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MODIFICATION OF THE Xe 4d GIANT RESONANCEBY THE C60 SHELL IN MOLECULAR Xe�C60M. Ya. Amusia a;, A. S. Baltenkov b*, L. V. Chernysheva , Z. Fel�i d, A. Z. Msezane daRaah Institute of Physis, The Hebrew University91904, Jerusalem, IsraelbArifov Institute of Eletronis700125, Akademgorodok, Tashkent, UzbekistanIo�e Physial-Tehnial Institute194021, St. Petersburg, RussiadDepartment of Physis and Center for Theoretial Studies of Physial Systems,Clark Atlanta University30314, Atlanta GA, USASubmitted 28 June 2005It is demonstrated that in photoabsorption of the 4d10 subshell of a Xe atom in moleular Xe�C60, the 4d giantresonane that haraterizes the isolated Xe atom is distorted signi�antly. The re�etion of photoeletronwaves by the C60 shell leads to profound osillations in the photoionization ross setion suh that the Xe giantresonane is transformed into four strong peaks. Similarly, the angular anisotropy parameters, both dipole andnondipole, are also modi�ed. The method of alulation is based on the approximation of the C60 shell by anin�nitely thin bubble potential that leaves the sum rule for the 4d-eletrons almost una�eted, but notieablymodi�es the dipole polarizability of the 4d-shell.PACS: 32.80.Fb, 32.80.Hd1. INTRODUCTIONGiant resonanes are universal features of the exi-tation of �nite many-fermion systems: nulei, atoms,fullerenes, and lusters. They represent olletive,oherent osillations of many partiles and manifestthemselves most prominently in photon absorptionross setions. In a nuleus, giant resonanes repre-sent the exitation of oherent osillatory motion of allprotons relative to all neutrons [1℄, while in all the otherobjets mentioned above, they represent the oherentmotion of all eletrons of at least one many-eletronshell (in atoms) and all olletive eletrons in metallilusters and fullerenes. Giant resonanes are manifes-tations of plasmon-type or Langmuir exitations in ahomogeneous eletron gas [2℄ or the so-alled �zero�sound in a Fermi liquid [3℄.The universal nature of the giant resonanes (GRs)was reently emphasized [4℄. In photoabsorbtion ross*E-mail: arkbalt�mail.ru

setions, GRs are represented as a funtion of pho-ton energy by huge, almost symmetri broad maxima.They have very large so-alled osillator strengths,whih are determined by the total integrated area ofthe photoabsorption ross-setion urves. The similar-ity of GRs in di�erent objets is amazing, beause whenplotted on the same relative sales, GRs in nulear Pb,4d10 subshell in atomi Xe and in fullerene C60 lookalike [4℄. It is important to emphasize that the ratio ofthe resonane width � that haraterizes its lifetime � ,� � 1=�, to the frequeny 
 is almost the same for theabove-mentioned objets,1=5 � �=
 � 1=4:It is obvious that the absolute values of the resonaneenergies and ross setions di�er in these objets byorders of magnitude, partiularly when we omparethe values for the 4d10 subshell in atomi Xe and nu-lear Pb.At �rst glane, a GR represents an immanent, in-ner feature of an objet. However, it is of interest to63



M. Ya. Amusia, A. S. Baltenkov, L. V. Chernysheva et al. ÆÝÒÔ, òîì 129, âûï. 1, 2006understand whether at all and under what onditionsGRs ould be modi�ed. From [2�4℄, it is lear thatthe frequeny of GRs ould be modi�ed by alteringthe density of olletive eletrons in atoms and multi-atomi objets or nuleons in nulei. Needless to say,it is pratially impossible to do. Hene, the diretveri�ation of the theories developed in [2℄ and [3℄ on-erning GRs is impossible. Colleting large numbers ofFermi atoms in a trap at low temperature an reate asemi-natural objet for studies of GRs' dependene onthe density as well as of the universality of GRs. It isreasonable to expet suh experiments in the not toodistant future.However, one an imagine another way of alteringthe GR's frequeny, struture, and even their very ex-istene. It seems that this an be ahieved by plaingobjets possessing GRs into a age that resonates. In-deed, the reently disovered endohedral atoms presentthe possibility of reating suh an objet: viz., an atomof Xe that has a GR in its 4d10 subshell plaed inside aC60 shell, Xe�C60. One an argue that in Xe�C60, itis not the GR that is modi�ed, but its observable man-ifestation. We believe, however, that the possibility toa�et suh a deisively important manifestation as thephotoabsorption ross setion is both of interest and ofimportane.The photoionization of endohedral atoms, A�C60,was studied in a number of papers [5�8℄. The physialreason for the modi�ation of the total ross setionsand angular distributions, both dipole and nondipole, isin the re�etion of the relatively slow photoeletron bythe C60 shell. The e�et of C60 rapidly disappears withthe growth of the photoeletron energy. This is whygiant autoionization resonanes, e.g., those in Eu [9℄,remain una�eted by the C60 shell, beause relativelyfast photoeletrons are emitted after their exitation.In this paper, we alulate the photoionizationross setion and the angular anisotropy parameters ofXe�C60, representing the C60 by a delta-type poten-tial. The range of validity of this approximate potentialis disussed at length in a reent paper [10℄. Contraryto photon absorption, photon sattering is not aom-panied by a strong re�etion of the emitted objet bythe C60 shell. In order to see how the latter a�ets thephoton sattering in the GR region, we alulate thedipole polarizability of Xe�C60 and also hek the sumrule of the GR in Xe and Xe�C60.2. SOME DETAILS OF CALCULATIONSThe desription of the interation of eletromag-neti radiation with fullerene-like moleules A�C60 is a

very ompliated theoretial problem, an order of mag-nitude more omplex than the alulation for an iso-lated atom. Therefore, to analyze the in�uene of thefullerene shell enapsulating an endohedral atom, on-siderable simpli�ations are almost inevitable. Thesesimpli�ations an be introdued beause the geomet-rial size of a fullerene age is signi�antly larger thanthe radius of any subshell of the enapsulated atom.Therefore, to a good approximation, the initial statewave funtion of an endohedral atom A�C60 is thesame as the wave funtion of the isolated atom A. Thesurrounding arbon atoms of C60 need to be taken intoaount only to desribe the �nal state of the photoion-ization proess, the moleular ontinuum wave fun-tion.Further, for a low-energy photoeletron with thewavelength � � 1=k (k being the photoeletron mo-mentum in atomi units) of the order of or larger thanthe distane between the C atoms forming the fullereneage, the real C60 potential an be approximated quitewell by the potential of a spherial shell formed by thesmeared-on-the-sphere arbon atoms. Even for higherenergy (momentum) photoeletrons, the spherial shellpotential is not a bad approximation at all (see [10℄ andthe referenes therein). In any ase, for the desrip-tion of the photoionization of the atom A in moleu-lar A�C60, the real potential of the fullerene age isreplaed by a spherially symmetri phenomenologialpotential V (r) onentrated on the surfae of the agewith parameters de�ned by the experimental data foran empty fullerene age.If the photoeletron wavelength is of the order ofthe bond length between the C atoms, it is learlylarger than the thikness of the spherial shell whereV (r) 6= 0. We therefore approximate the spherial shellas the one of zero thikness. This allows the determina-tion of the ontinuum wave funtion by mathing theinner and outer solutions of the Shrödinger equationat the boundary. The situation here is similar to nu-lear physis, where low-energy nuleon sattering anbe desribed by a logarithmi derivative of the wavefuntion at r = 0. This derivative, in turn, is de�nedby the nuleon binding energy [11℄. In our ase, theboundary ondition for the photoeletron wave fun-tion is imposed not at zero but on the sphere of theradius R. This method of de�ning the wave funtionis equivalent to representing the shell potential as abubble potentialV (r) = �V0Æ(r �R):Here, R is the fullerene radius known from experimen-tal data and V0 is the Æ-potential e�etive strength,64



ÆÝÒÔ, òîì 129, âûï. 1, 2006 Modi�ation of the Xe 4d giant resonane : : :determined by the eletron a�nity of an �empty� C60moleule.As in any simpli�ation, the bubble potential has itslimited domain of validity. But its appliation is rea-sonable for the desription of the eletroni proessesinvolving C60 for whih the details of the wave funtioninside the spherial layer (where the C atoms are on-entrated) are insigni�ant. Among these proesses arephoto-detahment of the negative C�60 ions [12℄, elastisattering of slow eletrons by fullerenes [13℄, on�ne-ment resonanes in the photoionization of endohedralatoms A�C60 [10℄, et. In this paper, we use the bubblepotential to model the atual potential and desribe thedipole �(!) and nondipole (!) parameters in the pho-toeletron angular distribution from endohedral atomsXe�C60.The formulas used in this paper have been derivedin Ref. [7℄, and we therefore present only the main re-sults here. For an atom A loated at the enter of aC60 age, the problem of alulating the wave funtionof an eletron in the ontinuum is, in the one-eletronapproximation, redued to solving the one-dimensionalShrödinger equation, in whih the bubble potential isadded to the potential of an isolated atom A. It is evi-dent that the solutions of this equation inside and out-side the sphere of radius R are the wave funtions of theisolated atom A. Therefore, inside the potential bub-ble, the ontinuum wave funtion di�ers only by a nor-malization fator dependent on the photoeletron en-ergy from the regular solution ukl(r) of the Shrödingerequation for a free atom, i.e.,�kl(r) = Tl(k)ukl(r);with l being the eletron angular momentum. Outsidethe Æ-sphere, the funtion �kl(r) is a linear ombina-tion of the regular ukl(r) and irregular vkl(r) solutionsof this equation. The oe�ients of the linear ombina-tion are de�ned by the mathing onditions of the wavefuntions on the spherial shell, i.e., at r = R. The ad-ditional phase shift �l(k) of the wave funtion due toeletron sattering by the bubble potential and the o-e�ient Tl(k) are de�ned by the mathing onditionsat r = R astg�l(k) = u2kl(R)ukl(R)vkl(R)� k=�L;Tl(k) = os�l(k)"1� tg�l(k) vkl(R)ukl(R)#; (1)where�L is the disontinuity of the logarithmi deriva-tive of the wave funtion at r = R, related to the

fullerene radius R and the eletron a�nity I of theempty C60 via�L = �2V0 = ��[1 + th(�R)℄;where � = p2I. Throughout the text, the atomi sys-tem of units (~ = m = e = 1) is used. We note that inderiving Eq. (1), we take into aount that the Wron-skian of the radial Shrödinger equation is given byWkl(r) = ukl(r)v0kl(r) � u0kl(r)vkl(r) = k 6= 0:As long as the �size� of the atomi subshell issmaller than the size of C60, the matrix elements foreletron transitions to the ontinuum are formed nearatom A, i.e., well inside the C60-sphere. Therefore,these amplitudes oinide with the amplitudes of theorresponding transitions in the free atom exept forthe multipliative fator Tl(k). Beause of the ouplingbetween the osillations of the wave funtions insideand outside this sphere, the oe�ients have a reso-nane harater. Therefore, there are resonanes in thetransition matrix elements for endohedral atoms thattranslate into the so-alled on�nement resonanes inthe total photoionization ross setion [7, 10, 14℄, whihin the ase of Xe�C60 are superimposed on the 4d10Xe giant resonane. It is evident that for the same rea-son, these new resonanes also appear in the dipole andnondipole asymmetry parameters.The expressions for these parameters an be simplyobtained from the general expressions for the dipoleand nondipole asymmetry parameters derived for freeatoms [15�17℄, where it is only neessary to replae thedipole dl�1 and quadrupole ql�2;0 matrix elements byTl�1dl�1 and Tl�2;0ql�2;0 respetively, and the orre-sponding phase shifts of the photoeletron wave fun-tions for the free atom Æl�1 and Æl�2;0 by the sum ofthe phases:Æl�1 +�l�1 and Æl�2;0 +�l�2;0:We fous on the dipole parameter �nl(!) de�n-ing the angular distribution in photoionization of theatomi d-subshells and on the nondipole parametersCnl(!) and ÆCnl(!). The angular distribution for iso-lated atoms is given by the expression [15℄d�nl(!)d
 = �nl(!)4� [1 + �nl(!)P2(os �) ++ [ÆCnl(!) + Cnl(!) os2 �℄ sin � os�℄; (2)where �nl(!) is the total photoionization ross se-tion, �nl(!) is the dipole angular anisotropy parameter,5 ÆÝÒÔ, âûï. 1 65



M. Ya. Amusia, A. S. Baltenkov, L. V. Chernysheva et al. ÆÝÒÔ, òîì 129, âûï. 1, 2006Cnl(!) and ÆCnl(!) are the nondipole asymmetry param-eters, P2(os �) is the Legendre polynomial, � is thepolar angle of the photoeletron veloity with respetto the photon polarization vetor e, and � is the az-imuthal angle de�ned by the projetion of the eletronveloity in the plane perpendiular to e and ontainingthe photon propagation vetor �.The dipole parameter �4d(!) is given by�4d = 25(2d21+3d23)"d21+6d23�18d1d3 os(Æ3�Æ1)#: (3)The nondipole asymmetry parameters Cnl(!) andÆCnl(!) are related to nl(!) and �nl(!) introduedin [18℄ and expressed there via the dipole d andquadrupole q matrix elements. Here, we are interestedin the ase where n = 4, l = 2. Therefore, we haveÆC4d = !  4d + �4d!;C4d = �5! �4d; (4)where  is the speed of light. The oe�ients 4d(!)and �4d(!) are given by4d = � 635(2d21 + 3d23) �� h7d1[q0 os(Æ0 � Æ1)� q2 os(Æ2 � Æ1)℄ ++ 3d3[q2 os(Æ2 � Æ3)� 6q4 os(Æ4 � Æ3)℄i; (5)�4d = � 635(2d21 + 3d23) �� h2d1[q2 os(Æ2 � Æ1)� 6q4 os(Æ4 � Æ1)℄ ++ d3[7q0 os(Æ0 � Æ3)� 8q2 os(Æ2 � Æ3) ++ 6q4 os(Æ4 � Æ3)℄i: (6)In these formulas, d1;3 and q0;2;4 are the dipoleand quadrupole matrix elements in the one-eletronHartree � Fok approximation and Æi(�) are the photo-eletron's elasti sattering phase shifts, � = ! � I4d,with I4d being the 4d-subshell ionization potential. Thematrix elements are de�ned asd1;3 � d4d;k1;3 = 1Z0 u4d(r)ruk1;3(r) dr;q0;2;4 � q4d;k0;2;4 = 12 1Z0 u4d(r)r2uk0;2;4(r) dr; (7)

where u4d(r) and ukl(r) are the radial parts of theHartree � Fok one-eletron wave funtions. To obtainthe orresponding expressions for the parameters inEqs. (3), (5), and (6), we must perform the followingsubstitutions in them [16, 18℄:jd1;3j2 ! D021;3 +D0021;3;diqj os(Æj�Æi)!  D0iQ0j+D00i Q00j! os(Æj�Æi)�� D0iQ00j �D00i Q0j! sin(Æj � Æi): (8)Here, D01;3, Q00;2;4 and D001;3, Q000;2;4 are respetively thereal and imaginary parts of the orresponding matrixelements. The presene of the bubble potential modi-�es Eqs. (3), (5), and (6) to the respetive equations�4d = 25(2T 21 d21 + 3T 23 d23)hT 21 d21 + 6T 23 d23 �� 18T1T3d1d3 os(Æ3 +�3 � Æ1 ��1)i; (9)4d = � 635(2T 21 d21 + 3T 23 d23) �� h7T1d1 [T0q0 os(Æ0 +�0 � Æ1 ��1)�� T2q2 os(Æ2 +�2 � Æ1 ��1)℄ ++ 3T3d3[T2q2 os(Æ2 +�2 � Æ3 ��3)�� 6T4q4 os(Æ4 +�4 � Æ3 ��3)℄i; (10)�4d = � 635(2T 21 d21 + 3T 23 d23) �� h2T1d1 [T2q2 os(Æ2 +�2 � Æ1 ��1)�� 6T4q4 os(Æ4 +�4 � Æ1 ��1)℄ ++ T3d3[7T0q0 os(Æ0 +�0 � Æ3 ��3)�� 8T2q2 os(Æ2 +�2 � Æ3 ��3)℄ ++ 6T4q4 os(Æ4 +�4 � Æ3 ��3)℄i: (11)Beause the photoeletron angular distributions pa-rameters involve interferene among amplitudes of dif-ferent angular momenta, rather than just the sum ofabsolute squares that determines the total photoion-ization ross setion, one an expet more ompliatedresonane strutures in the energy dependene of theseparameters and, hene, in the photoeletron angular66



ÆÝÒÔ, òîì 129, âûï. 1, 2006 Modi�ation of the Xe 4d giant resonane : : :distributions than in the total photoionization rosssetions.We use the general formulas in Eqs. (1)�(11) to in-vestigate the photoionization of the Xe�C60 moleule,with the Xe atom loated at the enter of the bubblepotential. The wave funtions of the free Xe atom inthe 4d-state and in the ontinuum ukl(r) were alu-lated in the one-eletron Hartree � Fok approximationusing the omputer odes ATOM [19℄. The solutionsvkl(r) irregular at r = 0 were alulated, as in Ref. [7,10℄, using the relationvkl(r) = ukl(r)Wkl(r) Z dru2kl(r) : (12)3. RESULTS OF CALCULATIONSThe alulated ross setions, dipole and nondipoleparameters for the photoionization, and dipole polar-izability of the Xe atom enapsulated in a C60 shell,Xe�C60, are presented in Figs. 1�4. The orrespondingparameters for the free Xe atom are also given there.Clearly, the fullerene shell qualitatively alters the de-pendene of these parameters on the photoeletron en-ergy. Very impressive is its e�et on the ross setion,where the giant resonane in the isolated atom is trans-formed into four well-pronouned maxima in Xe�C60,whih is depited in Fig. 1. The �fth maximum is verysmall. As in the ase of the 4d � �f giant resonanein Ba atoms [20℄, the proesses of re�etion and refra-tion of p- and f -eletroni waves by the fullerene shellin Xe�C60 also indue a resonane struture, and thetotal photoionization ross setion �4d(!), as a fun-tion of the photon energy, osillates around the atomi�bakground�.Figure 2 presents the result for the dipole param-eter �4d(!). Here, we again see very signi�ant mod-i�ations by the ation of the C60 shell; in fat, fourmaxima are observed instead of the two in pure Xe,inluding a very narrow one that appears just near thethreshold. The urve for �4d(!) is modi�ed strongerthan that for the ross setion, beause it inludes aprodut of d1 and d3 matrix elements along with asum of their moduli squared. Figure 3 depits datafor both nondipole parameters C4d(!) (Fig. 3a) andÆC4d(!) (Fig. 3b), and the usually measurable ombina-tion C4d(!) + 3ÆC4d(!) (Fig. 3). Clearly, the C60 shellmodi�es all these parameters. Partiularly notable isthe near-threshold modi�ation of C4d(!) resulting ina high maximum instead of a minimum. The rest ofthe urve is modi�ed similarly to that of �4d(!). TheÆC4d(!) urve aquires a multi-maximum struture due
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tionRe�(4d)d (!) � 2� 1ZI4d !0 Im�(4d)d (!0)!0 2 � !2 d!0 == 2�2 1ZI4d �4d(!0)!0 2 � !2 d!0 (14)has to be used. In Eq. (14), we have negleted theontribution of disrete levels beause their osillatorstrengths are small for 4d-eletrons of either pure Xeor Xe�C60. Figures 4a, b present the results for thepolarizability of both Xe and Xe�C60. The values ofRe�(4d)d (!) and Im�(4d)d (!) are given in Fig. 4a and68
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Fig. 4. Dipole polarizabilities �C4d(!) of 4d-eletrons in atomi Xe (dashed urve) and in Xe�C60 (solid urve) as funtionsof the photon energy !. a � Real and imaginary parts of �C4d(!), b � absolute value of the polarizability �C4d(!)the rather informative j�(4d)d (!)j is depited in Fig. 4b.We note that although the absolute value of �(4d)d (!)for Xe�C60 in the frequeny region of interest is deter-mined to a large extent by the sixty arbon atoms in-stead of a single Xe, they provide only a slowly dereas-ing ontribution with inreasing !. The rapid variationof the polarizabilities must ome from the Xe atom.Therefore, the results of our alulation for the polar-izability an in priniple be veri�ed experimentally.Physially, the origin of the new resonanes is easyto understand. The photoeletron an esape from theatom diretly, or satter from the C60 shell on its wayout. When the waves representing these two �path-ways� are in phase, onstrutive interferene, a res-onant enhanement, results. When they are out ofphase, destrutive interferene ours. The dereasein the resonane struture with inreasing photoele-tron energy arises beause, with inreasing the energy,the C60 sphere beomes more and more transparentto the photoeletron, thereby dereasing the re�e-tion and, thus, interferene. In the general sense, thephysial origin of these on�nement resonanes is thesame as the ause of EXAFS in the photoabsorptionof ondensed matter, and the similar phenomenon indiatomi (and other) moleules.

It is interesting to note that while the ross setionis strongly modi�ed, the area under the urves for Xeand Xe�C60 within the giant resonane frequeny re-gion 5:56 Ry � ! � 13:45 Ry are almost the same.Indeed, the ontribution of the 4d-eletrons to the sumrule S4d = 2�2 1ZI4d �4d(!) d!is equal to 10.61 and 10.53 for free Xe and Xe�C60,respetively. These values are remarkably lose to eahother, emphasizing that the C60 shell auses redistri-bution of the 4d ross setion leaving its total powerunaltered. The alulated values are very lose to thetotal number of eletrons in the 4d-shell, as expeted.We note that with the inrease of !,Re�d ! �S4d=!2 as ! !1:We heked this relation and found that the asymptotivalue is reahed relatively slowly. The Table illustratesthis.Finally, we note that the dramati modi�ation ofthe ross setion and the dipole and nondipole angu-lar anisotropy parameters, presented herein for Xe inXe�C60, will not be observed in the other endohedral69



M. Ya. Amusia, A. S. Baltenkov, L. V. Chernysheva et al. ÆÝÒÔ, òîì 129, âûï. 1, 2006Asymptoti behavior of the real part of the polarizabil-ities for Xe and Xe�C60k ! = I + k2, Ry !2Re�Xe !2Re�Xe�C6010 �105 �11:83 �11:7420 �405 �10:90 �10:8330 �905 �10:74 �10:6650 �2505 �10:65 �10:58150 �22505 �10:61 �10:54atom Eu�C60. The reason is that for the latter, the4d10 giant resonane deays by emission of the outersubshell, i.e., relatively fast eletrons that are not af-feted by the C60 shell.4. CONCLUSIONAording to the above alulation, the existeneof the C60 shell in moleular Xe�C60 leads to strongdistortions of both the total photoionization rosssetion and the dipole and nondipole asymmetryparameters within the 4d giant resonane regime. Thisis a vivid manifestation of the resonane nature ofthe C60 age that ats as a resonator surroundingthe ionized atom. We strongly urge the initiationof experimental investigations of this new e�et toestablish its existene, whih ould have importantimpliations for the interpretation of moleular andondensed-matter photoeletron studies. Partiularlyinteresting and relevant is the possibility of preparinga series of C60 fullerenes enapsulating either atomsor small moleules using the reent novel moleularsurgery method [21℄ and performing photoabsorptionmeasurements.This work was supported by Binational SieneFoundation (grant � 2002064), Israeli Siene Founda-tion (grant � 174/03), USDoE, Division of ChemialSienes, O�e of Basi Energy Sienes, O�e of En-ergy Researh, AFOSR, the Hebrew University Intra-mural Fund and Uzbek Foundation (Award �-2-1-12).REFERENCES1. A. B. Migdal, Theory of Finite Fermi Systems and Ap-pliations to Atomi Nulei, Wiley, Intersiene, NewYork (1967).2. D. Pines, Elementary Exitations in Solids, Benjamin,New York (1963).
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