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Abstract

The photoion yield curves for Dy@g* (z=1 and 2) from Dy@@; are measured by using synchrotron radiation in the photon energy
range from 24.5 to 39.5 eV. Correction has been made to compensate the effect of transient change of the density, af Byg@@eraction
region, with the help of the yield curve o§g" produced from g remaining as a trace impurity in the sample. The yield of Dy €xhibits
a gradually descending curve with a flat region at 30—33 eV, similarly to the yield curvgbfr@m Cso. The total photoabsorption cross
section of Dy@(, was evaluated to be (1220.4) x 10-2°m? at the photon energy of 39.5eV.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The interesting variation of the fullerene is the compounds
made up of a cage of carbon atoms encapsulating one or sev-
Because of an interest in the optical response of soli- eral metal atoms inside the ca@@, so-called metal endohe-
tary fullerenes several investigations have been performeddral fullerenes @G, (m=1, 2,...; n=60, 70, 80, 82, 84,
on the photoion yield curves ofggand Gg in the gas phase ...). Among various metal endohedral fullerenes, active stud-
[1-5]. Hertel et al. have observed remarkable peaks lying at ies have been devoted to elucidate geometrical structures and
hv ~ 20 eV in the yield curves of §* and Gg* from Cgg and electronic properties of metal endohedrg {8—11), because
C7o, respectively, and attributed the peaks to a giant plasmona purified sample is acquired more readily for M@ @an
resonancg2]. Kou et al. have measured the yields gfpC for other type of metal endohedral fullerenes. Hence, expecta-
from Cgg covering a range dfiv as wide as 23-180 e}3]. tions from manifold research fields rise high that M@ @ro-
Below 50 eV they found several peaks and shoulders in thevides possibilities of applications toward materials of novel
high-energy side of the 20 eV resonance. Similar experimen- functionalities such as nanoscale electronic de\j@eNev-
tal observation has been reported foro@4]. The spectral  ertheless, due to the difficulties in large-scale production of
features in the curve of &g reflect the molecular charac- the pure sample, there had been no experimental work on
ter of Cgp and agree well with those in the calculated pho- the optical properties of gas-phase M@ @®ullerenes in the
toabsorption cross section og&reported by Colavita et al  vacuum UV and soft X-ray regions, until our report of the
[6] who have clarified many fine structureshat= 16-50 eV 4d— 4f dipole resonance of Ce@gwas published in 2005
arising from single-electron excitations enhanced by shape[12].
resonances. The present paper describes the photion yield curve of
Dy@GCg>' and Dy@G,%* produced from Dy@%p in the
* Corresponding author. Tel.: +81 564 55 7445; fax: +81 564 53 7327.  Photon energy range of 24.5-39.5 eV. Within an assumption
E-mail addressmitsuke@ims.ac.jp (K. Mitsuke). that the quantum vyieldy, for photoionization is equal to
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unity,! the sum of the yields of these ions is considered to and a molecular beam was produced by heating the holder to
be nearly proportional to the total photoabsorption cross sec-approximately 460C. Monochromatized synchrotron radi-
tion of Dy@Gs,. A few theoretical studies have been carried ation from a Dragon-type monochromator at the beam line
out dealing with the photoabsorption cross section of metal 2B in UVSOR[16] was focused onto the molecular beam.
endohedral fullerenes. Wendin andi¥tberg13] have pre- The distance between the exit of the quartz holder and in-
dicted several resonanceshat= 15-19 eV in the calculated  tersection region was 43mm. The photon flux of the syn-
photoabsorption spectrum of Ba@CThe spectrum shows ~ chrotron radiation was estimated by measuring the photocur-
a mixture of the nearly degenerate Ba 5p and G dipole rent from a silicon photodiode. The sublimation rate of the
resonances in which the Ba 5p shell and tlag €hells inter- sample was calculated from the deposition rate measured with
act through out-of-phase and in-phase motions. In the case ot crystal-oscillator surface thickness monitor. A typical value
Dy@GCs> the 5p/» and 5py» edges of the Dy atom are known  Of the sublimation rate was 0.2-0.4 ngrsThereby the num-
to lie at 26.3eV[14], so it is possible for us to tell whether ber density in the interaction region was evaluated from the
or not the peak feature due to the Dy-Hul resonance is  Cross-section and average velocity of the Dy@Beam to
modified by the fullerene cage. be 1.2x 10**molecules m3.
The ionic species produced in the interaction region were

extracted by a pulsed electric field (15kHz, 100V) with a
2. Experimental and methods duration of 5us, mass-separated by a double-focusing time-

of-flight (TOF) mass spectrometer, and detected with a mi-

A Dy@Cg, sample was synthesized by the procedure crochannel plate electron multiplier (MCP) connected to
reported by Kubozono and co-workefgl]. Soot con- a conventional pulse counting system and a multichannel
taining Dy@G;, was prepared by an arc-discharge of a Scaler. lon signal counts were integrated over the respec-
graphite composite rod with Dy concentration of 0.8 mol% tive mass peaks. The photoion yield curves were obtained
under an ambience of 1:110* Pa buffer helium gas. The by plotting the integrated counts divided by the photon flux
sample of Dy@@, was extracted selectively with,N- as a function of the photon energy. On the contrary, no nor-
dimethylformamide (DMF) from the soot for 30 h by Soxhlet Malization has been made to the number density of Dy@C
extraction. Black powder was obtained by removing DMF at because its very low sublimation rate led to large uncertainty
100°C under reduced pressure (X20°Pa). The powder  due to the fluctuation in the reading of the thickness monitor.
was washed with-hexane and the precipitate was dissolved This issue will be discussed later. To inspect the dependence
into toluene by applying ultrasonic irradiation at 0:& The of the detection efficiency on the ion charge, we measured the
solution was filtered with a 0,2m membrane filter. Afterre-  ratios between the yield of Ar(or Xe*) and that of AF* (or
moving toluene, Dy@g was dried by dynamical pumping Xe?*) athv =70, 80, and 90 eV. Next, we compared these val-
of 1 x 10~4 Pa at 200C for 3 days. Synthesis procedure of Ues with the corresponding ratios reported by several work-
five working days resulted in about 5mg of Dy@gGwith ers[17,18]whose mass spectrometers were corrected for the
purity better than 90% from 1I® kg of soot. transmission and detection efficiencies in advance. Since the

Identification of Dy@G, was examined by using the intensity ratios in the present study are in good agreement
laser-desorption mass spectrometry. Mass spectra contain #ith those in the literature within experimental uncertainties,
strong peak of Dy@g" with small amounts of Dy@§s" no correction has been made for the detection efficiency.
and higher-order metal endohedral fullerenes Dy@C
(n>82). A trace of Go*, C70" and G4* were also detected,
the peak heights being the two orders of magnitude lower for 3. Results and discussion
these three ions than for Dy@%£. At mVz=99, 103, 129 and
lower mass positions there exist prominent peaks of the frag- ~ Fig. 1 shows time-of-flight (TOF) mass spectra for ions
ment ions from the organic molecules secondarily produced Produced by photoirradiation of the Dy@£<beam, mea-
during the Soxhlet extraction. sured athv=39.5, 33.5, and 25.0eV for (a), (b), and (c),

The experimental set-up for measurement of the pho- respectively. The peaks due to Dy@€ and Go™ (z=1
toion yields of Dy@G. was described in detail elsewhere and 2) are clearly observed. The resolution of the TOF spec-

[4,12,15] The sample powder was loaded in a quartz holder trometer was not high enough for us to distinguish series of
fragment ions, Dy@g5_2n%" (n> 1) produced via the &
loss processes, from the parent Dy@% ions. However,

1 Considerable data ophave been accumulated for various molecules be-  the (_:O.ntrib.Ution of such fragment ions are cpnsidered to be
cause of the interest in competition between direct ionization and excitation negligible in the present photon energy region, because the
to their superexcited statesopeningto autoioni‘za‘tion anq neutral dissociationexcess internal energy deposited to the parent ions is redis-
[22]. These da_tasuggestth;aﬂalues|ncreaseW|th|ncreaS|ng photon energy  ributed effectively among a number of vibrational modes.
and reach unity at the energy range abe&38 eV. However, this statement B | ith photoionizati f 19 t
is not necessarily acceptable for fullerenes, the electronically excited states y analogy with pho (?Iomza ion of é [ ] one can prec
of which may undergo rapid internal conversion leading to intramolecular that th? excess energies more than 40 eV are required for the
vibrational redistribution and may escape from autoionization. formation of Dy@G,_ 2n%".
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400 —————————

T In what follows we will describe the procedure to achieve
DY@Ce  (c) 25.0eV ] the yield curves of Dy@g&" and Dy@G%*. A specific
I ] treatment has been given to compensate the influence of tran-
sient change of the density of Dy@£n the interaction re-
gion. (1) The yield of Dy@g,* or Dy@Gg,?* at a certain
photon energy was calculated from a TOF mass spectrum, by
summing the ion counts over the mass peak, subtracting an
appropriate background from the summed counts, and then
dividing the net counts by the measured photon flux. Col-
lecting the obtained ion yield consecutively with changing
the photon energy at intervals of 0.5 eV allows us to depict
a provisional yield curve. (2) The provisional yield curve of
Ceso" was determined from TOF mass spectra in a similar
manner as above. (3) We compared this curve with a definite
] ion yield curve of Go* [4], measured by using the neagC
(a) 39.5eV - sample with 99.98% pure, which is essentially equal to the
1 relative partial photoionization cross section for production
of Ceo™ from Ceo. If the provisional yield of Gg* for the
Dy@Cg2 sample shows any deviation from the definite yield
of Cgo* at a certairhy, it is apparent that the number density
of Cgp, and therefore that of Dy@x4g, were subject to tran-

"

lon intensity divided by the photon flux / arb. units

8 12 16 20 24 28 sient change probably on account of instability of the nozzle
Time of flight / ps conditions when the monochromator reached this photon en-
ergy. (4) Correction factors were derived from the ratio of the
Fig. 1. Time-of-flight mass spectra of the Dy@~€ (z=1 and 2) produced Cso' yields between that for the neaggSample and that for

by photoionization of Dy@g3 athv: (a) 39.5eV, (b) 33.5eV, and (c) 25 eV. he D mple includin Wi [ hieve th
The average temperature of the sample holder was set taCi68lllerene the y@ng sample Inc ud g €. (5) e could achieve the

ions, Gso*", Cro" and Gs* are considered to stem froms§ Cro and Ga, yleld_ curves (_)f Dy@@" and Dy@(é22+ by multiplying the
respectively, which remain in the Dy@gsample. provisional yields by the correction factors.
Fig. 2shows the yield curves of Dy@g' and Dy@G %"

The other two weak peaks at 16.3 and lL¥s9are obtained through the above procedure. There are two sets of
assignable to @* and G4*, respectively. Below TOF of
~11.6ps (Mz<420) the mass spectra exhibit a rapid rise
with decreasingnz. This rise can be accounted for by the | -_; '.' o D;@C', a2 Dy'@cz', |
counts of the background ions wittVyz=99, 103, 129 that | =& u Dy@c‘? ndrn © G ®
were formed after the rising edge of the pulsed electric field = =
for ion extraction. In the TOF spectrum the signal of such
photoions may spread over the pulse durationo$ Svith re-
spect to the proper positions of their mass peaks. On the otherg
hand, it is not easy to understand the origins of a background ®
ranging from 12 to 2@ws (m/z=450-1250). We assume that ]
this background results from single and double photoioniza- > g |
tion of other fullerenes and metal endohedral fullerenes such 2

500

units

400 +

300

yield /

as G, (n>70) and Dy@G (n# 82). 100 4

Fullereneions, g** (z=1and 2), Go* and G4+, inFig. 1 ]
are considered to stem fromg§; C7o and Gy, respectively, o4 - -
which remain in the Dy@g> sample. Certainly, the prelimi- 4 % 28 3 332 M ¥ 3B 4
nary examination by the laser-desorption mass spectrometry Photon Energy / eV

reveals contamination of trace quantities gf@&nd Ggin the ) ) )

. . . . . - Fig. 2. Yield curves of the photoions produced from Dy@ D the photon
sample. Our PreV'_OUS investigation using neg Bas indi- energy range of from 24.5-39.5 e\l) data points for Dy@g* from the
cated the sublimation rate of 3-4 ng'sat~460°C measured  first experimental run{) those for Dy@@,"* from the second rui , those
at the thickness monitdf5]. This rate is one order of mag-  for Dy@Gg,?*. The yield of Dy@@G,?* is made to double that of Dy@g'.
nitude higher than the typical sublimation rate of Dy@C  The spectra are taken at photo_n energy intervals of 0.5eV. The yiel_ds are
in the present study. Hence, it is fair to anticipate that the ion calculated from mass spectrahiig. 1 and those at other photon energies.

ts of Ga* and D @G + hi bl . The solid and dashed curves represent the results of the least squares fitting
counts of G~ an y 2’ areroughly comparable, since to the dataX andA , respectively, using polynomial functions, and are to

the sublimation rate is remarkably higher foggGand also guide the reader’s eye. The open circle symbols denote the yield curve of
for Cyq) than for Dy@Gp. Ceo* from Cso measured by using the neagdample.
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the yield data for Dy@g"; (M) and () taken in succes-  cross sections, (12 0.4) x 102°m?, is considered to cor-
sion at almost the same temperature. These two sets of datgespond to the total photoabsorption cross section of Dy C
accord fairly well with each other, which can demonstrate gthy=39.5eV.
the Va||d|ty of the above normalization method. The yleld The total photoabsorption cross section of Dy@c
of Dy@GCg," forms a gradually descending curve with a flat thus obtained is much smaller than that of 82 carbon
region at 30-33 eV. The Dy@g" curve behaves similarly  gtoms (82(C)=2.66x 10729m? at hv=39.5eV) calcu-
to the yield curve of go* measured by using the nea§dlC  |ated from the carbon atomic cross secti@i]. A strik-
sample, which is denoted by open circle symbol§ig. 2 ing discrepancy has also been found for the total pho-
The flat region from 30 to 33 eV in the former curve may cor- toabsorption cross section of Ce@Chat we evaluated
respond to the shoulder at 31-34 eV in the latter curve. This through a procedure similar to that described in the preced-
suggests that both features have analogous origins. Our preing paragrapH12]: 5.3x 10-22m? at hv=110eV against
vious letter ascribed the shoulder 31-34 eV in tgg'Curve 820(C)=3.35x 10721 m? athv = 108.5 eV. We can give two
to transitions of an electron from an occupied valence orbital explanations of why the cross sections of M@QM = Dy
of Ceo to a vacant orbita[3]. Hence, the flat region from  and Ce) have been underestimated. First, it is possible that
30 to 33eV in the yield curve of Dy@g" is expected to  the detection efficiency for heavier M@ is substantially
arise from single electron excitation from molecular orbitals, |ower than those for g+ and Go2*. Conceivably our es-
which have large amplitudes near the carbon shell. No pro- timate of the total photoabsorption cross section of Mg@C
nounced spectral anomaly has been found near the 5p edgefieeds to be revised upwards to some extent. Second, the num-
of Dy at ~26.3 eV. However, it is still too early to conclude per density of M@ at the ionization volume would be
that the Dy 5p 5d resonance is smeared out by the giant res- more diluted than expected from the deposition rate on the
onance at-20 eV arising from heavy overlap of many shape thickness monitor, probably because of poor collimation of
resonances. This is because the Dy Sghresonance could  the beam expanded from the nozzle and because of increase
shift to a lower energy below 24 eV outside of the photon in the flow speed of the M@43 vapor resulting from local-
energy region accessible by our monochromator. temperature rise at the nozzle throat. We are now planning to
The ion signal of Dy@@,”" is discernible above reduce the distance between the nozzle throat of the quartz
hv~27eV. Its yield curve almost levels off thereafter and holder and the photoionization region to increase the beam

shows a gradual rise at around 37eV. Though nothing is flux and obtain reliable evaluation of the number density of
known about the ionization potential of Dy@4for the for- Dy@ Cgp.

mation of Dy@ G2, this quantity can be conjectured from
the threshold energies for double ionization @h@nd Gy,
i.e.19.0 and 18.84 eV, respectivgB0]. If the ionization po-
tential of Dy@G is close to those of §g and Gy, the yield
curve of Dy@G%* probably behaves in a similar manner to

2+ 2+ i i
those of Go™" and Go™, atleastin the onset region. Indeed, versity for valuable discussion and suggestions. This work
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