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TUNABLE ULTRAVIOLET SOURCE FOR RESONANTPHOTOEMISSION SPECTROSCOPY�B.A. Orlowski, B.J. Kowalski, E. Guziewizand K. Szamota-SadowskaInstitute of Physis, Polish Aademy of SienesAl. Lotników 32/46, 02-668 Warszawa, Poland(Reeived Marh 8, 1999)The paper presents original experimental results whih were hosento present an appliation of the synhrotron radiation for study of engi-neering of the valene band eletroni struture of the semimagneti semi-ondutors. The results of the resonant photoemission study (Fano typeresonane) of transition metal atoms (3p�3d eletrons transition) and rareearth atoms (4d�4f eletrons transition) inorporated into the volume ofthe II-VI and IV-VI ompounds or deposited on lean surfae of the CdTerystal will be presented.PACS numbers: 79.60.�i, 71.20.Nr, 73.20.At1. IntrodutionSynhrotron storage ring is a soure of ontinuos eletromagneti radi-ation in a very wide range of radiation energy, starting from infrared, byvisible, vauum ultraviolet, soft X-ray up to hard X-ray [1,2℄. The appear-ane of the tuneable soure of radiation, provided by synhrotron, opensnew opportunities for advaned studies in materials siene. It refers to thestudies of the rystalline struture as well as to the studies of eletronistruture of the materials. Appliation of the ontinuous, tuneable lightsoure gives the possibility to study partiular resonane e�ets appearingfor single atoms inorporated to the lusters, liquids, volume of the solidsand its surfae.As an adequate example of the one group of the mentioned methods ofthe rystalline struture investigation the extended X-ray absorption �nestruture (EXAFS) method an be used. In the EXAFS method, the ab-sorption spetrum of a given onstituent atom of the material is measured at� Presented at the Craow Epiphany Conferene on Eletron�Positron Colliders,Craow, Poland, January 5�10, 1999.(2097)



2098 B.A. Orlowski et al.the hosen X-ray absorption edge (usually K or L). Detailed analysis of theosillatory part of the absorption oe�ient, extrated from the high energytail (more than 100 eV above the absorption edge) of the aquired absorptionspetrum, ensures the fundamental parameters desribing the loal environ-ment of the absorbing atom in a lattie, i.e. the nearest-neighbours (alsoseond nearest neighbours or higher order) distanes and the oordinationnumber [3�6℄. Therefore, EXAFS beame espeially useful in the studiesof loal atomi order in ternary and multinary alloy systems sine it led tothe veri�ation of the bond length vs alloy omposition dependene, whihusually do not obey the simple Vegard law [4�6℄ and referenes therein).As an example of eletroni struture study is an appliation of the tune-able ultraviolet light soure in the range of energy from 10 eV to the 200 eV inthe new tehnique � Resonant Photoemission Spetrosopy (RPES) [7�14℄.In this tehnique the radiation energy h� is tuned to reah the resonant ele-tron transition of the eletron in the atom, to exite loally and seletivelythe eletron in the atom hosen in the e.g. ternary rystal Cd1�xFexTe orPb1�xGdxTe (e.g. transition metal 3p�3d eletroni transition or rare earthatoms 4d�4f eletroni transition). For this partiular resonant energy ap-pears the inrease of the elements (peaks or strutures) of the measuredenergy distribution urve of photoemitted eletrons. The inrease of thiselements gives the possibility to asribe observed peak or struture as or-responding to the partiular atom eletrons ontribution to the eletronistruture of the valene band and to determine the binding energy of thispeak. The paper presents the appliation of the tuneable soure of ultra-violet radiation for study of the valene band eletroni struture of leansurfae and volume of the semiondutor ompounds and to investigate thehange of the struture aused by the introdution of the transition metal orrare earth metal on the lean semiondutor surfae and/or into the volumeof the rystal. The resonant photoemission spetrosopy will be presentedas a tool to determine the ontribution of the eletrons of the loalised or-bital 3d of the atoms of transition metal or loalised orbital of 4f eletronsof the rare earth metal atoms to the valene band eletroni struture. Theexperimental results will be presented for the ase when the impurity atomswill be introdued 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-fae of the semiondutor ompound (Yb on CdTe).



Tunable Ultraviolet Soure for Resonant Photoemission Spetrosopy 20992. Photoemission Eletron SpetrosopyThe 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 surfae normal.The illumination of the sample leads to the photoemission of the eletronsfrom the surfae of the sample. The eletron energy analyser an measure theEnergy Distribution Curve (EDC) of the emitted eletrons as a whole angleintegrated total amount of the emitted eletrons energy distribution or itan measure the energy distribution urve as a funtion of partiular take-of angle (Angle Resolved AREDC). In the �rst ase the angle integratedeletroni struture will be measured while in the seond ase the bandstruture � E(k) dependene 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 distane of theseveral hundred of Ångströms as the absorption oe�ient for the radiationis in the range of 106 m�1 (Fig. 2). The esape depth (the distane onwhih the number of esaping eletrons dereases e times) of the eletronsleaving the rystal strongly depends on the kineti energy of the emittedeletrons and it an range from several Ångströms up to several hundreds ofÅngströms [7,8℄. In a ase when kineti energy of esaping eletron is about90 eV, the esape depth reahes the minimum value of several Ångströms.This region of eletron kineti energy is ommonly used to distinguish thesurfae e�ets ontribution to the measured spetra. If beoming with ki-neti energy more distant from 90 eV, the ontinuous and pronouned in-rease of the esape depth leads to the inrease of the volume eletronsontribution to the measured spetra.
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Fig. 2. The depth of the penetration of the ultraviolet radiation and the ranges ofthe value of the esape depth dependene on the kineti energy of esaping eletron.Fig. 3 presents how the energy distribution urve is reated by the ele-tron energy analyser ounting of the photoemitted eletrons in the vauum(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 vauum level. Thestruture of the oupied states of the rystal is shifted of h� energy to thevauum.

Fig. 3. The model how the energy distribution urve is reated. The left handside of the �gure presents the density of oupied states distribution in the rystal� below the vauum level. The struture of the oupied states of the rystalis shifted by h� energy to the vauum. The eletron energy analyser ounts thephotoemitted eletrons in the vauum (right hand side of Fig. 3).



Tunable Ultraviolet Soure for Resonant Photoemission Spetrosopy 2101All the atoms adsorbed on the surfae strongly satter the esaping pho-toemitted eletrons. To obtain the proper eletroni struture of the rystalthe rystal surfae has to be lean. The best way to get a lean surfae ofthe rystal is the leavage of the rystal in the ultra high vauum onditionsand to perform the measurements in situ. The other method to obtain leansurfae is the Ar ion bombardment of the rystal surfae followed by heat-ing. For some of the experiments the �ling of the e.g. metalli sample is ane�ient way of the sample surfae leaning.3. Resonant Photoemission SpetrosopyTuneable radiation soure gives the possibility to measure the ultravioletabsorption edge of the thin metalli �lms like e.g. the transition metal (3p�3deletrons transition observed e.g. for Fe atoms for radiation energy around57 eV [9℄) or rare earth atoms (4d�4f eletrons transition observed for e.g.Gd atoms for energy of radiation around 150 eV [9℄). The hange of the Fe3d6 or Gd 4f7 orbital oupation an be expressed in regular photoemissionproess (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 approahes the value of the resonantenergy, the absorption of the light leads to the additional absorption of theradiation and to the reation of exited state of the atom (*). The hangeof the eletron orbital oupation 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 interferene of the states obtained in both ways ofphotoemission proess for Fe or Gd atoms, the ontribution of the 3d or 4feletrons respetively to the spetra manifests itself learly by the Fano-typeresonant enhanement. The Fano-type resonane [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. Hene, the ontribution ofthe Fe 3d6 or Gd 4f7 shell to the eletroni struture of the rystal valeneband an be haraterised by the omparison of the photoemission spetrataken 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 eletrons emitted from the valene band region (from valene bandedge down to the 9 eV) of the ternary semimagneti semiondutor rystal

(a) (b)Fig. 5. Measured set of energy distribution urves orresponding to the eletronsemitted from the valene band edge and down to the 9 eV of the ternary semimag-neti semiondutor rystal Cd0:985Fe0:015Te for the di�erent h� energy indiatedon the right hand side of the �gure (a). The zero energy is loated at the Fermilevel. The urve � EDC was obtained by subtration of the antiresonant urve(53.7 eV) from the resonane urve (57.5 eV).



Tunable Ultraviolet Soure for Resonant Photoemission Spetrosopy 2103Cd0:985Fe0:015Te. The zero of the binding energy is loated at the Fermi leveland the region of the energy down to the 7 eV orresponds to the with of therystal valene band. In Fig. 5(a) eah urve orresponds to the di�erent h�energy indiated on the right hand side of the �gure. With an inrease of theh� value from 53.7 eV (antiresonant energy of the Fano type resonane) theontribution of 3d eletrons to the urve inreases and reahes the maximumfor h� equal 57.5 eV (resonant energy of the Fano type resonane) and thenmoderately dereases with inrease of h�. In Fig. 5(b) the middle urvewas obtained by subtration of the antiresonant urve (53.7 eV) from theresonane urve (57.5 eV). This di�erene urve represents the ontributionof the Fe 3d eletrons to the eletroni struture of the valene band of theternary rystal Cd0:985Fe0:015Te.Fig. 6 presents the measured set of energy distribution urves orre-sponding to the eletrons emitted from the valene band region (from va-lene band edge down to the 15 eV) of the ternary semimagneti semion-dutor ompounds rystals Pb0:95Gd0:05Te (Fig. 6(a)) and Pb0:95Gd0:05Se(Fig. 6(b)) [14℄. The zero of the binding energy is loated 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 eletrons emittedfrom the valene band region (from valene band edge down to the 15 eV) of theternary semimagneti semiondutor ompounds rystals Pb0:95Gd0:05Te (a) andPb0:95Gd0:05Se (b).



2104 B.A. Orlowski et al.of the rystal valene band. Changing the energy h� from 142.3 eV up to153.8 eV (Fig. 6(a)) we an reognise the resonant urve (biggest height ofthe peak orresponding to 4f7 eletrons at the binding energy 10.2 eV) or-responding to the h� = 150.4 eV and antiresonant urve orresponding tothe 145 eV. The di�erene between urves an be treated as a ontributionof the eletrons Gd 4f to the spetra.Fig. 7 presents measured energy distribution urve orresponding tothe eletrons emitted from the valene band region of the ternary semi-magneti semiondutor 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 reognise the resonant urve (peak orrespondingto Eu 4f7 eletrons loated at the edge region of the valene 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 eletrons emittedfrom the valene band region of the ternary semimagneti semiondutor om-pounds rystals Pb0:95Eu0:05Te (a) and Pb0:95Eu0:05Se (b).The energy distribution urve orresponding to the eletrons emittedfrom the valene band region of the CdTe rystal is presented on Fig. 8urve A. The urve was taken for radiation energy h� = 90 eV for whih theeletron esape depth has the minimum. The zero of energy orresponds to



Tunable Ultraviolet Soure for Resonant Photoemission Spetrosopy 2105the valene band edge and two �rst peaks orrespond to the valene bandof CdTe rystal. The next peak orresponds to the Cd 4d eletrons. Afterthe deposition on its surfae of about one monolayer of Yb atoms (urve B)the two split peaks of Yb 4f14 eletrons dominates at the edge of the CdTevalene 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 surfaeregion takes plae and the big part of Yb atoms deposited on the surfaeare now bonded to the Te atoms (urve C). On the urve C a new strutureof the peaks appears (Yb 4f13) loated below Yb 4f14 peak. This strutureof the peaks orresponds to the split Yb 4f13 eletrons. The hange of thevalene of Yb2+4f14 to the valene of Yb3+4f13 leads to the remarkablehange of the ontribution of the Yb 4f eletrons to the valene band regionspetra.

Fig. 8. Measured energy distribution urves (h� = 90 eV) orresponding to theeletrons emitted from the valene 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 appliation of the synhrotronradiation as a tuneable soure of the ultraviolet radiation in the range from20 to 200 eV, for study the eletroni struture of the semimagneti semion-dutors ternary alloys by means of the resonant photoemission spetrosopy



2106 B.A. Orlowski et al.using the Fano type resonane. The ontribution of 3d eletrons of Fe wasdetermined for the Fe atoms introdued to CdTe rystal. The ontribution ofthe 4f eletrons of Gd or Eu atoms introdued to the PbTe and PbSe rystalvalene band and Yb to the valene band of CdTe rystal was determined.Authors aknowledge the support of KBN projets nr 2 P03B 089 10 andnr2 P03B 091 12. REFERENCES[1℄ Handbook of Synhrotron Radiation, Vol. 1-4, Eds. D.E. Estman, Y. Farge,North-Holand, Amsterdam 1983-1991.[2℄ Appliation of Synhrotron Radiation, Eds. C.R.A. Catlow, G.N. Greaves,Blakie, Glasgow 1990.[3℄ B.K. Teo, EXAFS: Priniples and Data Analysis, Inorgani Chemistry Con-epts, Vol. 9, Springer, Berlin 1986.[4℄ R.J. Iwanowski, K. Lawnizak-Jablonska, Z. Golaki, A. Traverse, Chem.Phys. Lett. 283, 313 (1998).[5℄ J.B. Boye, J.C. Mikkelson, J. Cryst. Growth 98, 37 (1989).[6℄ A. Balzarotti, N. Motta, A. Kisiel, M. Zimnal-Starnawska, M.T. Czyzyk,M. Podgorny, Phys. Rev. B31, 7526 (1985).[7℄ S. Hufner, Photoeletron Spetrosopy, Springer Series in Solid-State Sienevol. 82, ed. M. Cardona, 1996.[8℄ Photoemission in Solids I and II, Topis in Applied Physis, vol.26 and 27,ed. L. Ley, M. Cardona, Springer-Verlag, Berlin, Heidelberg, New York 1979.[9℄ B. Sonntag, P. Zimmermann, Rep. Prog. Phys. 55, 911 (1992).[10℄ U. Fano, Phys. Rev. 124, 1866 (1961).[11℄ L.C. Davis, Phys. Rev. B25, 2912 (1982).[12℄ R.J. Lad, V.E. Henrih, Phys. Rev. B39, 13478 (1989).[13℄ E. Guziewiz, B.J. Kowalski, B.A. Orlowski, J. Ghijsen, Yu. Li-Ming,R.L. Johnson, J. Eletron Spetros. Relat. Phenom. 88, 321 (1998).[14℄ B.J. Kowalski, Z. Golaki, E. Guziewiz, B.A. Orlowski, J. Ghijsen, R.L. John-son, Inst. Phys. Conf. Ser. 152G, 885 (1998).


