 
ontribution of the Yb 4f ele
trons to the valen
e band regionspe
tra.

Fig. 8. Measured energy distribution 
urves (h� = 90 eV) 
orresponding to theele
trons emitted from the valen
e band region of the CdTe 
rystal (A) and afterdeposition of Yb atoms on it (B) and then after heating (C).4. SummaryThe paper presents the examples of the appli
ation of the syn
hrotronradiation as a tuneable sour
e of the ultraviolet radiation in the range from20 to 200 eV, for study the ele
troni
 stru
ture of the semimagneti
 semi
on-du
tors ternary alloys by means of the resonant photoemission spe
tros
opy



2106 B.A. Orlowski et al.using the Fano type resonan
e. The 
ontribution of 3d ele
trons of Fe wasdetermined for the Fe atoms introdu
ed to CdTe 
rystal. The 
ontribution ofthe 4f ele
trons of Gd or Eu atoms introdu
ed to the PbTe and PbSe 
rystalvalen
e band and Yb to the valen
e band of CdTe 
rystal was determined.Authors a
knowledge the support of KBN proje
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