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Photoprocesses of the endohedral fullerene ions Sc3N@C+
80 and Sc3N@C−

80 in the gas phase have
been investigated in the photon energy ranges 30 - 50 eV and 280 - 420 eV. Single and double
ionization as well as single ionization accompanied by the release of a C2 dimer were observed as a
function of the photon energy for the positive parent ion and double detachment was measured for the
negative parent ion. The emphasis of the experiments was on the specific effects of the encapsulated
trimetallic nitride cluster Sc3N on the observed reactions. Clear evidence of photoexcitation near the
Sc L edge is obtained with the dominating contributions visible in the one- and two-electron-removal
channels. K-vacancy production in the encapsulated central nitrogen atom is seen in the single
ionization of Sc3N@C+

80 but is much less pronounced in the photoionization-with-fragmentation
channel. Comparison of the cross sections near the carbon K edge with the corresponding channels
measured previously in the photoionization of Lu3N@C+

80 reveal strong similarities. Previously
predicted sharp resonance features in the ionization of Sc3N@C+

80 ions below the Sc M edge are not
confirmed. The experiments are accompanied by quantum-chemistry calculations in the Hartree-
Fock approximation and by model calculations employing density functional theory (DFT).

I. INTRODUCTION17

The first experimental evidence for the existence of18

soccer-ball-shaped C60 molecules [1] initiated an im-19

mensely growing activity in several different fields of sci-20

ence. Almost in parallel with the exploration of the new21

class of spherical carbon structures, it was speculated22

and then realized that the carbon spheres can host and23

isolate single atoms or molecules and even clusters of24

atoms that can only be stabilized inside a spherical or25

nearly spherical carbon shell [2, 3]. Research on such26

carbon cages with encapsulated atoms, i.e., endohedral27

fullerenes, was spurred by scientific interest in the be-28

havior of these intriguing nanoscale objects and by the29

perspectives of their usefulness in many diverse fields of30

applications ranging from medical treatment to the de-31

velopment of efficient solar cells and the realization of32

qubits in a spin quantum computer. All these aspects33

have been reviewed many times. Here, only a few ref-34

erences to recent reviews on endohedral fullerenes are35

provided [4–6].36

One research direction among the wide and diverse sci-37

entific endeavours aiming at the detailed understanding38

∗ Alfred.Mueller@iamp.physik.uni-giessen.de

of the nature and applicability of fullerenes and endohe-39

dral fullerenes is associated with their response to electro-40

magnetic radiation [7–10]. The references given in recent41

publications [11–15] provide an overview of experimental42

research in the field of photoionization and photofrag-43

mentation of fullerenes. Investigating many-particle sys-44

tems such as molecules, clusters and fullerenes by observ-45

ing fine structure near atomic inner-shell photoabsorp-46

tion edges is particularly elucidating. Examples of mea-47

surements employing gas-phase near-edge x-ray absorp-48

tion fine structure (NEXAFS) spectroscopy of nanopar-49

ticles, biopolymers, and ionic species have been provided50

in a recent overview article [16].51

Most of the work on photoprocesses involving52

fullerenes and endohedral fullerenes is theoretical ([8, 17]53

and references therein) because experiments are ham-54

pered by the limited availability of pure fullerene sam-55

ples. The problem of sample purity can be overcome56

by employing mass-selective preparation of fullerene tar-57

gets. This is possible by producing beams of electri-58

cally charged fullerenes and passing them through mass-59

over-charge filters. When beams of fullerene ions are60

made to interact with photon beams for studying pho-61

toionization and photofragmentation, the advantage of62

pure-target preparation is accompanied by the possibil-63

ity of measuring absolute cross sections [10]. During the64
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FIG. 1. (color online) Magnetically analyzed mass-per-charge spectrum of positive ions extracted from an ECR ion source
while evaporating a Sc3N@C80-containing fullerene sample into the plasma chamber of the source.

last one and a half decades, photon-ion merged-beams65

experiments were carried out with positively and neg-66

atively charged fullerene ions [13, 14, 18–20] and with67

positively charged endohedral fullerenes Sc3N@C+
80 [21],68

Ce@C+
82 [22], Xe@C+

60 [23, 24] and Lu3N@C+
80 [15].69

The focus of this communication is on gas-phase exper-70

iments with Sc3N@Cq
80 in charge states q = ±1. A wide71

range of photon energies is covered which include the re-72

gions of Sc M -shell and L-shell absorption edges as well73

as the K edges of C and N. Previous experimental studies74

of photoprocesses involving the Sc L edge together with75

the N K and the C K edges in neutral Sc3N@C80 com-76

prise the observation of photo-electrons [25], of photoab-77

sorption [26, 27], of core-level photoemission [26] and of78

momentum-resolved multi-coincidence spectra [12]. Pi-79

oneering work on Sc3N@C+
80 ions [21] investigated the80

influence of the Sc3N cluster on the photoionization of81

the Sc3N@C+
80 parent ions in the energy range of ap-82

proximately 30 to 50 eV. The latter experiment stimu-83

lated theoretical work on photoionization of Sc3N@C+
8084

ions [28, 29] in which excess cross sections were arising85

from the encapsulated atoms compared to the cross sec-86

tion for the C80 carbon shell. A particularly intrigu-87

ing prediction was made by Korol and Solov’yov [28] of88

narrow autoionizing Sc excitation resonances in the pho-89

toionization of Sc3N@C+
80 ions. This prediction provided90

part of the motivation for the present experimental in-91

vestigation.92

The present paper is organized as follows. The exper-93

imental arrangements and procedures are described in94

Sec. II. Sec. III briefly explains the theoretical approaches95

employed to calculate the geometry, electron distribu-96

tion and the photoabsorption of the endohedral fullerene97

Sc3N@C80 in different initial charge states. The results98

of model calculations and experiments are presented and99

discussed in Sec. IV. The paper ends with a summary.100

II. EXPERIMENT101

The experiments were carried out at two different102

synchrotron-radiation sources during several beam-time103

periods at each of the facilities. The photon-ion merged-104

beams technique [10] was employed both at the Ad-105

vanced Light Source (ALS) in Berkeley and at PETRA106

III in Hamburg. Two permanent experimental installa-107

tions were used, namely, the PIPE (Photon-Ion Spec-108

trometer at PETRA III) endstation [30, 31] of beam-109

line P04 [32] and the IPB (Ion-Photon Beamline) endsta-110

tion [33] of beamline 10.0.1. at the ALS. Several of the111

most recent publications of the present collaboration on112

photoprocesses of ions studied at the endstations at the113

ALS [13, 34–37] and at PETRA III [38–43] illustrate the114

experimental capabilities and the latest developments.115

The basic concepts of the endstations used for the116

present experiments are very similar. The desired ions117

are produced by a suitable ion source. The extracted118

ions are accelerated by a voltage of 6 kV. The ion beam119

is dispersed in a magnetic field and ions of a given mass120

and charge are selected for further transportation to the121

photon-ion merged-beams region. Product ions are sepa-122

rated from the parent ion beam by a second magnet and123

directed to a single-particle detector. The observed de-124

tector count rates are normalized to the measured photon125

and parent-ion fluxes to obtain product yields. There is126

also the possibility to measure absolute cross sections by127

characterizing the overlap of the two interacting beams.128

However, beam-overlap form factors [10] were obtained129

only at the time when the single-ionization channel of130

Sc3N@C+
80 was measured in the photon-energy range 30131

to 50 eV where Sc M -shell excitation may occur. In all132

other experiments discussed in the present context, only133

relative yields were recorded as a function of the photon134

energy. Cross sections with relatively large uncertain-135

ties estimated to be of the order of 50% are obtained136

for Sc3N@C+
80 ions by normalization to absorption cross137

sections prescribed by Henke et al. [44] for a molecule or138
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FIG. 2. (color online) Magnetically analyzed mass-per-
charge spectrum of negative ions extracted from the ECR
ion source while evaporating a Sc3N@C80-containing fullerene
sample into the plasma chamber of the source.

cluster consisting of 80 C atoms, 3 Sc atoms, and 1 N139

atom. In the case of Sc3N@C−
80 parent ions, a typical140

beam overlap factor was assumed to estimate the abso-141

lute cross section. Considering the observed variations of142

beam overlaps, an uncertainty of a factor of 2 is assessed143

in that case.144

In both endstations, the identical type of single-145

particle detectorwas used that has a high detection effi-146

ciency and very low dark-count rate. Atomic ions are de-147

tected with almost 100% efficiency while the very heavy148

fullerene ions may be detected with only 50 to 70% ef-149

ficiency depending on their velocity. For the produc-150

tion of positive and negative Sc3N@C80 ions at the two151

endstations, two identical versions of a 10-GHz electron-152

cyclotron resonance (ECR) ion sourcewere employed.153

Mass-per-charge spectra of Sc3N@C+
80 and Sc3N@C−

80154

ions are shown in Fig. 1 and Fig. 2, respectively. Powder155

samples of heavy fullerenes with 20% enriched Sc3N@C80156

were evaporated in an oven inside the plasma chamber157

of the ECR ion source. In both cases, minimal radio-158

frequency power (< 1 W) was applied to support the159

plasma discharge. However, the spectra are very differ-160

ent. The positive-ion spectrum is rich and shows nu-161

merous different fullerene ions. The samples contained162

fractions of C60, C70, C84, and Sc3N@C80 which can163

be directly ionized in the source plasma. Singly, dou-164

bly and triply charged ions of these fractions are visible165

in the positive-ion spectrum Fig. 1. In addition, numer-166

ous other ion species are produced by fragmentation of167

the original fullerenes of the powder sample in the source168

plasma. Only fragments with even numbers of carbon169

atoms are produced.170

In contrast to the positive-ion production, the spec-171

trum of negative ions shows only a few species, predom-172

inantly the negative ions of the fullerenes contained in173

the sample powder. Two additional peaks are observed174

in the negative-ion spectrum shown in Fig. 2, the anion175

of Sc3N@C78 which is probably a product of ionization176
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FIG. 3. (color online) High-resolution mass spectrum of
Sc3N@C+

80 ions. Isotopologues containing different numbers
of 13C atoms are resolved. The solid line follows from com-
binatorial statistics when considering the natural abundances
of the carbon isotopes.

with fragmentation, and the anion of Sc3N@C82 which177

is suspected to be initially present in the original sample178

powder. The relative lack of fragmentation products in179

the negative-ion spectrum might be explained by a very180

low electron temperature in the ECR plasma providing181

optimum conditions for negative-ion production by elec-182

tron attachment while suppressing fragmentation. It is183

also possible that fragment anions are much less stable184

than the parent anions and do not survive the flight times185

in the apparatus.186

The mass resolving power m/∆m in the spectra shown187

in Fig. 1 and Fig. 2 is of the order of 100. By closing188

the entrance and exit slits of the analyzer magnet much189

better resolution can be achieved. Figure 3 shows the190

mass-per-charge peak of Sc3N@C+
80 at a resolving power191

of 2240. Under this condition, the peak is resolved re-192

vealing five different contributions. The dominant peak193

at mass number 1109 is associated with the endohedral194

fullerene containing 80 12C atoms, the peak at mass num-195

ber 1110 belongs to endohedral fullerenes containing 79196

12C atoms and 1 13C atom. The mass number of an en-197

dohedral fullerene increases with the constituent number198

of 13C atoms. Assuming that the endohedral fullerene199

material was synthesized using carbon with its natural200

abundances of isotopes one can calculate the mass distri-201

bution function on the basis of combinatorial (binomial)202

probabilities. The solid line in Fig. 3 represents the re-203

sulting distribution expected at a mass resolving power204

of 2240, in excellent agreement with the measured mass205

spectrum.206

The measurement at high mass resolution demon-207

strates the purity of the primary Sc3N@C+
80 ion beam.208

Contaminations with other ions of identical mass-per-209

charge ratio can be excluded. High resolution requires210

the closing of slits and, hence, reduction of transmitted211



4

ion current. Therefore, the photo-product spectra were212

recorded at moderate mass resolution with m/∆m ≈ 100213

to maximize the ion current.214

The photon energy in the rest frame of the ions de-215

pends on the settings of the beamline optics and the216

velocity of the ions in the laboratory frame. At an en-217

ergy of 6 keV, the Sc3N@C+
80 parent ions have a velocity218

of 3.23×106 cm/s which is about 0.01% of the vacuum219

speed of light. At low photon energies in the range of 30220

to 50 eV the Doppler effect in the counter-propagating221

photon and ion beams is only a few meV. Calibration er-222

rors of the beamline at the ALS in this low-energy regime223

are no more than 20 meV. No special effort was made to224

determine the photon energy in this range with better225

accuracy.226

For the measurements with Sc3N@C+
80 ions at ener-227

gies in the range 280 to 320 eV at the ALS the photon228

energy was calibrated to the π∗ resonance of the CO2229

molecule [45, 46]. At PIPE, the energy range covered in230

the experiments was 280 – 420 eV. For the measurements231

with Sc3N@C+
80 ions the photon energy was calibrated to232

the dominant 1s→ 2p resonances in the photoionization233

of C+ [41] and of Ne+ [31]. For the combined spectra234

resulting from the measurements with Sc3N@C+
80 ions at235

the ALS and at PETRA III the uncertainty of the energy236

scale in the range 280 - 420 eV is estimated to be 0.2 eV.237

In the separate run with Sc3N@C−
80 ions the photon en-238

ergy was calibrated to resonances in neutral O2 [47] and239

Ne [31, 48]. The resulting uncertainty of the photon en-240

ergies in the range 280 - 420 eV is estimated to be 0.3 eV.241

III. MODEL CALCULATIONS242

Model calculations in support of the experiments have243

been carried out for Sc3N@Cq+
80 fullerenes for initial244

charge states q = −1, 0,+1,+2,+3, and +4. The initial245

geometry of the fullerene ions as well as the distribution246

of electrical charges among the atomic constituents was247

determined as a function of q. NEXAFS spectra were cal-248

culated on a relative cross-section scale using approaches249

of density functional theory (DFT; a recent review of250

DFT and a discussion of the most commonly used den-251

sity functionals has been provided by Mardirossian and252

Head-Gordon [49]). The model specifically includes pho-253

toabsorption at the K edge of nitrogen and the L edge of254

scandium. For the calculations it was assumed that the255

production process of the fullerene sample used for the256

experiments favored the formation of Sc3N@C80 with Ih257

symmetry [25].258

The geometry of the endohedral fullerenes with charge259

states from -1 to +4 was optimized by quantum-260

chemistry calculations using the GAMESS package [50]261

in the Hartree-Fock approximation employing a 6-31G**262

basis set. As the starting geometry, the Ih (31924) sym-263

metry of the Sc3N@C80 fullerene calculated by Popov264

and Dunsch [51] was chosen. From the optimization, the265

positions and electrical charges were obtained for the dif-266

ferent atoms constituting the Sc3N@Cq+
80 (q = −1, ...,+4)267

fullerene molecules.268

The photoabsorption spectra were calculated using the269

StoBe code [52] on the DFT level employing Becke88270

and Perdew86 functionals [53, 54] for the exchange and271

correlation terms, respectively. For a proper descrip-272

tion of the photo-excited orbitals, additional auxiliary273

basis sets A2-DZVP (4,3;4,3) were added for the car-274

bon and nitrogen atoms and A2-DZVP (5,5;5,5) for the275

scandium atoms. These basis sets are described by God-276

bout et al. [55]. The calculations of the x-ray absorption277

are based on the transition-state approach described by278

Triguero et al. [56]. For the Sc 2p excitation all orbitals279

below the 2p subshell were frozen during the calcula-280

tion. Furthermore, the 2p orbitals of the two unexcited281

Sc atoms as well as the N 1s orbital were frozen consider-282

ing the near degeneracy of the Sc 2p and N 1s electrons.283

During the N 1s NEXAFS calculation all Sc 2p orbitals284

were frozen. Since spin-orbit splitting is not included in285

the StoBe code, it has been artificially added for the Sc286

2p excitation by splitting the calculated spectra into two287

components separated by 4.9 eV according to the atomic288

spin-orbit splitting [57]. The statistical branching ratio289

for the L3 and L2 excitations would be expected to be290

2:1, however, in photoionization of the Sc atom [57] and291

the Sc+ ion [58] a ratio close to 1:1 is found, which is292

also applied here. For simplicity the resonance positions293

were taken from the transition-state-approach computa-294

tions and no additional calculation for the fully relaxed295

core hole states was performed.296

The StoBe code only provides osillator strengths for297

individual transitions at given resonance energies. For298

a realistic description of photoabsorption the widths of299

the excited atomic and molecular levels have to be suit-300

ably modeled. For this purpose, the widths of the N K-301

and Sc L-shell resonance contributions were assumed to302

be 0.5 eV at energies up to 410 and 415 eV, respectively,303

where the excited levels preferentially decay via an Auger304

process. At higher photon energies the excited levels ac-305

quire shape-resonance character suggesting a consider-306

ably larger width. For energies beyond 420 eV for the N307

atom and 425 eV for the Sc atoms, widths of 4 eV were308

assumed. In the energy ranges 410 to 420 eV for N and309

415 to 425 eV for Sc a linear increase of the widths as a310

function of photon energy was applied.311

IV. RESULTS312

A. Model-based findings313

The treatment of the Sc3N@Cq+
80 molecule in different314

charge states q by employing the GAMESS package [50]315

in the Hartree-Fock approximation yielded the electri-316

cal charges of the C, N, and Sc atoms as well as their317

radial distances from the center of the molecule. The318

results of the present model calculations are shown as a319

function of the charge state q in Fig. 4 a) and b), respec-320
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tively. The charges of the encapsulated N and Sc atoms321

obtained by a Mulliken population analysis [59] do not322

change when the whole endohedral molecule carries dif-323

ferent charges (see Fig. 4 a). As one goes from q = −1324

up to q = +4, electrons are practically only taken from325

the cage although the carbon sphere is known to have a326

large electron affinity. A Löwdin population analysis [60]327

for the charge of the individual atoms shows the same328

trend with q. It is less surprising then that the geometry329

of the Sc3N@Cq+
80 molecule does not significantly change330

with the charge state q. The nitrogen atom is known331

to reside approximately in the center of the endohedral332

molecule [25]. This is also found in the present treat-333

ment. The three scandium atoms form an equilateral tri-334

angle with the nitrogen atom in the center and, hence, all335

atoms of the Sc3N cluster are located in one plane. Ac-336

cording to the present model calculations, the Sc atoms337

have a radial distance of 0.20 nm from the center of the338

Sc3N@Cq+
80 molecule independent of the charge state q.339

Such independence is also found for the carbon atoms of340

the cage with an average distance of 0.41 nm from the341

central N atom. For neutral Sc3N@C80 with Ih symme-342

try, the corresponding distances provided by Popov and343

Dunsch are 0.203 nm and 0.412 nm [51], respectively,344

in excellent agreement with the present findings. Most345

important in the present context was that neither the346

geometry nor the distribution of electrical charges sig-347

nificantly depend on the charge state q, at least for the348

sequence q = −1, 0,+1,+2,+3,+4.349

From the results reported in the preceding paragraph,350

with the geometry of the endofullerene and the electrical351

charges on the scandium and nitrogen atoms not chang-352

ing when the charge state q of the initial Sc3N@Cq+
80353

molecule is varied, one may also expect that the cross354

section for photoabsorption by the encapsulated Sc3N355

cluster does not strongly depend on q. This expecta-356

tion is confirmed by Fig. 5 which shows the results of the357

present model calculations using the StoBe code [52] on358

the DFT level described in Sec. III. Indeed, the sizes and359

spectral shapes of the (relative) cross sections obtained360

for different charge states q are very similar. In particu-361

lar, the peak energies are found to be almost identical in362

the range of q investigated here.363

B. M-edge region of the encapsulated scandium364

atoms365

Subsequent to the initial experimental report of a366

Sc3N@C+
80 single-photoionization cross-section contribu-367

tion of the scandium atoms encapsulated inside a C80368

sphere [21], Korol and Solov’yov published a prediction369

of narrow autoionization resonances in the excess cross370

section caused by the presence of the three Sc atoms in371

the endohedral fullerene [28]. The absence of these res-372

onances in the first experiment [21] might have been at-373

tributed to the limited statistical quality and low density374

of the previous cross section measurements.375

As part of this experimental effort, the cross section376

for single-photon single ionization of Sc3N@C+
80 ions was377

measured again with a step size of 20 meV compared to378

the previous 400 meV. The energy range 25 – 52.5 eV379

was covered. Statistical uncertainties near the maximum380

excess cross section of approximately 6% were accom-381

plished compared to the previous 20%. The energy res-382
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FIG. 6. (color online) Excess cross section originating from
the encapsulated Sc3N cluster relative to the C80 cage. Previ-
ous experimental results [21] are represented by open squares
with statistical error bars. The present new data are the
gray circles with smaller statistical uncertainties. The solid
(red) line is the result published by Korol and Solov’yov [28]
for a radial distance rSc = 0.55rcage = 0.23 nm of the
Sc atoms from the center of the endohedral fullerene where
rcage = 0.415 nm is the average radius of the C80 shell used
in their calculation. The (blue) dashed line is the result (for
total photoabsorption) of Chen and Msezane [29] divided by
12.

olution was similar in both experiments: 85 meV in the383

new measurement and 100 meV in the previous experi-384

ment.385

Figure 6 compares the new and the previous experi-386

mental results for single ionization of Sc3N@C+
80 ions by387

single photons in the energy range of interest with theo-388

retical excess cross sections. The spectrum calculated by389

Korol and Solov’yov [28] shows clear signatures of scan-390

dium autoionization resonances while the structures in391

the cross section obtained by Chen and Msezane [29] are392

typical of fluctuations resulting from (time-dependent)393

DFT. The new experimental results show no evidence of394

resonances and other structural features predicted by the395

calculations.396

In both theoretical treatments the dependence of the397

excess cross section for photoionization of Sc3N@C80 on398

the off-center position of the Sc atoms is emphasized.399

Small deviations of the radial distance rSc of the Sc atoms400

from the center of the whole endohedral molecule relative401

to the average radius rcage of the cage can lead to signif-402

icant broadening of autoionizing resonances. In particu-403

lar, an increasing ratio rSc/rcage causes the resonancees404

to be smeared out. A ratio rSc/rcage = 0.6 approxi-405

mately doubles the Lorentzian widths of the dominant406

scandium resonances. Thus, one of the possible explana-407

tions is that the theoretical ratio rSc/rcage is too small.408

However, previous detailed investigations [51, 61] of the409

Sc3N@C80 geometry indicate values for rSc = 0.20 nm410

and rcage = 0.41 nm which result in rSc/rcage = 0.49,411

much smaller than the limit where resonances are pre-412

dicted to disappear. Another effect not considered in413

the calculations is the temperature of the Sc3N@C80414
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FIG. 7. Fractional abundances of different product ions mea-
sured after the absorption of a single photon by Sc3N@C+

80

ions; a) Sc3N@C2+
n products at photon energy Eph = 285 eV

with n = 72, 74, 76, 78, 80; b) the same products at Eph =

402 eV; c) Sc3N@C3+
n products at photon energy Eph =

402 eV with n = 72, 74, 76, 78, 80; d) Sc3N@Cq+
80 products

at photon energy Eph = 408 eV with q = 2, 3, 4. Vertical

bars indicate the experimental uncertainties of the measured
abundances.

molecule. In the experiments the endohedral-fullerene415

powder has to be evaporated, which requires oven tem-416

peratures exceeding 600 K. The plasma environment in417

the ion source may lead to further heating which is not418

controllable in the experiment. With 249 internal degrees419

of freedom, the thermal energy stored in the Sc3N@C80420

molecule is almost 13 eV already at 600 K. The associ-421

ated kinetics are likely to broaden and thus smear out422

resonances arising from single Sc atoms.423

C. Product-ion yields and cross sections424

Absolute cross sections σ in merged-beams experi-425

ments are obtained from426

σ = R
qevion

ηφphIionFL
(1)

with the signal count rate R, the charge state q of the427

parent ions, the elementary charge e, the ion velocity vion,428

the signal-detection efficiency η, the photon flux φph, the429

electrical current Iion of the parent ions, and the form430

factor FL [10]. In a given experiment with observation431
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of product channels for a specific parent ion species most432

quantities in Eq. 1 are constant. Experience with the433

PIPE setup used in the present experiments shows that434

the form factor does not significantly vary with photon435

energy in the investigated range. Thus the absolute cross436

sections obtained in an energy-scan measurement are pro-437

portional to the signal yield defined by438

Y =
R

φphIion
. (2)

With exception of the low-energy measurements cover-439

ing contributions of Sc M -shell ionization, the present440

data are not absolute and product ion yield measure-441

ments were performed as functions of the photon en-442

ergy. In order to put the yield curves on proper rel-443

ative scales, separate measurements were conducted in444

which, at a fixed photon energy, the yields were mea-445

sured for different reaction channels of one given par-446

ent ion under identical experimental conditions. Exam-447

ples for such sets of yields are given in Fig. 7. In each448

data set the yield of the dominating final channel is nor-449

malized to 1. Clearly, in the measurements of processes450

Sc3N@C+
80 → Sc3N@C2+

n + e + (80 − n)/2 × C2 with451

n = 72, 74, 76, 78, 80 (panels 7a and 7b) the ionization452

without fragmentation (n = 80) is by far the most impor-453

tant channel. Similarly, double ionization without frag-454

mentation dominates over the channels involving double455

ionization with fragmentation (panel 7c). When com-456

paring single, double and triple ionization without frag-457

mentation of the initial Sc3N@C+
80 ion at Eph = 408 eV458

(panel 7d) double ionization is by far the dominant chan-459

nel.460

Yield spectra, i.e., product-ion yields as a function of461

photon energy, were measured at a fixed monochromator-462

exit-slit width of 1500 µm resulting in a photon en-463

ergy resolution at 400 eV of 1.1 eV. This was evidenced464

by the measurement of the vibrational levels in the N2465

1s→ π∗ absorption spectrum. Spectra were obtained for466

Sc3N@C+
80 parent ions and the three dominant product467

channels Sc3N@C2+
80 , Sc3N@C2+

78 , and Sc3N@C3+
80 . By468

using the fractional-abundance measurements shown in469

Fig. 7 the measured yield spectra for Sc3N@C+
80 parent470

ions were put on a relative scale. Moreover, the data of471

Fig. 7 suggest that about 70% of the total photoabsorp-472

tion by Sc3N@C+
80 ions at photon energies slightly above473

400 eV is accounted for by these three channels. The474

total photoabsorption cross section, in turn, can be in-475

ferred from the compilation provided by Henke et al. [44].476

Thus, approximate cross sections for the three dominant477

photoprocesses of Sc3N@C+
80 ions can be obtained. The478

results are shown in Fig. 8 panels a), b), and c) with their479

statistical error bars. The estimated total uncertainties480

are ±50%.481

As described in Sect. II, the cross section for double482

detachment of Sc3N@C−
80 parent ions was obtained by483

assuming a typical form factor with an estimated uncer-484

tainty of a factor of 2. The measurement was also car-485

ried out with an energy resolution of 1.1 eV. The result486
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FIG. 8. (color online) Overview of the measured cross sec-
tions as functions of the photon energy. For normalization
procedures and associated uncertainties see main text. The
experimentally derived cross sections are shown as open cir-
cles with their statistical uncertainties. The investigated pro-
cesses are indicated in each panel. The solid (red) line in
panel d) is the average of single- and double-ionization cross
sections for Sc3N@C+

80 parent ions.
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is given by the data points with statistical uncertainties487

in panel d). Exploration of possible other final chan-488

nels with different charge states and different levels of489

fragmentation demonstrated that double detachment is490

the strongest photoprocess accessible to the experiment491

(single detachment forming neutral Sc3N@Cn was not ob-492

servable). The spectrum obtained for double detachment493

of Sc3N@C−
80 shows features occurring in both single and494

double ionization of Sc3N@C+
80. Therefore, it is mean-495

ingful to model the double-detachment cross section for496

the negative ion by a linear combination of the single-497

and double-ionization cross sections of the positive ion.498

The red curve in panel d) is the average of these lat-499

ter two cross sections, i.e., identical weight factors of 0.5500

were used for the two contributing spectra. The result is501

within 30% of the cross section for double detachment of502

Sc3N@C−
80.503

All cross-section functions show a sharp rise with a504

resonance feature at about 285 eV and a number of res-505

onances below the carbon K-shell ionization threshold506

at about 290 eV in Sc3N@C−
80 and about 294 eV in507

Sc3N@C+
80. At photon energies between 395 and 410 eV,508

additional cross-section contributions arising from the en-509

capsulated Sc3N cluster are visible. These contributions510

are investigated more closely in the following subsections.511

The present results clearly show that the dominant512

photoprocesses of Sc3N@C−
80 and Sc3N@C+

80 ions are di-513

rect single and double ionization while fragmentation is514

of minor importance. This is in stark contrast to re-515

cent experiments by Xiong et al. [12] who investigated516

soft-x-ray-induced ionization and fragmentation dynam-517

ics of neutral Sc3N@C80 using an ion-ion-coincidence518

momentum-imaging technique. At a photon energy of519

406.5 eV they found dominant channels leading to com-520

plete disintegration of the endohedral fullerene into small521

fragments. Single and multiple ionization without frag-522

mentation were found to be less probable than the release523

of a single Sc+ product ion. Almost no pure single ion-524

ization without fragmentation was observed and triple525

ionization without fragmentation was the dominant pure526

multiple-ionization channel in their experiment. In the527

present experiment, pure double detachment is the dom-528

inant process for Sc3N@C−
80 and pure single and double529

ionization are dominant for Sc3N@C+
80 ions.530

At 406.5 eV, absorption of the incoming photon by531

one of the Sc atoms is an important contribution to the532

total photoabsorption cross section. At this energy, exci-533

tation of the L2 subshell of Sc is the most likely process.534

Previous experiments on photoionization of neutral Sc535

atoms [57] showed that triple and double ionization are536

the dominant final channels resulting from L-shell excita-537

tion of neutral Sc. However, the Sc atoms encapsulated538

inside a C80 sphere are known to have an average elec-539

trical charge of +2.3 [26], i.e., each Sc atom donates a540

charge equivalent to 2.3 electrons to the C80 sphere and541

the central N atom. Hence, it is more appropriate to542

consider the final decay channels of Sc2+ and Sc3+ after543

L-shell excitation. Experimental data are not available544

for these charge states but a theory-based analysis has545

been carried out by Kaastra and Mewe [62] who find pre-546

dominantly single or double ionization as the result of547

the decay of a 2p vacancy in Sc2+ and single ionization548

as the result of the decay of a 2p vacancy in Sc3+. For549

neutral carbon they find predominantly single Auger de-550

cay after the production of a K-shell vacancy. Previous551

measurements with Xe@C+
60 [24] showed that the charge552

state distribution of the endohedral molecule after pho-553

toionization of the 4d subshell of the encapsulated xenon554

atom was similar to that of free (neutral) xenon after555

4d photoionization. The present experiment follows this556

same scheme with encapsulated and free Sc2+/3+, given557

the results of Kaastra and Mewe.558

From the present experiment and the analysis provided559

in the previous paragraph one may conclude that high560

stages of ionization and predominant cage destruction561

observed in the experiment by Xiong et al. [12] have to562

be attributed to the special conditions in their experi-563

ment. Two possible explanations for their observation564

come to mind. One is the high oven temperature of about565

910 K which might have resulted in partial thermal and566

subsequently also chemical decomposition of the heated567

sample. Moreover, at such a high temperature Sc3N@C80568

is evaporated with a large amount of vibrational energy569

substantially exceeding the lowest ionization and frag-570

mentation thresholds. The second is the detection prob-571

ability of the ion detector in their time-of-flight spectro-572

meter. At the acceleration voltage used for the product573

ions, a strong variation of the detector efficiency is to be574

expected for fragments with different charge states and575

energies. This was not considered in the paper by Xiong576

et al. One should also keep in mind that 97% purity of577

the original sample, as used in their experiments, does578

not guarantee the identical purity of the vapor produced579

at a given temperature from that sample due to the effect580

of fractional evaporation of sample components that have581

very different vapor pressures. It should be mentioned582

in this context that the main body of results obtained583

by Xiong et al. is based on momentum-resolved multi-584

coincidence spectra which are not influenced by several585

of the caveats discussed above.586

D. Scandium L-edge and nitrogen K-edge region of587

the encapsulated Sc3N metal nitride cluster588

The main focus of the present work is on the cross-589

section features caused by the encapsulated Sc3N clus-590

ter. The double-peak structure observed near 400 eV is591

caused by L-shell excitation of the scandium atoms and592

K-shell excitation of the nitrogen atom. Figure 9 zooms593

into the associated energy regions of the spectra provided594

by Fig. 8. In addition to the magnifications shown in pan-595

els 9a, 9b, 9c, and 9e the corresponding energy range in596

the previously reported absorption spectrum of neutral597

crystalline Sc3N@C80 [27] is included (panel 9d).598

The resonance features of interest are all similar but599
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FIG. 9. (color online) Cross sections of photoprocesses in-
volving positive Sc3N@C+

80 ions (panels a, b, and c), neutral
crystallized Sc3N@C80 (panel d) and negative Sc3N@C−

80 ions
(panel e) in the photon energy range of the K edge of nitrogen
and the L edge of scandium. Panels a, b, c, and e provide de-
tails of the spectra shown in Fig. 8. Panel d is a detail of the
absorption spectrum obtained previously by Müller et al. [27].
The specific channels are identified in the figure along with
each spectrum. Vertical dashed lines mark the peak energies
of the dominating Sc resonance features. The solid (red and
blue) lines in each panel are extrapolated cross sections rep-
resenting the “background” cross-section contribution of the
C80 shell.
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FIG. 10. Contributions of the Sc3N cluster to the yields ob-
tained for various photoprocesses involving Sc3N@C+

80 (pan-
els a and c) and neutral Sc3N@C80 (panel b, adapted from
previous work by Alvarez et al. [26]). The data in panels a
and c correspond to the ones shown in Fig. 9, panels a and
c, respectively. Panel b shows the core-level photoemission
spectrum of the Sc 2p and N 1s lines in the neutral endohe-
dral fullerene measured as a function of photon energy. The
peak assignments provided by Alvarez et al. are indicated in
panel b. The vertical dashed lines mark the positions of the
resonances seen in panel b.

not identical. They are superimposed on a “background”600

arising from photoionization of the C80 sphere. Depend-601

ing on the individual channel, the “background” levels602

and resonance peak heights are very different. For dou-603

ble ionization of Sc3N@C+
80 (panel b) the fingerprint of604

the Sc3N cluster is very weak compared to the contribu-605

tion of the C80 cage. As a result the statistical quality of606

the peak features is not as good as in the measurements607

for the other channels investigated.608

The main peaks in the spectra shown in Fig. 9 line up609

in energy quite well although the parent target charge610

state varies from +1 to -1 and different exit channels are611

observed. Lining up of peak energies for different charge612

states is also found in the present model calculations (see613

Fig. 5. However, notwithstanding the similarity in peak614

positions, the individual spectra shown in Fig. 9 signifi-615

cantly differ from one another. In particular, the single-616

ionization spectrum shows structural features that are617

strongly suppressed in all other spectra. For further dis-618
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cussion of differences it is worthwhile investigating which619

processes contribute to the spectral features. The re-620

quired information is obtained from the measured yield621

of photoemission from core-level photoexcited Sc3N@C80622

previously obtained by Alvarez et al. [26] together with623

their assignment of the peak features shown in panel b624

of Fig. 10.625

In addition to the photoemission yield spectrum mea-626

sured by Alvarez et al. [26] for neutral Sc3N@C80, Fig. 10627

also includes the yields obtained in the present experi-628

ments for the photoprocesses Sc3N@C+
80 → Sc3N@C2+

80629

(panel a) and Sc3N@C+
80 → Sc3N@C2+

78 + C2 (panel c).630

The two spectra are remarkably different near the low-631

energy side of the Sc L3 feature where single ionization632

shows much more strength than single ionization accom-633

panied by emission of a neutral C2 dimer. By comparison634

with the results provided in panel b one may conclude635

that the rapid increase in the measured single-ionization636

spectrum at 396 eV (see panel a) is due to K-shell exci-637

tation of the encapsulated nitrogen atom.638

According to Kaastra and Mewe [62], a K vacancy in639

nitrogen predominantly decays by a single Auger process,640

i.e., a K-shell photoexcitation resonance in nitrogen pri-641

marily leads to a resonance in the single-ionization of the642

nitrogen atom. The fact that the nitrogen atom is encap-643

sulated by the C80 cage has apparently little influence on644

the final result of the initial N1s photoexcitation: The645

whole endohedral fullerene ion just changes its charge646

state by one unit. Very little effect of the presence of the647

N atom is seen in the Sc3N@C2+
78 + C2 product channel.648

One may conclude that the Auger electron emitted from649

the nitrogen atom which is known to be near the cen-650

ter of the C80 cage has little interaction with the valence651

electrons of the carbon cage.652

On the other hand, there is a relatively sizable effect653

of photoabsorption by the three Sc atoms on the forma-654

tion of Sc3N@C2+
78 although the emitted Auger electron655

has roughly the same energy as that emitted by the N656

atom. A possible explanation for this difference is the657

position of the three Sc atoms close to the inner surface658

of the C80 cage with some bonding to three of the carbon659

pentagons [63] that constitute the C80 structure together660

with carbon hexagons. When one of the Sc atoms under-661

goes an Auger decay subsequent to L-shell excitation the662

valence shell is disturbed and, with it, also the bonding663

to the inner surface of the carbon cage. Another possible664

mechanism for efficient charge transfer from the carbon665

cage to the inner-shell excited Sc atom could be inter-666

atomic Coulombic decay (ICD) [64, 65], i.e., a two-center667

Auger process, where a carbon K-shell or L-shell electron668

fills the Sc 2p vacancy and an outer shell electron either669

from the carbon atom or the scandium atom is emitted.670

As a result of charge transfer from the carbon cage to the671

photoionized Sc atom, fragmentation of the intermediate672

Sc3N@C2+
80 ion is a likely process that overwhelms possi-673

ble contributions from the decay of a K vacancy in the674

central N atom.675

The dominant resonance features in photoabsorption676
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FIG. 11. (color online) Comparison of photoabsorption
cross sections (all adapted from previously published work)
of Sc3N in neutral Sc3N@C80 (panel a) with experimental
and theoretical results for neutral Sc and singly charged Sc+

ions (panels b,c,d,e). Panel a: Photoabsorption by Sc3N in
crystalline Sc3N@C80 [27] with the contribution of C80 sub-
tracted (dotted line); photoabsorption by Sc3N in Sc3N@C80

sublimated on a clean single crystalline Au(110) surface [26]
with the contribution of C80 subtracted (solid line). Panel
b: Photoabsorption by neutral Sc atoms [57] (solid line) and
photoabsorption by Sc+ ions [58] (dashed red line); measured
yields were normalized to theory for neutral Sc and convoluted
with a 1-eV FWHM Gaussian distribution function. Panel c:
Photoabsorption by Sc+ ions [58] normalized to theory for
neutral Sc. Panel d: absorption by neutral Sc atoms [57]
normalized to theory. Panel e: theoretical absorption cross
section for neutral Sc atoms [57, 66].
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by neutral Sc3N@C80 are due to the encapsulated scan-677

dium atoms. Therefore, it is useful to compare these678

features with those found by theory and experiment for679

neutral Sc and for Sc+ ions. Panel a of Fig. 11 shows nor-680

malized cross sections (see above) for neutral Sc3N@C80681

deposited on metal surfaces. The dotted line is the result682

published by Müller et al. [27], the solid line represents683

a measurement by Alvarez et al. [26]. The two spec-684

tra obtained in different experiments are almost identi-685

cal in shape. The contributions of both the scandium L686

shell and the nitrogen K shell are evident in these total-687

absorption data.688

For comparison, Fig. 11 includes experimental pho-689

toabsorption spectra of neutral Sc [57] (panel d) and690

singly charged Sc+ ions [58] (panel c), both in the gas691

phase. The measurements on neutral Sc were accompa-692

nied by a calculation of the photoabsorption cross sec-693

tion [57, 66]. The theoretical photoabsorption spectrum694

(panel e) was convoluted with a 0.1-eV full-width-at-half-695

maximum (FWHM) Gaussian to simulate the experimen-696

tal photon-energy bandwidth and is in reasonable agree-697

ment with the experiment.698

While the photoabsorption spectra of Sc and Sc+ show699

numerous fine details that are related to individual tran-700

sitions to specific excited states, the absorption by neu-701

tral Sc3N@C80 is a much smoother function of photon702

energy. The reason for this is not the limitation in ex-703

perimental resolution but the effect of hybridization of704

the valence shells of the encapsulated atoms and the sur-705

rounding carbon shell. For better comparison, the ex-706

perimental spectra of free Sc and Sc+ were convoluted707

with a 1-eV FWHM Gaussian distribution function to708

simulate the hybridization effect. The results are shown709

in panel b. The solid (blue) line is obtained from the710

experiment with neutral Sc, the dashed (red) line from711

the experiment with Sc+ ions. The two contributions712

associated with excitations of the L3 and L2 subshells713

peak at almost identical energies indicated by the ver-714

tical dashed lines. The same Sc features found in the715

endohedral fullerene occur at slightly higher energies as716

evidenced by the extension of the vertical lines into panel717

a. The shifts of the observed peaks are of the order of 1718

to 1.5 eV.719

In addition to the resonance positions and the shapes720

of the measured spectral contributions of the encapsu-721

lated Sc3N cluster, the sizes of the related partial cross722

sections are of interest. For comparison of the experi-723

mental data, the ”background” originating from the C80724

cage has been subtracted from the cross sections dis-725

played in Fig. 9. This ”background” cross section may726

be reasonably approximated by straight lines in the en-727

ergy range of interest, as indicated in Fig. 9. The iso-728

lated partial Sc3N cross-section contributions obtained729

from the present measurements after ”background” sub-730

traction are displayed in Fig. 12. Again, the vertical lines731

indicate the positions of the two main peak features. The732

statistical quality of the data for single ionization (panel733

a) is quite different from that for double ionization (panel734
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c) although the overall size of the cross sections is very735

similar. The reason for this is the strong contribution of736

carbon K-shell ionization of the C80 cage and subsequent737

single-Auger decay. Much better contrast between the738

Sc3N signal and the C80 ”background” is obtained for739

the single-ionization plus fragmentation channel (panel740

b) although the cross section for the encapsulated clus-741

ter is smaller by a factor of approximately 5.742

The size of the contribution of Sc3N to double-743

detachment of Sc3N@C−
80 is approximately equal to the744

contribution of Sc3N to double-ionization of Sc3N@C+
80.745

Because of a smaller “background” cross section of the746

C80 cage the statistical quality of the negative-ion double-747

detachment data is much better than that of the positive-748

ion double-ionization measurement.749

A surprise in this investigation was the observation of750

Sc 3d excitation features in Sc3N@C+
80 and Sc3N@C−

80 at751

identical photon energies. The two different initial charge752

states of the endohedral fullerene had been chosen to pro-753

duce a maximum change of the electrical charge distri-754

bution inside the cage and to search for differences in the755

photoabsorption cross section (including an energy shift).756

That the observed 3d5/2 and 3d3/2 excitation features line757

up with one another indicates that the resonance ener-758

gies of the encapsulated atoms are little influenced by the759

initial charge of the endofullerene.760

The question of actual charges ζ on the atoms consti-761

tuting Sc3N@Cq
80 has been addressed in our model calcu-762

lations. Previously, Alvarez et al. [26] found that the car-763

bon cage with q = 0 carries the charge ζ(C80)=-6.3e, i.e.,764

each scandium atom gives up 2.4e and the nitrogen atom765

absorbs 0.9e. The present model calculations carried out766

at the level described in Sec. III suggest lower charges767

on the atoms of Sc3N@C80. The computations yielded768

ζ(Sc)=+1.2e, ζ(N)=-1.2e, and ζ(C80)=-2.3e in the Mul-769

liken approach [59] and ζ(Sc)=+0.6e, ζ(N)=-0.5e, and770

ζ(C80)=-1.4e from the Löwdin [60] analysis. In their771

2013 review on endohedral fullerenes Popov, Yang and772

Dunsch [5] state that for the Sc3N cluster “The charges773

strongly depend both on the method of theory used to774

compute wave functions and on the electron density par-775

titioning, but all reported values are significantly smaller776

than +6 expected for the purely ionic (Sc3N)6+@C6−
80 .”777

In spite of the differences between computations of the778

actual charge on the constituents of the trimetallic ni-779

tride cluster fullerene, the present Mulliken- and Löwdin-780

charge calculations agree on the development along the781

sequence of Sc3N@Cq
80 molecules in charge states q =782

−1, 0,+1, ...,+4 demonstrating that the charges of the783

encapsulated nitrogen and scandium atoms remain es-784

sentially unchanged while the charge state q of the endo-785

fullerene is varied by up to six units. The relatively small786

influence of the overall charge state of the endohedral787

fullerene on the charge of the encapsulated Sc atoms is788

confirmed for q = 0 and q = −1 by a previous inves-789

tigation authored by Popov and Dunsch [67]. Transfer-790

ring this finding to the charge on the carbon cage in the791

neutral fullerene as derived by Alvarez et al. means that792

for q = −1 the cage carries a charge of −7.3e and for793

q = +4 the charge on the cage is reduced to −2.3 e. At794

the same time each Sc atom and the nitrogen atom es-795

sentially maintain their charge ζ(Sc)=+2.4e and ζ(N)=-796

0.9e. As a result, the cross section for photoabsorption797

by the encapsulated Sc3N nitride cluster is not expected798

to change with q. Indeed, the present DFT calculations799

confirm this expectation as demonstrated by Fig. 5.800

E. Carbon K-edge region801

The measured product-ion yields (and hence also the802

inferred cross sections) show pronounced resonance and803

threshold features near the K edge of carbon. Fig. 13804

zooms into the lower-energy region of the spectra dis-805

played in Fig. 8 to emphasize the carbon K-edge re-806

gion. Similar to the results obtained previously with807

Lu3N@C80 ions in different charge states [15], the cross808

sections all show contributions of certain base features.809

The vertical lines in Fig. 13 demonstrate that reso-810

nances as well as signatures of the K-shell photoioniza-811

tion threshold line up with one another in the different812

final product channels. The dashed line at 284.8 eV is813

approximately at the position of the first narrow reso-814

nance occurring in all of the spectra. The solid line at815

290.2 eV marks what is considered to be the K-shell ion-816

ization threshold of a carbon atom in the Sc3N@C−
80 ion.817

The solid line at 293.8 eV is meant to mark the K-shell818

ionization threshold of a carbon atom in the Sc3N@C+
80819

ion. A carbon K-shell vacancy predominantly decays820

by a single-Auger process so that net double ionization821

of a carbon atom results when the K shell is ionized.822

When transferring this finding to the fullerene, a double-823

ionization onset at the K edge is expected. This is the824

basis of the assignments of the two lines discussed above.825

The exact positions of the K-shell ionization thresh-826

old energies inferred from the threshold steps in Fig. 13827

have uncertainties due to the absolute calibration of the828

photon-energy scale and due to the width of the edge fea-829

tures. The 3.6-eV difference of the two energies has an830

estimated uncertainty of 0.6 eV.831

The difference of ∆E = (3.6 ± 0.6) eV between the832

thresholds for carbon K-shell ionization in Sc3N@C−
80833

and in Sc3N@C+
80 might be used to extract information834

about the outer radius of the endohedral molecule similar835

to the analysis published previously [15]. The simplest836

approach is to assume that the difference is given by837

∆E =
1

4πε0

eδq

R
, (3)

where R is the outer radius of the fullerene sphere and838

δq the charge difference between the negatively and pos-839

itively charged fullerene. The quantities e and ε0 are the840

elementary charge and the electrical constant. Assuming841

δq = 2e one obtains a value of R of 0.8 nm which is much842

higher than the radius found previously.843
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FIG. 14. Comparison of the present spectra for Sc3N@C+
80

(solid data points) near the carbon K edge with previously
published measurements for Lu3N@C+

80 [15] (open circles) for
single ionization (panel a) and double ionization (panel b).

While one may assume that the positive charge on844

the Sc3N@C+
80 sphere is uniformly distributed over the845

surface, the attached electron in the Sc3N@C−
80 ion is846

freely movable around the sphere and will move away847

from other negative charges. When the K-shell photo-848

electron leaves the sphere, the attached electron is likely849

to move to the opposite side of the cage. Hence, the850

electron has to overcome the potential energy associated851

with 2R. Accordingly, the difference ∆E is now852

∆E =
e2

4πε0

[
2

R
−

(
1

R
− 1

2R

)]
(4)

which yields R = 0.6 ± 0.1 nm. Considering the un-853

certainty of ∆E this is in agreement with the previous854

finding of 0.5 ± 0.04 nm [15]. It is also in agreement855

with the van-der-Waals radius of C80 with Ih symme-856

try that has been found to be between 0.53 and 0.56 nm857

by using quantum molecular dynamics calculations [68].858

The present radius R can also be associated with the859

radius rcage discussed in Sect. IV B. When adding the860

half-thickness of the carbon cage to the average radius861

rcage of the cage one should get R. For the thickness862

of the C60 cage a value of 0.15 nm has been experimen-863

tally determined [69]. With rcage = 0.41 nm for the C80864

cage the outer radius of the fullerene sphere R = 0.49 nm865

results, which is still in accord with the present finding866

given the uncertainty of the C80 cage thickness.867

In the case of Lu3N@C80 ions an analysis was carried868

out to determine which peak or threshold feature con-869

tributes to the individual final product ion channel with870

what amplitude [15]. Rather than repeating such an anal-871

ysis here, we compare cross sections for photoprocesses of872

Sc3N@C+
80 with the related process of Lu3N@C+

80. Two873

of all the available spectra can be considered because874

they were measured for equivalent product channels of875
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both endohedral fullerenes. The results are shown in876

Fig. 14 where the yields obtained in the single- and877

double-ionization experiments with Lu3N@C+
80 are nor-878

malized by one constant factor to the related cross sec-879

tions of Sc3N@C+
80 obtained in the present investigation.880

Small deviations in the positions of resonance features of881

Sc3N@C+
80 and Lu3N@C+

80 are attributed to the uncer-882

tainties of the associated energy calibrations.883

V. SUMMARY AND OUTLOOK884

Photoprocesses of the endohedral metallofullerenes885

Sc3N@C+
80 and Sc3N@C−

80 in the gas phase have been886

studied by experiments and by supporting model calcu-887

lations.888

Previous measurements on photoionization of889

Sc3N@C+
80 in the energy range 30 - 50 eV were re-890

peated with much finer energy steps and improved891

statistical precision. The results rule out the theo-892

retically predicted presence of narrow autoionizing Sc893

resonances in the photoionization cross section.894

For Sc3N@C+
80 the product channels resulting in895

Sc3N@C2+
80 , Sc3N@C3+

80 , and Sc3N@C2+
78 were investi-896

gated in the photon energy range 280 to 420 eV. In897

the same range the double-detachment product channel898

Sc3N@C+
80 resulting from photoabsorption by the anion899

Sc3N@C−
80 was studied. The dominant processes are the900

removal of one or two electrons from the parent endohe-901

dral metallofullerene.902

The observed relative magnitudes of product-ion yields903

may be understood in terms of the known Auger-decay904

probabilities of isolated atoms. All the final-channel spec-905

tra show distinct contributions from the encapsulated906

Sc3N cluster as well as characteristic resonance features907

near the K edge of C. It is interesting to note that all908

cross-section features that are characteristic for the en-909

capsulated cluster line up in energy, indicating that the910

charge on the encapsulated atoms does not significantly911

change when the charge state of the parent endofullerene912

is varied. This is in accord with the present model cal-913

culations.914

The central N atom shows a distinct fingerprint on915

the single-ionization cross section of Sc3N@C+
80. Its im-916

portance relative to that of the Sc atoms appears to917

be enhanced in the single-ionization channel; however,918

the influence of the N atom is reduced in the single-919

ionization channel that includes fragmentation. The dif-920

ference is explained by the central position of the N atom921

and its relatively large distance from the inner surface922

of the carbon cage in contrast to the small distance of923

the Sc atoms with their loose bonding to carbon pen-924

tagons which, together with carbon hexagons, establish925

the outer fullerene shell.926

Finally, it was found that the cross-section functions927

for single and double ionization of Sc3N@C+
80 are al-928

most identical with those for single and double ionization929

of Lu3N@C+
80, demonstrating the great similarity of the930

trimetallic nitride cluster fullerenes.931

Experiments with internally cold endohedral fullerenes932

such as Sc3N@C+
80 would be highly desirable to eliminate933

effects of the substantial thermal energy that can be934

stored in the vibrational degrees of freedom. Mea-935

surements using radiofrequency ion traps or cryogenic936

storage rings are expected to provide better-defined937

initial conditions. Exposing trapped mass-selected938

endofullerenes to photon beams and analyzing the939

complete inventory of the trap after a given interaction940

time promises to provide access to all important final941

product channels simultaneously. Work in that direction942

is in progress.943
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Press, 2009) pp. 13 – 68.990
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