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Abstract: Initial insights into spin-polarized photoelectron fluxes from fullerene anions are
presented here. Both the angle-dependent and angle-integrated degrees of spin polarization of
said photoelectron fluxes are discussed. Empty C−60(2p) and endohedral H@C−60(2p) and He@C−60(2p)
anions, where the attached electron resides in a 2p state, are chosen as case studies. We uncover the
characteristics of the phenomenon in the framework of a semi-empirical methodology where the
C60 cage is modeled by a spherical annular potential, rather than aiming at a rigorous study. It is
found that the spin-polarization degree of photoelectron fluxes from fullerene anions can reach large
values, including a nearly complete polarization, at/in specific values/domains of the photoelectron
momentum. This is shown to correlate with an inherent feature of photoionization of fullerenes,
the abundance of resonances, known as confinement resonances, in their photodetachment spectra
owing to a large empty space inside fullerenes. Moreover, the results obtained can serve as a
touchstone for future studies of the phenomenon by more rigorous theories and/or experiments to
reveal the significance of interactions omitted in the present study.
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1. Introduction

Photoionization/photodetachment of various neutral (q = 0) and charged (q 6= 0) fullerenes,
C±q

N , and their endohedral counterparts, A@C±q
N (where A is the atom encapsulated inside C±q

N cage),
has been the subject of experimental as well as intense systematic theoretical studies for many years
now, see, e.g., [1–24] (and references therein). However, the subject of spin-polarized photoelectron
fluxes from fullerene anions (or neutral A@CN , for that matter) was provisionally touched briefly only
in [25,26], to the best of the author’s knowledge. Meanwhile, fundamentally, the topic of spin-polarized
electron beams is of significance to both basic and applied sciences [27]. The present paper remedies
the situation by producing novel results and findings related to spin-polarized photoelectron fluxes
from fullerene anions.

We investigate and predict peculiarities in spin-polarized photoelectron fluxes upon
photodetachment of a C−60(2p) fullerene, where an external electron is captured into a 2p-state in
the field of the C60 cage.

Moreover, with the impetus of work [15], where it was predicted that the embedded into a neutral
C60 fullerene cage atom, A, can qualitatively modify the photoionization spectrum of the C60 cage itself,
we study how the photodetachment properties of fullerene anions can be affected by the embedded
atom inside a hollow interior of C−60(2p). Such systems are referred to as A@C−60(2p) endohedral
fullerene anions. We choose the H@C−60(2p) and He@C−60(2p) endohedral anions for case studies and
demonstrate how their photodetachment parameters differ from those of the empty C−60(2p).

Furthermore, we investigate how accounting for polarization of the fullerene cage by the outgoing
photoelectron affects the spin polarization degree of the emitted photoelectrons.
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The culmination point of the the present work is the prediction that photodetachment of fullerene
anions can serve as a tool for the production of highly spin-polarized electron beams.

The present paper, thus, provides a broad initial investigation into spin-polarized photoelectron
fluxes from fullerene anions, albeit being carried out within a simple (semi-)empirical model.
The latter is similar in its spirit to the (semi-)empirical model originally suggested in [4] and
later in [5] for studying of photodetachment of C−60(n`). There, the C60 cage was modeled by an
infinitesimally thin Dirac-bubble potential, U(r) = Aδ(r− rC) (rC is the radius of the C60 skeleton)
which binds an external electron into a n` state, thereby turning C60 into a C−60(n`) fullerene anion.
A more realistic model, however, must account for a finite thickness of the fullerene cage. This is
exactly what we do in the present paper. Namely, we model the C60 cage by a spherical annular
potential of a certain inner radius, rin, and finite thickness, ∆. This is because such model has been
proven [18,20,28,29] (and references therein) to produce results in a reasonably good agreement
with both the experimental photoionization spectrum of endohedral Xe@C+

60 [20] and differential
elastic electron scattering off C60 [30], particularly when polarization of the C60 cage by the outgoing
photoelectron was accounted by theory [18,28,29]. Such modeling was also shown [31] to result in a
semi-quantitative agreement with some of the most prominent features of the e− −C60 total elastic
electron scattering cross section predicted by a far more sophisticated ab initio molecular-Hartree-Fock
approximation. Thus, in the present paper, we utilize the described model, combine it with Cherepkov’s
theory [32,33] of spin-polarized photoelectron fluxes from atomic targets, and demonstrate that the
emitted photoelectrons from fullerene anions can have a high degree of spin polarization.

It is clear that, of course, photodetachment of a fullerene anion is a much more complicated process
than the simplified model suggests. It is a multifaceted problem. It presents a challenge to theory.
In the present work, we peel off only a “facet” related to the inherent geometry of C60 to learn if there
is something worthy of attention hidden behind the “facet”, instead of performing rigorous high-level
calculations of the phenomenon. One of a higher-level study could be the investigation of the impact
of the surface and volume plasmons photoexcited in a fullerene anion by the incoming electromagnetic
radiation, as in the case of photoionization of positive fullerene ions [13]. These plasmon excitations
can induce a rather strong collective effect in about h̄ω = 10 to 50 eV domain of the photon energy.
However, as is discussed in the end of Section 2.2 of the paper, the binding energy, E2p, of a 2p attached
electron in C−60(2p), H@C−60(2p) and He@C−60(2p) is approximately −2.65 eV. Therefore, the plasmon
effect on photodetachment of these fullerene anions should start matter at the photoelectron momenta

k =
√

2(h̄ω + E2p) ≥ 0.7 a.u. Thus, in the range of k’s up to k ≈ 0.7 a.u. one can reasonably expect
that the utilized in the present work model is usable, to a good approximation. Furthermore, as will
be shown below, the spin-polarization characteristics of the ejected photoelectrons depend on the
d`−1
d`+1

ratio of the d`−1 and d`+1 dipole photodetachment amplitudes. This might result in a partial
cancelation of the plasmon effects and, thus, in their weakened impact on the spin-polarization
parameters of the ejected photoelectrons. Therefore, one can reasonably expect that the model is still
usable for studying spin-polarized fluxes of photoelectrons even at the values of k > 0.7 a.u. Anyway,
such calculated results are needed to reveal a role of collective effects in the subject of study that would
remain undetermined otherwise. Accounting for collective effects themselves is beyond the scope of
the present paper. As such, the present study may be the impetus for future rigorous theoretical or
experimental studies of the phenomenon.

In addition, the present study also carries an alternative significance regardless of its relevance to
fullerene anions. It relates to a topic of the structure and spectra of confined quantum systems in whole.
To date, confined systems have been scrutinized intensely worldwide by exploiting various sorts of
imaginable external confinements [34–41] (and references therein). As a perspective, the present work,
too, contributes something new to the knowledge box on confined quantum systems in general.

Atomic units (a.u.) are used throughout the text, assuming the electronic charge |e−|, mass m and
Planck’s constant h̄ are equal to unity: |e−| = m = h̄ = 1.



Atoms 2020, 8, 65 3 of 14

2. Review of Theory

2.1. Cherepkov’S Theory of Spin-Polarized Photoelectron Fluxes from Atoms

To date, theory and experiment on the production of spin-polarized electrons have been developed
to a high degree [27,32,33,42] (and references therein).

In the present paper, we follow Cherepkov’s work [32,33] on spin-polarized photoelectron fluxes
upon photoionization of a n`-subshell (` ≥ 1) of an unpolarized atom. We focus on the simplest case of
theory. Namely: (a) A photoionized n`j atomic subshell is a single-electron subshell having the definite
total angular momentum j, j = `± 1

2 , (b) a photon flux is circularly-polarized and it is propagating
along the Z-axis of the XYZ coordinate system, (c) the photoelectron has a definite spin projection,

µ = ± 1
2 , on the Z axis. The corresponding differential photoionization cross section,

dσj
dΩ ≡ Ij(ω, θ, µ),

by a right-hand circularly-polarized photon is [32]:

Ij(ω, θ, µ) =
σ

j
tot(ω)

8π

{
1 + Aj(ω)signµ−

[
1
2

β(ω) + γ1(ω)signµ

]
P2(cosθ)

}
. (1)

Here, P2(cos θ) is a Legendre polynomial, θ is the photoelectron emission angle relative to the
Z axis, σ

j
tot is the photoionization cross section of a n`j (` ≥ 1) single-electron outer subshell of the

atom, β(ω) is the well-known angular-asymmetry parameter of the photoelectron angular distribution,
and Aj(ω) and γ1(ω) are spin-polarization parameters [32]:

β =
`(`− 1)d2

`−1 + (`+ 1)(`+ 2)d2
`+1 − 6`(`+ 1)d`−1d`+1 cos(δ`+1 − δ`−1)

(2`+ 1)[`2
`−1 + (`+ 1)d2

`+1]
, (2)

Aj = (−1)j−`− 1
2

`(`+ 1)(d2
`+1 − d2

`−1)

(2j + 1)[`d2
`−1 + (`+ 1)d2

`+1]
, (3)

γ1 = (−1)j−`− 1
2

2`(`+ 1)[(`+ 2)d2
`+1 − (`− 1)d2

`−1 + 3d`−1d`+1 cos(δ`+1 − δ`−1)]

(2j + 1)(2`+ 1)[`d2
`−1 + (`+ 1)d2

`+1]
, (4)

d`±1 =
∫ ∞

0
r2Rn`(r)R`±1(r)dr. (5)

Here, d`±1 are the radial parts of the photoionization amplitudes for the ejection of an n`-electron
into ε, `± 1 continuum spectra, ε is the kinetic energy of the photoelectron, Rn`(r) and Rε,`±1(r) are
the radial parts of the corresponding wavefunctions of the initial and final states, δ`±1 are phases of
the photoelectron wavefunctions.

The angular dependence of the the spin-polarization degree of a photoelectron flux, Pj(θ),
is defined [32] as

Pj(θ) =
Ij(θ, 1

2 )− Ij(θ,− 1
2 )

Ij(θ, 1
2 ) + Ij(θ,− 1

2 )
=

Aj − γ1P2(cos θ)

1− 1
2 βP2(cos θ)

. (6)

The total, i.e., angle-integrated degree of the photoelectron spin polarization, Pj, is obtained by
the integration, separately, of the numerator and denominator of Equation (6) with respect to the solid
angle, dΩ. As a result, one finds [32] that Pj is the same as the Aj parameter, Equation (3):
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Pj = Aj (7)

The most interesting and important situation for getting strongly spin-polarized photoelectron
fluxes, is when (a) a normally inferior transition, d`−1, turns into a dominant transition compared to
a normally superior transition, d`+1, i.e., when d`−1 > d`+1, and (b) a photoionized atomic subshell
is a np-subshell (` = 1) with the total angular momentum j = `− 1

2 = 1
2 . Indeed, when d`−1 > d`+1,

Equations (3) and (7) say [32]:

Pj=`− 1
2

∣∣∣
d`−1>d`+1

≤ `+ 1
2`

∣∣∣∣
`=1
≤ 1 and Pj= 1

2

∣∣∣
d`−1�d`+1

≈ 1, whereas Pj=`+ 1
2
≤ 1

2
. (8)

In other words, photoionization of a np 1
2

subshell may result in an almost completely
spin-polarized photoelectron flux, P1

2
≈ 1, regardless of the angle of emission of a np 1

2
-photoelectron,

when d`−1 � d`+1. It is precisely for this reason that, in the present paper, we choose fullerene
anions where the attached electron is a p 1

2
-electron and study the phenomenon of spin-polarized

photoelectron fluxes upon p 1
2
-photodetachment.

2.2. Modeling Fullerene Anion Photodetachment

As mentioned above, we model (replace) the C60 cage by a UC(r) spherical annular potential of the
inner radius, rin, finite thickness, ∆, and depth, U0, as in many other studies, e.g., [8–11,18,20,21,28,29]
(and references therein):

UC(r) =

{
−U0, if rin ≤ r ≤ rin + ∆

0 otherwise.

A C−60(n`) anion, then, is formed by binding of an external electron into a n` state by the UC(r)
potential. This model of a fullerene anion is similar in its spirit to modeling C60 by the Dirac-bubble
potential [4,5]. Next, we expand our model for C−60(n`) to an A@C−60 endohedral anion, simply by
positioning the A atom at the center of the UC(r) potential. Furthermore, we complete our model of
fullerene anions by an approximate accounting for polarization of C60 by the outgoing photoelectron.
Generally, this is a too complicated task to be approached rigorously as, e.g., in work [43] (and
references therein) on photodetachment of free atomic anions. However, it is not the aim of the present
work to develop a rigorous theory (model). Instead, we focus on gaining the first meaningful insight
into the subject of study. Thus, the C60 polarization potential is approximated by a semi-empirical
static dipole polarization potential, Vα(r), as in [18,28,29] (and references therein):

Vα(r) = −
α

2(r2 + b2)2 . (9)

Here, α is the static dipole polarizability of C60 (α ≈ 850 a.u. [44]), and b is a free parameter of
the order of the fullerene size. Such accounting for polarization of C60 by the outgoing photoelectron
has recently been proven to result in a reasonable agreement between calculated angle-differential
elastic electron scattering off C60 [28,29] and experiment [30], as well as between the calculated [18]
photoionization cross section of Xe@C60 and experiment [20].

Thus, the total model Hamiltonian, Ĥ(r), for the bound and continuum states of the C−60(n`) and
A@C−60(n`) anions is as follows:

Ĥ(r) = UC(r) + ĤHF + Vα(r). (10)
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Here, ĤHF is the Hartree-Fock Hamiltonian of the system “encapsulated A atom plus an
external electron”.

Correspondingly, the bound energy, En`, and the radial part, Pn`(r), of the wavefunctions of the
attached n` electron, or its continuum-state wavefunction, Pε`(r), are the solutions of the following
radial equation:

−1
2

d2Pn/ε`

dr2 +

[
`(`+ 1)

2r2 + Ĥ(r)
]

Pn/ε`(r),= En/ε`Pn/ε`(r). (11)

Here,

Pn`(r)|r→0,∞ = 0, whereas Pε`(r)|r�1 →
√

2
π

sin
(

kr− π`

2
+ δ`(ε)

)
, (12)

where δ`(ε) is the phase of the continuum state wavefunction and k is the photoelectron momentum.
Lastly, when solving Equation (11), we use the following values for the model adjustable

parameters of the UC(r) potential: rin ≈ 5.8, ∆ ≈ 1.9, U0 ≈ 0.302 and b ≈ 8 a.u. This is
because these values of the parameters were shown earlier to result in a reasonably good agreement
between calculated [18,28,29] and experimental data on both elastic electron scattering off C60 [30] and
photoionization of Xe@C+

60 [20]. A would-be drawback of this potential regarding its application to
2p photodetachment of a C−60(2p) anion is that it produces a 2p state bound by approximately −2 eV
versus the known value of the −2.65 eV of electron affinity of C60 [45]. If we adjust U0 to produce a 2p
state bound by −2.65 eV, then U0 = 0.347 a.u. The question, then, is whether the use of U0 = 0.302
a.u. is justified for the present study. We have carefully analyzed this situation by performing parallel
calculations for a C−60(2p) anion (i.e., one with the use of U0 = 0.302 a.u. and the other one with
the use of U0 = 0.347 a.u.). Namely, we calculated the corresponding P2p radial wavefunction,
σ2p→s and σ2p→d partial photodetachment cross sections, β2p photoelectron angular-asymmetry
parameter, γ1 spin-polarization parameter as well as the A1 = Pj= 1

2
spin-polarization degree of

ejected photoelectrons. Moreover, the stated calculations were performed with and without account for
polarization of C60 by the outgoing photoelectron. Calculated data are presented in the Appendix A.
They show that there is a negligible difference in the P2p(r) radial functions of a 2p bound-state
between the two calculated sets of data. Likewise, there are only insignificant differences between

the photdetachment characteristics, plotted versus the photoelectron momentum, k =
√

2(h̄ω + E2p),
calculated with the use of both potentials. Because of a semi-quantitative nature of the present study,
these insignificant differences can hardly matter at all. More so, when polarization of C60 by the
outgoing photoelectron is considered, there is practically no difference in σ2p→s, σ2p→d, β2p, γ1 and
A1 = Pj= 1

2
between the two sets of calculated data plotted versus k. In terms of the photon energy,

“competing” graphs obtained with the use of U0 = 0.302 a.u. can simply be shifted by 0.65 eV to
match the threshold of E2p = −2.65 eV, if wanted. Therefore, it does not, actually, matter which of
the two values of U0 to use to proceed with the planned study. We prefer to operate with U0 ≈ 0.302
a.u., for the sake of consistency with a series of our former calculations. This is more so, because
such defined UC(r) pseudo-potential led us previously to a reasonable agreement between calculated
and experimental data on photoionization of Xe@C+

60 and elastic electron scattering off C60, as was
mentioned above. Moreover, we plot calculated photodetachment parameters versus the photoelectron
momentum k, because it eliminates the necessity to know the exact value of the E2p binding energy.

3. Results and Discussion

Let us first get a quantitative information about the one-electron configurations of the C−60(2p),
H@C−60(2p) and He@C−60(2p) anions. To do so, let us utilize Equation (11), where we exclude the Vα

polarization potential. This is because Vα is irrelevant to the ground-states of the anions. Calculated
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radial functions of the attached 2p electron, P2p(r), as well as the 1s radial functions, P1s(r), of the
encapsulated H and He atoms are plotted in Figure 1.

Figure 1. Calculated PH
1s(r) and PHe

1s (r) radial functions of the encapsulated H and He atoms, as well
as the P2p(r) radial function of the attached 2p-electron in the C−60(2p), H@C−60(2p) and He@C−60(2p)
fullerene anions, as marked. Note: the P2p(r) functions in these anions are practically indistinguishable
from one another. Vertical dotted lines mark the boundaries of the C60 shell.

Note how the calculated bound P2p(r) functions in these anions are practically indistinguishable
from one another with an insignificant exception at small r’s. Hence, if one to expect differences in
photoionization characteristics between these anions, they will be due to the differences between the
electron densities affecting the photoelectron wave primarily inside the hollow interior of C60.

Calculated σ2p→s and σ2p→d partial photodetachment cross sections of C−60(2p), H@C−60(2p) and
He@C−60(2p) are depicted in Figure 2.
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Figure 2. Partial σ2p→s and σ2p→d photodetachment cross sections of (a) C−60(2p), (b) H@C−60(2p) and
(c) He@C−60(2p) calculated without account (α = 0) and with account (α 6= 0) for polarization of the
fullerene anions by the outgoing photoelectron, as marked. Inserts: σ2p→s and σ2p→d plotted on an
extended k-scale, as marked.

Firstly, which is of primary importance to the present paper, one can see that σ2p→s
exceeds considerably σ2p→d in the interval of k from threshold to several tenths’ a.u.
Then, again, σ2p→s � σ2p→d, at selected higher values of k. The latter is because σ2p→s is oscillating,
resonantly, in anti-phase relative to the oscillating σ2p→d, as is clearly demonstrated in inserts in
Figure 2b,c. Note, resonance oscillations in σ2p→s and σ2p→d emerge at lower values of k as well,
albeit they are less sharp. For C−60, the resonance oscillations in σ2p→s and σ2p→d were first uncovered
in [4] and re-discovered in [5]. They are similar in nature to resonances that have been extensively
scrutinized in photoionization of the A atom of A@C60 endohedral fullerenes for some time now,
see, e.g., [8,11,12,14,18–24] (and references therein). The resonances are due to the interference of
the photoelectron waves scattered off the inner and outer walls of the C60 cage. Following [46],
these resonances are commonly referred to as the confinement resonances. The demonstrated fact
that σ2p→s can considerably exceed σ2p→d not only when σ2p→d is nearly a zero at the resonance
minima, but also when σ2p→d is fairly large (at lower values of k), is an outstanding feature of the
photodetachment of fullerene anions. It is precisely because of this feature that fullerene anions
can serve as new sources of highly spin-polarized electron beams, as will soon be shown in the
present paper.

Secondly, note how σ2p→s and σ2p→d of H@C−60(2p) and He@C−60(2p) differ from those of empty
C−60(2p). We attribute this primarily to the additional scattering of the photoelectron wave off the
encapsulated atom inside C60 compared to the case of empty C−60(2p). Thus, the photodetachment
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parameters of fullerene anions can be tailored to one’s needs by encapsulating an atom inside the
C−60 cage.

Thirdly, one can see that accounting for polarization of the fullerene anions by the outgoing
photoelectron affects strongly both the magnitudes and k-dependence of σ2p→s and σ2p→d.
Especially strong changes are incurred by the polarization effect to σ2p→s at low photoelectron momenta.
Very near the threshold the changes are dramatic, resulting in an extremely narrow resonance in σ2p→s.
The latter is depicted in insert in Figure 2a, for C−60.

The angle-integrated degrees of the photoelectron spin polarization, Pj= 1
2
, upon photodetachment

of C−60(2p), H@C−60(2p) and He@C−60(2p), calculated without (α = 0) and with (α 6= 0) account for
polarization of the C60 cage by the outgoing photoelectron, are depicted in Figure 3.

Figure 3. The angle-integrated degree of photoelectron spin polarization, Pj= 1
2
, upon photodetachment

of the fullerene anions calculated without account (α = 0) and with account (α 6= 0) for polarization of
the C60 cage by the outgoing photoelectron, as marked. (a) Pj= 1

2
for C−60(2p). (b) Pj= 1

2
for H@C−60(2p).

(c) Pj= 1
2

for He@C−60(2p). (d) Calculated Pj= 1
2
s for C−60(2p), H@C−60(2p) and He@C−60(2p) graphed on

the same plot to ease the comparison between them.

Owing to the fact that σ2p→s exceeds, considerably, σ2p→d at/in specific values/domains of k,
the Pj= 1

2
degree reaches large values in there, including the value of Pj= 1

2
≈ 1. This is in accordance

with Cherepkov’s theory, Equation (8). The resonances in Pj= 1
2

are due to confinement resonances in
the 2p→ d and 2p→ s photodetachment amplitudes. Next, note how accounting for the polarizability
of C60 results in decreasing the value of Pj= 1

2
in a domain of k’s from threshold to about 0.5 a.u. Lastly,

note (see Figure 3d) how the encapsulation of an atom A into the C−60(2p) cage generally broadens
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the domains of k’s where Pj= 1
2

is large. Thus, in principle, spin-polarized photoelectron fluxes from

fullerene anions can be controlled, to some extent, by embedding an atom into the C−60 cage.
To calculate the angular dependence of the spin-polarization degree, Pj(θ), of the photoelectron

fluxes from fullerene anions, one needs to know the angular-asymmetry parameters, γ1 and β in
addition to Aj = Pj. Calculated γ1 and β are depicted in Figure 4.

Figure 4. Calculated γ1 and β photoelectron angular-asymmetry parameters upon 2p-photodetachment
of (a) C−60(2p), (b) H@C−60(2p) and (c) He@C−60(2p), as marked. Labels: γ1/γ∗1 and β/β∗ are calculated
data without/with account for polarizability of C60, respectively. (d) Calculated γ∗1 for C−60(2p),
H@C−60(2p) and He@C−60(2p) graphed on the same plot to ease the comparison between them.

Similar to σ2p→s, σ2p→d and Pj= 1
2
, the angular-asymmetry parameters are affected significantly

both by the effect of polarization of the C60 cage by the outgoing photoelectron and encapsulation of H
and He into the fullerene cage. The latter is specifically demonstrated by Figure 4d for enhanced clarity.

We now explore the angular dependence of the spin-polarization degree, Pj= 1
2
(θ), of the

photoelectron fluxes from C−60(2p), H@C−60(2p) and He@C−60(2p). We investigate Pj= 1
2
(θ) at two

different values of the photoelectron momentum, k, where σ2p→s significantly exceeds a fairly large
σ2p→d. In photodetachment of C−60(2p), this happens at k ≈ 0.485 a.u. when polarizability of C60 is
neglected (α = 0) and at k ≈ 0.3 a.u. in the case of α 6= 0. Calculated Pj= 1

2
(θ), at k = 0.485 a.u.,

is depicted in Figure 5.
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Figure 5. The angle-dependent degree of spin-polarization of photoelectron fluxes, Pj= 1
2
(θ), upon

photodetachment of (a) C−60(2p), (b) H@C−60(2p) and (c) He@C−60(2p) calculated at k = 0.485
a.u. without account (α = 0) and with account (α 6= 0) for polarization of the fullerene cage by
the outgoing photoelectron, as marked.

Note how accounting for polarizability of C60 changes Pj= 1
2
(θ) for C−60 dramatically,

both quantitatively and qualitatively, including its sign change in a broad range of the emission
angles, approximately from 30 to 150◦. On the other hand, said polarization of the fullerene cage affects
the spin-polarization degree of the photoelectrons from H@C−60(2p) and He@C−60(2p) significantly
weaker. Moreover, the Pj= 1

2
(θ)s, calculated for H@C−60(2p) and He@C−60(2p), differ relatively little from

each other. Hence, the angle-dependent degree of the photoelectron spin polarization is somewhat
insensitive to the kind of an atom encapsulated inside the C−60 cage, at least in the present case study.

Calculated Pj= 1
2
(θ)s, at k = 0.3 a.u., are plotted in Figure 6.
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Figure 6. The angle-dependent degree of spin-polarization of the photoelectron fluxes, Pj= 1
2
(θ),

upon photodetachment of (a) C−60(2p), (b) H@C−60(2p) and (c) He@C−60(2p) calculated at k = 0.3 a.u.
without account (α = 0) and with account (α 6= 0) for polarization of the fullerene cage by the outgoing
photoelectron, as marked.

Overall, the behavior of Pj= 1
2
(θ) at k = 0.3 a.u. is similar to that of Pj= 1

2
(θ) at k = 0.485 a.u. It is

similar in the respect that (a) accounting for polarizability of C60 only decreases the possible values
of Pj= 1

2
(θ) regardless of the presence or absence of an atom inside C−60, (b) the encapsulation of an

atom inside C−60 results, overall, in decreased values of Pj= 1
2
(θ), and (c) the Pj= 1

2
(θ)s for the endohedral

fullerene anions differ relatively little from each other. On a contrasting side, however, polarization of
C60 by the outgoing photoelectron impacts Pj= 1

2
(θ) of empty C−60(2p), at k = 0.3. a.u., only relatively

insignificantly compared to the caused dramatic changes in Pj= 1
2
(θ) at k = 0.485 a.u.

4. Conclusions

In the present paper, we have provided a glimpse into spin-polarized photoelectron fluxes
from fullerene anions. The key result is that photodetachment of fullerene anions may serve
as a tool for producing highly spin-polarized photoelectron fluxes. This was shown to be due
to a specific feature of photodetachment of fullerene anions-the presence of the domains of the
photoelectron energies/momenta where a d`−1 photodetachment amplitude exceeds by far a d`+1
amplitude. Accounting for interactions omitted in the present study will likely change the details
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of the reported results. However, it is unlikely that the omitted interactions would obliterate the
very existence of the domains of the photoelectron momenta where the key inequality, d`−1 � d`+1,
takes place. Thus, the prediction of highly spin-polarized photoelectrons from fullerene anions should
be qualitatively and semi-quantitatively accurate. It would be interesting to learn how the reported
results would differ from those obtained in the framework of a rigorous theory. In this respect, let us
stress once again that a similar simple model has been reasonably successful in the qualitative and
quantitatively description of experimental and other theoretical data on both the 4d photoionization of
Xe@C+

60 and differential elastic electron scattering off C60.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A. Comparison of Calculated Data Obtained with the Use of U0 = 0.302 and 0.347 a.u.

We demonstrate by Figure A1 that there are only insignificant differences between calculated
P2p(r) radial wavefunctions, as well as σ2p→s, σ2p→d, β2p, γ1 and Pj= 1

2
calculated with the use of

U0 = 0.302 and 0.347 a.u. for UC(r), Equation (9). Calculations were performed both with and without
account for polarizability, α, of C60. Thus, any of the potential depths fits, to a good approximation,
to study spin-polarization photoelectron fluxes from fullerene anions.

Figure A1. Calculated data for a C−60(2p) anion obtained with the use of the depths U0 = 0.302
a.u. (dashed lines) and 0.347 (solid lines) a.u. for the UC(r) pseudo-potential, Equation (9),
as marked in the figure. (a) The P2p(r) radial part of the wavefunction of the attached 2p electron.
(b–e) Calculated, without account for polarizability of C60, σ2p→s and σ2p→d photodetachment cross
sections, β2p photoelectron angular-asymmetry parameter, γ1 spin-polarization parameter and the
Pj= 1

2
angle-integrated degree of photoelectron spin polarization. (f–i) The same as (b–e) but with

account for polarizability of C60.
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