Pis’ma v ZhETF, vol. 90, iss. 5, pp. 393 { 397 cfl 2009 September 10

Photoionization of Onion-type atoms

M. Ya. Amusia^{+∗}, L. V. Chernysheva^+, E. Z. Liverts^∗

+A.F. Ioffe Physical-Technical Institute, 194021 St. Petersburg, Russia

�Racah Institute of Physics, Hebrew University, 91904 Jerusalem, Israel

Submitted 16 Jule 2009

The photoionization of a two-shell (\onion") endohedral A@CN1@CN2 is considered. The e¸ect of the fullerenes shells upon photoelectron from atom A is taken into account substituting the action of the fullerene by two zero-thickness \bubble potentials". The fullerenes shells polarization is included assuming that the radius of the outer shell R2 is much bigger than the inner R1 and both much exceed the atomic radius r. The interaction between shells CN1 and CN2 is taken into account in the Random Phase Approximation (RPA). The e¸ect of photoelectron scattering by both \bubble potentials" is included in the RPA frame. As concrete examples, two endohedrals Ar@C60@C240 and Xe@C60@C240 are considered. We investigate 3p4 Ar and 5p Xe subshells.

PACS: 32.80.�t, 33.60.+q, 33.80.�b

1. In this Letter we present results for photoionization of atoms caged by a two-shell fullerene that is called “onion” endohedral. A lot of attention is given in recent years to photoionization of ordinary endohedrals [1 – 4]. These are objects consisting of a fullerene C_N and an atom A, caged inside it, A@C_N. The attention is concentrated on the modification of these atom photoionization characteristics. Indeed, the difference of them as compared to that of isolated atoms A gives information on the fullerenes structure. In a sense, the inner atom A in A@C_N serves as a “lamp” that shines “light” in the form of photoelectron waves that “illuminates” the fullerene C_N from the inside.

Specific features were predicted in photoionization of A@C_N that makes it different from photoionization of an isolated atom A itself. Most prominent features are the so – called confinement [5] and Giant endohedral [6] resonances that are consequences of two most important effects – the reflection of the photoelectrons by the fullerenes shell and modification of the incoming photon beam due to C_N polarization [7, 8].

It appeared that fullerenes could be not only oneshell but also two-shell structures [9, 10]. It seems, therefore, timely to consider an endohedral of such type that we denote as A@C_{N1}@C_{N2}. To study the reflection, we apply a rather simple approach that substitutes both shells by infinitely thin potential layers – the two-bubble potential. Since the radius of the outer bubble is considerably bigger than the inner one, they are weakly affecting each other. Therefore for experimentally known radiuses R_1, R_2 and corresponding number of carbon atoms in it, N_1, N_2, we obtain the potential strength of both of them V_1, V_2, using experimentally known electron affinities I_1, I_2 of fullerenes C_{N1} and C_{N2}, respectively just as it was done for an ordinary bubble potential [11]. We will also take into account the polarization effect from both fullerenes shells. As a concrete example, we will consider two fullerenes, with N_1 = 60 and N_2 = 240.

Assuming that R_1 and R_2 are much bigger than the atomic radius, the effect of fullerenes polarization upon the incoming photon beam can be expressed via fullerenes polarizability [7]. The latter via dispersion relation is connected to the experimentally measurable fullerenes photoionization cross-section [12]. We will assume for simplicity that the outer fullerenes radius is much bigger than the inner one. In this approximation we will take into account not only the fullerenes action upon the atom’s photoionization, but mutual influence of both fullerenes shells as well. Since the photoionization cross-section of C_{240} is unknown, we will use rather approximate scaling to estimate the polarizability of this object.

2. The two-bubble potential is of the form

V (r) = −V_1δ(r − R_1) − V_2δ(r − R_2). (1)

At r < R_1 the solution χ_{kl}(r) of the Schrodinger equation for a photoelectron with linear k = √ 2E and angular momentum l, moving under the action of atomic potential and V (r) can be presented as^{1)}:

χ_{kl}(r) = F_l(k)u_{kl}(r), (2)

1)Atomic system of units is used in this paper, with electron charge e, mass m, and Planck constant ~ equal to one, e = m = ~ = 1.

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 5 { 6 2009 393 where u_{kl}(r) is the regular at r = 0 solution of the same equation, but without V (r).

After some algebra we obtain the following expression for the reflection factor F_l(k) and additional photoelectron’s phase shift Δδ^R_l :

F_l0 ≡ F_l0 (k) = = k sin Δδ^R_l0 2[V_1u^2_1 + V_2u^2 − 2V_1V_2u_1u_2(u_1v_2 − u_2v_1)/k]

, (3)

tan Δδ^R_l0 (k) = = u^2_1 + u_2V_2[u_2/V_1 + 2u_1V_1(u_2v_1 − u_1v_2)/k] u_1v_1 + k/2V_1 + u_2v_2V_2/V_1 − 2u_1v_2V_2(u_2v_1 − u_1v_2)/k , where the following notation are employed

u_1 ≡ u_{kl}(R_1), u_2 ≡ u_{kl}(R_2),

v_1 ≡ v_{kl}(R_1), v_2 ≡ v_{kl}(R_2). (4)

It is seen from (3) that F_l(k) and Δδ^R_l acquires terms ∼ 1/k. As a result at k → 0 F_l0 (k) → 0 and Δδ^R_l0 (K) → → −u_2V_1/v_2. The presence of a second fullerene leads in principle to the possibility that two shells with compensate the action of each other thus leading for some k to a “reflection window”, where F_l0 (k) = 1.

3. As it was already demonstrated quite a while ago, the following relation can account for the polarization of the fullerene under the action of the incoming photon beam [7]: D_{AC} (ω) ∼= D_A(ω) [ 1 − α(ω) R^3 ] , (5)

where D_{AC} (ω) is the endohedral atom A@C_n photoionization dipole amplitude, D_A(ω) is the same for an isolated atom, α(ω) is the fullerenes dipole polarizability, R is its radius. This relation is derived under valid assumption that R ≫ r_A.

For two-shell fullerene the corresponding expression is much more complex, since in principal the interaction between two groups of electrons, belonging to fullerenes 1 and 2 must be taken into account. Under a reasonable qualitatively correct assumption, that holds at least for considered in this Letter C_{60} and C_{240}, the following relation is used r ≪ R_1 ≪ R_2. In this case the amplitude D_{AC} (ω) is presented as D_{AC} (ω) ∼= D_A(ω)×

× 1 − ( α_1 R^3_1 + α_2 R^3_2 ) 1 − α_1α_2 α_1R^3_2 + α_2R^3_1 ( + R^3_1 R^3_2 )

1 − α_1α_2 R^6_2 ≡

≡ G_{12}(ω)D_A(ω), (6)

where G_{12}(ω) is the polarization amplitude factor for two-shell fullerene.

It is seen that the correction due to simultaneous polarization of both fullerenes shells proportional to α_1α_2 considerably modifies a simple formula that would account only for the sum of both shells action.

It is essential to have in mind that (6) can in principle take into account electron correlations beyond the RPAE frame. Namely, each of the polarizabilities, α_1 or α_2, can include all correlations inside each fullerene, 1 or 2, respectively. It means that as polarizabilities, accurately calculated or experimentally measured values can be used. In principle, depending upon ω the dipole excitation of shells may be “in phase”, enhancing induced by photon beam polarization of the fullerenes shell, or in “anti-phase”, suppressing the common polarization.

4. Directly determinable in experiment are only static polarizabilities, namely their values at ω ≈ 0. To obtain dynamic polarizability, calculations are needed. However, if photoionization cross-section σ_N (ω) of a considered object is measured, the dynamic polarizability can be derived using the following relations:

Im α_N (ω) = c σ_N (ω) 4πω ,

Re α_N (ω) = c 2π^2 ∞∫ IN σ_N (ω^′)dω^′ ω^{′2} − ω^2 , (7)

where c is the speed of light and I_N is the fullerene ionization potential. Note that in the second relation in (7), so-called dispersion relation, it is assumed that the contribution of discrete excitations can be neglected. That is indeed confirmed by existing experimental data on fullerenes photoionization [13].

5. To perform photoionization calculations we need to know the fullerenes potentials V_1 and V_2. They can be determined using for each of the shells the same formula that is usually employed for a single-shell fullerene [11], so that

V_{1,2} = 1 2 √ 2I_{1,2}(1 + coth √ 2I_{1,2}R_{1,2}), (8)

where I_{1,2} are the electron affinities of the fullerenes C_{N1} and C_{N2} . By doing this we make a reasonable assumption that well separated shells are inessential affecting each other so that a two-shell “onion” C_{N1,N2} really consists of two fullerenes C_{N1} and C_{N2} . We will take the electron affinities I_1 and I_2 for C_{60} and C_{240} from [14]. The values are I_{60} = 0.0974 and I_{240} = 0.140. For completeness let us add the value I_{540} = 0.386.

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 5 { 6 2009

The radiuses of these fullerenes are also known, being equal to R_{60} ∼= 6.75, R_{240} ∼= 13.5 and R_{60} ∼= 19.8. It is remarkable that for at least considered objects the ratio η_N ≡ N_N/R^2_N are almost the same η_{60} = 1.317, η_{240} = 1.317, η_{540} = 1.38.

Analysis of the C_{60} polarizability permitted to conclude that at least for static value α_{C60} ≈ 60α_C. Since the electron density of all big enough fullerenes is the same, it seems natural to assume that α_{CN} ≈ Nα_C. It is reasonable to suggest that σ_N (ω) of C_{240} is characterized by a Giant resonance with the same frequency as in C_{60}, since the surface electron density n_N = N/4πR^2_N determines it. Assuming that σ_N (ω) for all considered fullerenes as functions of ω are similar, it follows from the sum-rule for σ_N (ω) that σ_{N2} (ω)/σ_{N1} (ω) ≈ N_2/N_1. It means that the relation α_{N2} (ω)/α_{N1} (ω) ≈ N_2/N_1 is valid.

For our system A@C_{60}@C_{240} one has N_{240}/N_{60} = 4, R_{240}/R_{60} ≈ 2 and α_{240}(ω)/α_{60}(ω) ≈ 4, leading from (9) to the following expression D_{AC} (ω) ≈ D_A(ω)× × [ 1 − 1.5 α_{C60} (ω) R^3_{C60} 1 − 0.375α_{C60} (ω)/R^3_{C60} 1 − 0.0625[α_{C60} (ω)/R^3_{C60} ]^2 ] ≡ ≡ Ḡ_{12}(ω)D_A(ω), (9)

where Ḡ_{12}(ω) is the approximate value of the polarization amplitude factor. The data for α_1(ω) as well as for S_1(ω) = |(1 − α_1(ω)/R^3_1)|^2 are taken from [12].

6. In this section we will present the formulas required to calculate the photoionization cross-sections and dipole angular anisotropy parameters for two-shell endohedral atom A@C_{N1} @C_{N2} .

Usually the action of the fullerene shell is strong enough, so it is not sufficient to take the reflection as a factor to the atomic cross-section only, but is necessary to modify also the intermediate electron states. It is natural to do it within the RPAE frame that proved to be very effective in describing photoionization of multielectron atomic shells [15]. That is achieved by solving the following equation for the dipole amplitude that generalizes atomic RPAE to include potential (1)

⟨v_1|D(ω)|v_2⟩ = ⟨v_1|d̂|v_2⟩+ (10) X_{v3,v4}⟨v3|D(ω)|v4⟩[F 2_{v3} nv_4 (1−nv_3 )−F 2_{v4} nv_3 (1−nv_4 )]⟨v4v1|U|v3v2⟩ εv_4 − εv_3 + ω + iη(1 − 2nv_3 ) . The following relation gives the partial endohedral atomic cross-section σ^{AC}_{nl,kl}0 (ω) for transition nl → → kl^′, l^′ = l ± 1 σ^{AC12}_{nl,kl}0 (ω) = |F_l0 (k)|^2S_{12}(ω)σ̃^A_{nl,kl}0 (ω), (11) where σ̃^A_{nl,kl}0 (ω) = 16π^2ωl^′|D^A_l0 (ω)|^2/3c, c is the speed of light and S_{12}(ω) = |G_{12}(ω)|^2 is the polarization factor. In (11) σ̃^A_{nl,kl}0 (ω) is in general different from the corresponding pure atomic value σ^A_{nl,kl}0 (ω).

The total photoionization cross-section of nl electrons is obtained from (11) by summing over l^′: σ^{AC12}_{nl} (ω) = ∑ l^0 =l±1 σ^{AC12}_{nl,kl}0 (ω). (12)

The differential in angle dΩ cross-section of the photoelectron’s emission under the action of non-polarized light is given for spherically symmetric fullerenes shells, having the same center, by the following expression dσ^{AC12} (ω) dΩ = σ^{AC12}_{nl} (ω) 4π [ 1 − 1 2 β_{nl}(ω)P_2(cos θ) ] . (13)

Here P_2(cos θ) is the Legendre polynomial.

The dipole angular anisotropy parameter β_{nl}(ω) is not affected by the fullerenes shell polarization amplitude and is given by relation similar to presented in [15] for isolated atoms β_{nl}(ω) = 1 (2l + 1)[(l + 1)F^2_{l+1}D̃^2_{l+1} + lF^2_{l−1}D̃^2_{l−1}] ×

×[(l + 1)(l + 2)F^2_{l+1}D̃^2_{l+1} + l(l − 1)F^2_{l−1}D̃^2_{l−1}−

−6l(l + 1)F_{l+1}F_{l−1}D_{l+1}D_{l−1} cos(δ̃_{l+1} − δ̃_{l−1}). (14)

Here the dipole photoionization amplitudes D̆_{l±1}(ω) are complex numbers with module D̃_{l±1}(ω), with phases Δ_{l±1} given by relation D_{l±1}(ω) ≡ D̃_{l+1}(ω) exp[iΔ_{l±1}(k)]. The relation δ̃_{l0} = δ_{l0} + ΔR_{l0} + Δ_{l0} , with δ_{l0} being the photoelectron’s scattering phase in Hartree- Fock approximation for the isolated atom A, determines the phases δ̃_l0 in (14).

7. Consider here 3p^6 Ar@C_{60}@C_{240} and 5p^6 Xe@C_{60}@C_{240} subshells with the fullerenes parameters, presented in Section 5. The data are presented in Fig.1–5. They are obtained with the help of (11), (12) and (14). The results for reflection by a single fullerenes shell we denote on the figures as FRPAE, while that with two shells taken into account are marked as FRPAE2. Specially mentioned is the effect of polarization factor C̄_{12}(ω).

Since the reflection amplitudes F_l(k) are different for different atoms, we are not presenting their values separately.

Fig.1 depicts polarization factors S_1(ω) for C_{60}, S_2(ω) for C_{240} and S_{12}(ω) for C_{60}@C_{240}. The S factor for the big fullerene is small but its combination with the inner shell enhances the common S-factor impressively.

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 5 { 6 2009

Fig.1. Polarization factors S1(ω) for C60, S2(ω) for C240 and S12 for C60@C240

As it should be, effects of polarization are rapidly decreasing with ω growth, so that it approaches almost 1 at ω > 60 eV.

Fig.2 presents the photoionization cross-section for 3p in Ar, Ar@C_{60}, Ar@C_{240} and Ar@C_{60}@C_{240}, demonstrating profound action of the polarization factor

Fig.2. Photoionization cross-section of 3p electrons in Ar, Ar@C60 and Ar@C60@C240 with account of re‚ection factors F and the latter with account of polarization factor S12(ω) S_{12} upon the Ar photoionization cross-section. Note that two-shell reflection concentrates almost all cross section into a single maximum the two-shell endohedral Giant resonance. The increase of the cross-section is up to 80 times as compared to the atomic case and up to 3 as compared to one-shell endohedral.

Fig.3 demonstrates the angular anisotropy parameter β_{3p}(ω) of 3p electrons in Ar, Ar@C_{60} and Ar@C_{60}@C_{240} with account of reflection factors F . The effect of re-

Fig.3. Dipole angular anisotropy parameter β3p(ω of 3p electrons in Ar, Ar@C60 and Ar@C60@C240 with account of re‚ection factors F

flection is noticeable, leading to prominent oscillations around the photon energy region ω ≈ 20 eV.

Fig.4 depicts photoionization cross-section for 5p in Xe, Xe@C_{60}, Xe@C_{60}@C_{240} and demonstrates profound

Fig.4. Photoionization cross-section of 5p electrons in Xe, Xe@C60 and Xe@C60@C240 with account of re‚ection factors F and the latter with account of polarization factor S12(ω) action of the polarization factor S_{12} upon the Xe 5p photoionization cross-section. The effect of scattering by the second fullerenes shell is strong enough, presenting a distinctive second maximum and decreasing the maximum that appear due to one-shell scattering. Polarization of fullerenes increases quite noticeable the cross section giving a prominent two-maximum Giant resonance.

Fig.5 demonstrates the dipole angular anisotropy parameter β_{5p}(ω) of 5p electrons in Xe, Xe@C_{60} and

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 5 { 6 2009

Fig.5. Dipole angular anisotropy parameter β5p(ω) of 5p electrons in Xe, Xe@C60 and Xe@C60@C240 with account of re‚ection factors F

Xe@C_{60}@C_{240} with account of reflection factors F . The effect is similar in size to that in Fig.3, but there are two regions of oscillations in 5p Xe instead of one in 3p Ar.

8. We present results for photoionization of outer Ar and Xe subshells for atoms caged inside “onion” fullerenes Ar@C_{60}@C_{240} and Xe@C_{60}@C_{240}. We have investigated effects of photoelectron scattering by two zero-thickness potential wells and modification of the incoming photon beam due to dipole polarization of both fullerenes shell. No doubt that similar profound effects of ”onion” fullerene with appear for other caged atoms as well.

Other fullerenes can create “onions” with quite different characteristics from that of C_{60}@C_{240}. A whole variety of resonances are found that obviously deviate far from being a simple sum of effects, given by single fullerenes shell. We admit that the moment when investigation of photoionization of such objects is not literally tomorrow. However, we hope see them being performed in not too distant future, thus believing that possible findings justify the current efforts.

1. M. J. Pushka and R. M. Nieminen, Phys. Rev. A 47, 1181 (1993).

2. G. Wendin and B. Wastberg, Phys. Rev. B 48, 14764 (1993).

3. L. S. Wang, J. M. Alford, Y. Chai et al., Z. Phys. D 26, 297 (1993).

4. P. Decleva, G. De Alti, and M. Stener, J. Phys. B 32, 4523 (1999).

5. J.-P. Connerade, V. Dolmatov, and S. Manson, J. Phys.

B: At. Mol. Opt. Phys. 33, 2279 (2000).

6. M. Ya. Amusia, A. S. Baltenkov, and L. V. Chernysheva, JETP Letters 87, 230 (2008).

7. M. Ya. Amusia and A. S. Baltenkov, Phys. Rev. A 73, 062723 (2006).

8. J.-P. Connerade and A. V. Solov’yov, J. Phys. B 38, 807 (2005).

9. J. P. Lu and W. Yang, Phys. Rev. B 49, 11421 (1994). 10. L. Forr«o and L. Mihaly, Rep. Prog. Phys. 64, 649 (2001). 11. M. Ya. Amusia, A. S. Baltenkov, and U. Becker, Phys.

Rev. A 62, 012701 (2000).

12. M. Ya. Amusia and A. S. Baltenkov, Phys. Lett. A 360, 294 (2006).

13. J. Berkowitz, J. Chem. Phys. 111, 1446 (1999). 14. J. M. Cabrera-Trujillo, J. A. Alonso, M. P. I~niguez et al., Phys. Rev. B 53, 16059 (1996).

15. M. Ya. Amusia, Atomic Photoeffect, Plenum Press, New York-London, 1990

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 5 { 6 2009