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Using one-photon excitation we studied photoluminescence of Cg saturated with molecular hydrogen over
a temperature range 10 to 230 K. Saturation of samples was done at a pressure of 30 atm and at temperatures low
enough (7' < 250 °C) to exclude chemical sorption. The samples were saturated during periods of varied duration
T to reach different occupancy levels. To check reliability of our luminescence results and interpretation, our
spectra for pure Cgo were compared with data known in the art, demonstrating good compatibility. The lumines-
cence spectra were attributed according to the approach of Akimoto and Kanno by separating total spectra in
two components of different origin. The A-type spectra, which are associated with exciton transport to deep
traps, above 70 K become prevail over the B-type emission. Until saturation times did not exceed a certain value
(for one, 50 h for a saturation temperature of 200 °C) the integrated intensity / as a function of the temperature 7
of luminescence measurements, /(7), remained at a constant level up to the orientational vitrification point of
about 100 K and then went rather steeply down with increasing 7. However, at longer t the intensity /( 7) per-
sisted in constancy to higher 7 (the higher, the longer 1) and then dropped with increasing 7. This finding made
us to reexamine more closely the lattice parameter vs saturation time dependence for saturation temperatures 200
and 230 °C. As a result, additional evidence allowed us to infer that after completion of the single-molecule fill-
ing of O-voids (specifically, after roughly 50 h for Tsat = 200 °C) a slower process of double filling sets in.
Double filling entails an anisotropic deformation of the octahedral cage, which modifies rotational dynamics
stronger than single filling. Further, we argue that singlet exciton transport to traps (which is responsible for the
A-type emission) can be crucially hampered by rotational jumps of one of the molecules over which a travelling
exciton is spread. Such jumps break coherence and the exciton stops thereby increasing the probability of emis-
sionless deactivation. If so, then the temperature, at which the rotational jumps occur sufficiently frequently, may
be by inference considered the unfreezing point for the orientational glass state (essentially coinciding with the
inverse critical point 7 where the rotational system freezes into the orientational glass). This treatment of Tg dif-
fers from that existing in the art according to which the glass state is destroyed owing to the increased density of
phonon states. Keeping to our reasoning, we conclude that the orientational glass state does not disappear but,
instead, is conserved almost unchanged under one-molecule feeling and persists to appreciably higher tempera-
tures in the case of double filling, which affects exciton dynamics stronger.

PACS: 81.05.ub Fullerenes and related materials;
78.55.—.m Photoluminescence, properties and materials;
61.43.—j Disordered solids;
78.55.Qr Amorphous materials; glasses and other disordered solids.

Keywords: pure and Hp-doped fullerite Cgg, photoluminescence, orientational glassification, exciton transport.

1. Introduction lecular crystals, in which the molecules sit tight in the crys-

tal lattice, fullerite Cgp, in which molecules can rotate, re-

Fullerite Cgp belongs to the class of molecular crystals ~ sembles such cryocrystals as nitrogen or methane. Charge

in which molecules are mutually bound by a relatively  transport [1,2] and other physical properties of Cgo depend
weak van der Waals forces. Unlike in other classical mo-  on the orientational ordering of molecules and the presence
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of interstitial impurities in the crystal lattice. At room tem-
perature, fullerite has a face centered cubic lattice, in which
the molecules rotate almost freely [3,4]. In this structure
there is one large interstitial void (of radius 2.1 A) of oc-
tahedral (O) symmetry and two smaller voids (of radius
1.1 A) of tetrahedral (T) symmetry per each fullerene mo-
lecule [5]. Those voids are large enough to reversibly ac-
commodate rare gas atoms and compact molecules [6—13].
These intercalants influence the state of orientational order
of fullerene molecules in the crystal lattice. In particular, in
doped Cgo the temperatures related with orientational or-
dering and orientational vitrification shift and hysteretic
phenomena are be observed in these critical regions. When
Ceo crystals are intercalated with CO and NO molecule
[14-17] to high occupancies of octahedral voids, the spe-
cific singularities around the glassification transition dis-
appear. These findings were treated as the proof of an es-
sential saturation-related increase in the concentration of
mutual pentagon orientations of molecular pairs and, the-
reby, put to suspicion the very existence of the orientation-
al glass state in concentrated interstitial solid mixtures
of CO and NO with Cgg. It should be noted that the role
of chemically neutral interstitial impurities in the modifica-
tion of rotational states of Cgp is not completely unders-
tood. For example, arguments exist that such impurities
facilitate polyamorphic first-order transformations between
different states of the orientational glass [18,19]. The above
considerations and conclusions should be checked using an
independent experimental method. This article is an at-
tempt to accomplish that using the photoluminescence me-
thod, which proved its efficiency in studies of fullerite Cgg
saturated with chemically neutral particles [20,21].

Presence of an impurity particle in the crystal lattice
of Cgp noticeably affects its optical properties. The photo-
luminescence spectrum of fullerite Cgo is determined by
various emitting entities such as Frenkel excitons [22,23],
charge-transfer excitons [24], and the so-called deep X-traps
[22,23,25,26], most likely, associated with structure de-
fects and impurities. Using luminescence data it has been
demonstrated [20] that emission from X-traps and the va-
riation of the integrated photoluminescence intensity can
be a powerful instrument in studying effects of intercala-
tion on the orientational ordering of fullerene molecules
in the Cgg crystal lattice.

In this article we studied over the temperature range
10-230 K the photoluminescence of small Cgg single cry-
stals doped with molecular hydrogen. Our main aim was to
elucidate how impurity hydrogen molecules influence the
formation of the orientational glass state of Cgp. The
choice of Cg single crystals stuffed with Hy impurities as
the object of study was not occasional. Hydrogen mole-
cules with a van der Waals radius of 1.2 A can be accom-
modated in O-cavities in pairs [27,28]. In addition, hydro-
gen was chosen as the most suitable dopant from other
considerations. In spite of the fact that the saturation pro-

cess with He as dopant has been studied [11] in more de-
tail, utilization of helium as dopant turned out to be im-
practical since we were unable to saturate Cgo with He in
situ when carrying out optical measurements, whereas
transplanting a sample from the saturator to the optical
camera was accompanied by a noncontrollable degassing,
especially from subsurface layers. It should be also added
that in experiments involving a He-Ne laser (FEgy. =
=1.96 eV) the penetration depth for exciting photons is of
order of a few microns [29]. On the other hand, a hydrogen
molecule interacts with carbon atoms much stronger that
a helium atom and one could expect the effect of Hy on the
rotational state of Cgo to be sufficient for documenting
the consequences.

For a more reliable interpretation of photoluminescence
data, the process of saturation of Cgp with hydrogen was
controlled and monitored using powder x-ray diffraction.
The relevant results of those x-ray studies, of importance
in themselves, are published independently [30].

In conclusion we also add that details of the interaction
of hydrogen with fullerite Cgg is part of a wider circle
of investigations in the development of notions and ideas
pertaining to the interaction of hydrogen with other novel
nanostructured carbon materials (including nanotubes and
graphene) which can be utilized for accumulation, storage
and transport of hydrogen.

2. Experimental technique and samples

The typical dimensions of Cgq single crystals for these
studies were 0.5x0.5x0.5 mm. A detailed description
of the process of stuffing Cgg single crystals with hydrogen
as well as the relevant characterization of samples can be
found elsewhere [30]. Luminescence studies of Cgg inter-
calated with molecular hydrogen were carried out with
a setup which allowed us to register emission from sources
with low quantum output over a wide temperature range
(10-300 K). Luminescence emission of Cgp was stored in
the reflection regime within a spectral range of 1.2-1.85eV
(1033—-670 nm) with the aid of a MDR-2 diffraction mo-
nochromator (with a spectral resolution of 2 nm) equipped
with an electromechanical drive. Photoluminescence spec-
tra were recorded with a cooled photomultiplier FEU-62
(with S-1 spectral characteristic). The spectral sensitivity
has been calibrated against the emission of a tungsten strip
lamp SI 10-300. All spectra were corrected with an allow-
ance for the above calibration and then normalized to
the integrated intensity at 7 =10 K. The temperature of
the sample, which was placed in a cryostat in the atmo-
sphere of exchange helium gas at reduced pressure, was
stabilized to within 0.5 K. For a more accurate determin-
ation of the spectral position of separate features, we made
use of the R emission lines (1.788 eV) of the cr'’ion
in Al,O3 as reference. One-photon excitation of fullerite
luminescence was effected with a helium-neon laser
(Eo =1.96 eV) at an emission power of 20 mW. In order
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to remove spurious emission at plasma frequencies and
spurious generation lines, which could appear in the spec-
tra during recording, we used a two-prism monochromator.
To avoid undesirable effects related with photo-stimulated
polymerization and other photo-stimulated consequences
in the samples under study, the output power of the laser
was attenuated to an acceptable level with a polarizer. All
luminescence studies were carried out with a laser output
density not in access of 1.5 mW/mm?. Because of that the
photoluminescence spectra did not change during mea-
surements and were well reproducible between consequent
recordings for the same saturation conditions. A special
honeycomb sample holder ensured efficient heat removal.
Local overheating during photo-excitation did not exceed
1 K, as monitored by the behavior of the temperature de-
pendent spectral lines associated with shallow traps of ful-
lerite. To exclude undesirable consequences of thermo-
cycling, we took for every subsequent photoluminescence
experiment a new batch of Cgo crystals from the entire
bulk of the fullerite undergoing uninterrupted saturation.

The photoluminescence method with one-photon exci-
tation by a He—Ne laser at an excitation power density of
order 1.5 mW/mm® allows observation of changes in the
spectra of the emission coming from ~ 10 um deep sub-
surface layers of Cgo, for the extinction coefficient at
1.96 eV amounts to [29] about 10* cm . We note here that
the samples for the x-ray studies carried out simultaneous-
ly [30] were prepared by crushing Cep single crystals to a
powder with an average size of below ~ 20 pum. The fact
that the depth of the optically active layer in photolumines-
cence measurements and the powder dimensions were
comparable ensured reliability of the common sample at-
tribution for spectroscopic and x-ray findings.

For reader's convenience we recall certain results ob-
tained during saturation and subsequent x-ray measure-
ments [30] of Cgo—Ho samples. In Fig. 1 we show how
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Fig. 1. Variation [30] of the lattice parameter a of fullerite Cgp
during intercalation thereof with H, molecules at a pressure
of 30 atm and different saturation temperatures below 250 °C.
The lattice parameter a was momentarily evaluated at 7 =300 K.
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the lattice parameter a of fullerite Cgo changed with satu-
ration time at two saturation temperatures, the saturation
pressure of Hy gas remaining constant and equal to 30 atm.
By comparing the runs for saturation temperatures
Tiot =150 and 200 °C, we conclude that for the lower sa-
turation temperature the maximum possible saturation lev-
el has not been reached while for the higher saturation
temperature after 50 h hydrogen penetrated virtually to all
O-voids. As the relevant analysis shows [30], when satu-
rated at 250 °C and higher, carbon atoms of fullerite start
bonding chemically with hydrogen to form compounds
CeoHy. Leaning on this finding, in all luminescence mea-
surements we dealt only with Cgg samples, intercalated to
various saturation levels at temperatures below 250 °C.

3. Results and discussion

3.1. Spectral luminescence properties of pure
and hydrogen-intercalated fullerite Cg

Photoluminescence spectra of pure Cgo have been first
measured under two-photon excitation and then correctly
interpreted [22]. Since in this study the one-photon method
was employed, we had to make sure that our luminescence
spectra and the attribution of the bands will be in good
correspondence with the above-cited results of Akimoto
and Kan'no. Let us briefly recapitulate their conclusions.

The luminescence spectrum of Cg single crystals under
two-photon excitation is a superposition of two emissions:
one (A-type luminescence) is due to the recombination of
Frenkel excitons localized on crystal defects, while the
other (B-type luminescence) can be attributed to the re-
combination of singlet Frenkel excitons with participation
of various intramolecular modes. A-type luminescence (its
edge at 1.69 eV) can be treated as originating from inho-
mogeneously broadened transitions within deep X-traps,
which is most likely due to a perturbed Frenkel exciton of
lowered symmetry, more or less delocalized over two
neighbor molecules situated close enough to a strong lat-
tice defect. Due to the selective excitation method em-
ployed [22] it has been established that the 1.69 eV peak is
the “true beginning” of the 0*—0 transition whereas the
other subpeaks are vibron-assisted transitions associated
with Raman-active mode of even symmetry of separate
Ceo molecules (eight A,, two ag and their combinations)
and accompanied by corresponding phonon wings. The
above inhomogeneous broadening appears owing to orien-
tational and translational intermolecular disorder. The B-
type luminescence (beginning at 1.815 eV) looking like
narrow spectral bands is associated with monomolecular
singlet Frenkel exciton of the lowest possible energy. This
Frenkel exciton, due most likely to Jahn—Teller-active vi-
brational modes, is a self-trapped small-radius polaron
characterized by a small (around 5.5 meV) activation ener-
gy, which allows its migration over the crystal. Thus, given
all other conditions equal, the A-type luminescence will be
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also determined by the defect concentration in the vicinity
of the inclusion impurity.

In the present paper we also broke the emission spectra
of Cgp obtained with one-photon excitation in features be-
longing to the two types of luminescence for the case of
a Cgp single crystal (dimensions 1.5%3x2 mm) with its
(111) plane positioned normal to the exciting beam. In
Fig. 2 we show the luminescence spectrum taken at 10 K
of that Cgo single crystal together with the constituting
spectra of types A and B. The total spectrum contains nar-
row bands with the origin at 1.815 eV (which we ascribe to
type B) as well as several broad bands of type A. After
subtracting the B-type spectrum we define that the rest is
mainly type A (the shaded part of the total spectrum).

In Fig. 3 we show a similar spectrum taken at 10 K of
a well annealed polycrystalline sample of pure Cgp, also
broken in types A and B components. The A-type spectra
of both single-crystal and polycrystal Cgo samples were re-
solved into separate bands of the Gaussian shape. It should
be noted here that at liquid helium temperatures the high-
energy (over 1.69 eV) bands from the polycrystalline sam-
ple can be strongly suppressed, since their intensity is to
a large degree due to reabsorption, because it overlaps the
low-energy optical absorption spectrum of deep X-traps.

In Appendix A one can find Table 1, in which the ener-
gy positions of our spectra taken at 10 K for both pure
samples are compared with similar findings of our pre-
decessors. Taking into consideration the high degree of
correspondence between our spectra and those of other
authors, we came to the conclusion that all the procedures
explained above can be reasonably applied in the analysis
of photoluminescence of polycrystalline Cgp samples sa-
turated with hydrogen at a pressure of 30 atm and
T =200°C during 10 saturation times of differing dura-
tion (see [30] for details). The relevant photoluminescence

Intensity, arb. units

Energy, eV

Fig. 2. The total luminescence spectrum (c¢) of a pure Cgg single
crystal at 10 K and its components A (a) and B (). The stars
denote the reference R-lines of Cr' in Al;O3. The arrows indi-
cate exciton bands with energies 1.69 eV (a) and 1.815 eV (b).
The shaded area in the total spectrum denotes the contribution
due to A-type luminescence.
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Fig. 3. Photoluminescence spectrum (c) of a polycrystal Cgo
samples at 10 K together with type-A (a) and type-B (b) contribu-
tions. The stars denote the reference R-lines of Cr3+ in Al,Os.
The shaded area in the total spectrum denotes the contribution
due to A-type luminescence.

spectra, all taken at 7 =10 K, are depicted in Fig. 4 for
pure Cgo and Cgq saturated with hydrogen to different le-
vels. These spectra were separated in two stages, namely,
1) those with insignificant changes compared to that of
pure sample (for saturation times t shorter than 50 h);

1.3 1.4 1.5 1.6 1.7 1.8 1.9

T T T T T T T T T
- 25h |
- 175h |
o 150h |
= 125h
5 ]
E 100 h
oy _
£ 75h |
&
- 50h |
- 35h
i 25h |
| | | | —

1.3 1.4 1.5 1.6 1.7 1.8 1.9
Energy, eV

Fig. 4. Variation of the photoluminescence spectrum measured at
10 K on a polycrystalline Cgp sample with the hydrogen satura-
tion time. Saturation was done at a pressure of 30 atm at 200 °C.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2012, v. 38, No. 8



Orientational glassification in fullerite Ceo saturated with Hy

i a
wn
2
g
50
S b
<
2
‘B
o O . 1 | h
8 [
= c
B % \
ey &L 25K
ITbatey '0%"0‘:;:;:‘:”:&:::’:: RS RIS
0 PRRRRRRRRRIRRRRRRRRRRRR —
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Energy, eV

Fig. 5. The luminescence spectrum (c¢) and its type-A (a) and
type-B (b) contributions from a polycrystalline Cgp sample at
10 K. Saturation time 50 h. The shaded area in the total spectrum
denotes the contribution due to A-type luminescence.

2) with pronounced changes compared to that of pure Cgg
(for T from 75 to 225 h). These changes consisted in that,
first, appreciable red shifts are clearly detectable and,
second, there was a redistribution of intensities between
emission bands.

All the spectra of polycrystalline samples saturated with
hydrogen shown above were also broken in types A and B.
In addition, these A-type spectra, exactly like for pure Cgg
samples, were into separate bands. Figures 5 and 6 show
the respective total and partial spectra for two saturation
times, 50 and 175 h.

Summing up, our studies allowed us to establish the fol-
lowing: 1) the main contribution to luminescence comes
from the A-type spectra; 2) for the first stage (1 <50 h)
the A-type contribution to the total emission changes little
and does not suffer any shift; 3) for the second stage
(75h<t<225h) the A-type contribution increases in
magnitude and suffers a red shift. The variation of the posi-
tion of A-type spectra of polycrystalline samples with satu-
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Fig. 6. The luminescence spectrum (c¢) and its type-A (a) and
type-B (b) contributions from a polycrystalline Cgp sample at
10 K. Saturation time 175 h. The shaded area in the total spec-
trum denotes the contribution due to A-type luminescence.
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Fig. 7. The shift of A-type spectra from polycrystal Cgp samples
as a function of the hydrogen saturation time.

ration time is shown in Fig. 7. The shift of the A-type spec-
tra as a whole was defined as an averaged shift of separate
spectral bands.

The shifts observed for the A-type spectra, which are
related with deep X-traps, is evidence that some additional
interaction between the Cgo matrix and the Hy impurities in
octahedral voids exists. The nature of this effect is dis-
cussed in the following subsection.

3.2. Effect of hydrogen impurity molecules
on the orientational glass state of Ce

In pure fullerite at 7, = 260 K a phase transition takes
place from the high-temperature orientationally disordered
phase (symmetry Fm3m ) to the low-temperature ordered
phase (symmetry Pa3) [4], in which the Cgp molecules
rotate in jump-like fashion. There are two different mutual
orientations of every two neighboring molecules: a penta-
gon one, when a double bond (which is rich in negative
charge) faces a pentagon (which is depleted in electrons) of
the neighbor molecule, and a hexagon one when the double
bond faces a hexagon. Therefore, the pentagon mutual
orientation is energetically preferable. However, the ener-
gy gain between the two states is less by an order of mag-
nitude than the energy barrier height, which controls rota-
tion jumps of these two molecules. The relative number of
pentagon/hexagon obeys the rules of thermodynamics at
sufficiently high temperatures. But, as the temperature is
lowered, the rotation jump frequency goes down rendering
the equilibration time longer. At 7 <90 K rotational
jumps stop and the resulting state is an orientational glass
with a fraction of about 18% frozen hexagon orientations
[3,31]. Saturation of Cgg with chemically neutral particles
modifies its characteristics in the critical regions of the
structural phase transition and of the orientational glass. In
particular, 7, shifts to lower temperatures and the corres-
ponding phase transition smoothes down [14,32-35], hys-
teresis appears in the temperature dependence of the lattice
parameter (most expressively manifesting itself below T,
when the intercalant is xenon [36]).
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Fig. 8. Temperature dependence of the integrated intensity of the
spectra normalized to the respective values at 7 = 10 K, for dif-
ferent saturation stages characterized by t: “short” times
©=0-50 h (a); “long” times t=75-225 h (b), where the 1= 0
curve is shown for comparison. All curves were measured in
heating regime.

Our luminescence data for doped Cgo allow us to make
reliable conclusions concerning the changes in the orien-
tational glass formation brought about by Hj impurities.
In Fig. 8 we present the dependence of the integrated pho-
toluminescence for two saturation stages at 200 °C. It is
known [37,21] that “unfreezing” of the orientational glass
in pure Cgg entails a rather sharp decrease of the integrated
intensity, which progresses as the temperature goes up. In
our opinion, this effect is due not to an increasing phonon
or rotation density of states [23,37] but rather to the “un-
freezing” of molecular rotations.

In Fig. 8 one can see that for any regime of shorter satu-
ration times t (plot @) the /(7) dependence is actually
independent of t. From this finding we infer that the orien-
tational vitrification point stays unchanged at those satura-
tion levels. We call attention to the fact that for t>50 h
(cf. Fig. 1) virtually all octahedral cavities are occupied by
hydrogen molecules. At longer saturation times (cf. Fig. 8
plot b) the integrated intensity stays constant to appreci-
ably higher temperatures. Treating the point, where the
mechanism of emissionless deactivation changes over, as
the temperature T, , at which the orientational glass forms,
we conclude that 7, varies as shown in Fig. 9.
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Fig. 9. Temperature dependence of the glassification point 7, S of
Ceo samples on the hydrogen saturation time.

What is the cause of such behavior of I(7T) for
T>50h? As established [30], after 50 h of saturation
at 200 °C virtually all O-voids are filled. In principle, fur-
ther saturation could promote the formation of compound
CeoH, but in that case the increase of the lattice parameter
a would have been essentially larger even for small x.
Another possibility could be the process in which an O-void
accommodated two hydrogen molecules. Such a possibi-
lity has been already considered [27]. If the upper curve
in Fig. 1 is examined more attentively with a naked eye,
one can notice that this curve has a small but positive slope
for ©>50h. There is one more [30] dependence a(7) of
undoubtedly physical sorption for a somewhat higher sa-
turation temperature 7 ,, =230 °C, which more clearly in-
dicates a slowly increasing Aa upon completion of the O-
void filling. The relatively small increase Aa proves that
hydrogenation does not occur here. In Fig. 10 we plot es-
timates (for details of calculations see Appendix B) of the
potential energy for one and two hydrogen molecules in
an O-void. The pair of hydrogen molecules was oriented
along (111) or (110) directions. Despite the fact that
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Fig. 10. The potential energies of a single H, molecule and a pair
of molecules in the directions 111 and 110 in an octahedral cavi-
ty. The distance is measured from the void center.
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a double filling is energetically unfavorable (cf. Fig. 10)
the entropy contribution to the free energy at higher tem-
peratures plays in favor of double filling [27]. Anyway,
presence of two molecules must lead to stronger forces that
tend to expand the octahedral cavity compared to single-
molecule filling. There is a widely spread argument that
expansion of O-cavities diminishes the barrier that ham-
pers rotation. This is of course so, but only without account
of the additional interaction energy between the hydrogen
molecule and its nearest carbon atoms. Therefore, one can
expect that, given a dopant particle inside the cavity, the
counteraction to rotation (or more precisely, to rotation
jumps) of Cgo molecules will be stronger.

As shown by Akimoto and Kan'no [22], as the tempera-
ture is raised the contribution from monomeric emission
drops while the emission associated with traps increases.
The latter depends critically on the transport of excitons of
predominantly singlet nature. The circumstance of crucial
importance for this transport is the coherence of the states
on the two neighbor molecules involved in the tunneling
jump of the exciton. If one of the two rotates during the
jump, coherence inevitably breaks down and the exciton, at
least for some time, stops to progress, thereby increasing
the probability of emissionless deactivation. Hence, taking
into account the above arguments, we feel that the main
reason behind the emission quenching in Cgg both pure and
doped (but with only one molecule in O-cavities), is the
breaking of coherence of tunnelling exciton transport to
traps rather than simply presence of (additional) rotational
states [37], which at a temperature around 100 K cannot be
plentiful. From this statement follows that the beginning of
the integrated intensity drop in Cgp is associated with the
unfreezing of rotational jumps (i.e., the orientational vitri-
fication temperature T, ), which depends on the level and
nature of entities physisorbed into voids.

4. Conclusions

Over a temperature range from 10 to 230 K, photolumi-
nescence spectra have been measured in fullerite Cgg satu-
rated with hydrogen at a pressure of 30 atm at different
saturation temperatures from 150 to 230 °C during times t
of different duration. Following the method of Akimoto
and Kan'no [22], all spectra were represented as a sum of
two contributions of different origin. Making use of the
analysis of saturation kinetics at different saturation tem-
peratures [30], we dealt only with Cgo samples saturated
with H» in the physisorption regime.

The integrated photoluminescence intensity / in doped
samples was found to be independent of the saturation time
T in samples saturated with Hy at 200 °C during t<50 h
for the entire temperature range of luminescence measure-
ments. However, for 1>50 h we observed essential
changes in the I(7) dependence, which consisted in that
I remained constant with increasing saturation time up to
higher temperatures as compared to pure Ceo.
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The entire set of the above findings and a more accurate
analysis of the dependence of the lattice constant on t for
the saturation temperatures 200 and 230 °C allowed us to
formulate the assumption that in samples prepared with
7> 50 h octahedral voids begin to accommodate two H»
molecules. This assumption is validated by the fact that the
lattice parameter increase Aa for the complete double fill-
ing is appreciably larger than for the single filling but sub-
stantially smaller than that found in the regime of chemical
sorption with formation of the compound CgoH,.

Analysis of all observations relevant for the problem
enabled us to conclude that the main mechanism behind
the drop of the integrated luminescence intensity above 7,
is the break of coherence (caused by rotational jumps of
Ceo molecules) of exciton transport to traps, which makes
excitons stop thereby increasing the probability of emis-
sionless quenching. Proceeding from this concept and
other above-stated considerations, we conclude that the Tg
point (above which rotational jumps occur more often with
increasing temperature) increases with increasing concen-
tration of cavities filled with two hydrogen molecules.

Appendix A. Band attribution

In Table 1 we present our data concerning the A-type
peaks for single-crystal and polycrystal samples of pure
Ceo in comparison with data of other authors [22,29,38].

Table 1. Energy positions of the A-type photoluminescence
band in Cgg crystals: our 10 K data; 5 K data [22,29]; 1.2 K data
[38]. The interpretation as per [22]. psb means “phonon wing”

Energy, eV; our data
single Energy, eV
crystal polycrystal
1.684 1.685 1.68 30*-0 [22]
1.654 1.653 1.652 hy(1), psb [22]
1.632 1.634 1.634 hy(2), ag(1), 2hg(1), psb, [22]
1.598 1.598 | 1.596 hg(3), hg(4), hg(1)+hy(2), psb [22]
1.565 1.567 | 1.565 hy(1)+hy(3), he(1)+hy(4), psb [22]
1.532 1.531
1.502 1.501 1.501 hg(7), ag(2), hy(8), psb [22]
1.501 [38]
1.472 [29]
1.467 [38]
1.460 1.459 1.45[38]
1.439 [38]
1.419 1.419 1.427 [29]
1.406 [38]
1.402 [29]
1.381 1.380 1.379 [29]
1.338 1.3426 1.352 [29]
1.330 [29]
1.294 1.296 1.305 [29]

929



P.V. Zinoviev, V.N. Zoryansky, N.B. Silaeva, Yu.E. Stetsenko, M.A. Strzhemechny, and K. A. Yagotintsev

The main peaks are interpreted according to results [22],
in which the corresponding investigations were carried out
within the spectral range 1.9-1.45 eV. In other studies
[29,38] it has been found that the lines observed within
the low-energy spectral region 1.501-1.305 eV are due to
the recombination of triplet excitons captured by deep
traps. As one can see from this Table, there is a good (to
within + 1 nm) agreement between our data for single-
crystal and polycrystal samples of pure Cgo and the data
of Akimoto and Kan'no [22]. As to the low-energy region,
the band positions from our measurements differ from
those observed elsewhere [29,38]. This can mean that pre-
dominant defects differ somewhat from those present in
the samples of other authors [29,38].

Appendix B. Potential energy of H, molecules in O-void

We calculate the potential energy of a single Hy mole-
cule and a pair of Hy in an octahedral cavity within the
following approximations. The discreet structure of the
surface of the Cgp molecule is disregarded; instead we
represent this surface as carbon matter (60 carbon atoms)
uniformly distributed over the surface 4rtr02, where
7y =3.48 A is the radius of the Cgp molecule, thus making
the average density of carbon atoms to be p =60/ 4nr02.
The interaction between a hydrogen molecule and the sur-
face element &S of a Cgg molecule at a distance R from
the hydrogen molecule to the Cgp molecule center is de-
scribed by the Lennard-Jones function with the combina-
tion LG parameters, 6 =3.179 A and &=32.052 K. Inte-
gration over the fullerene molecule sphere yields for the
H>—Cg potential

@7128012 1 1
R _ 0 10|
h |[(R-1p)" (R+1y)
_30866 1 3 1
Ry | (R-n)* (R+ny)?

@)

where R is the distance between the hydrogen molecule
and the center of the Cgp molecule. The accuracy of our
interaction energy estimates can be checked, for example,
against the attraction part of a more accurate potential of
FitzGerald et al. [39]: the difference at equilibrium dis-
tance amounts to about 4%. The interaction between hy-
drogen molecules was represented by the Lennard-Jones
function with the parameters: 6z =2.96 A and £=36.7 K.
Summing over the six Cgg molecules of the octahedral
cage and accounting for the HoH» interaction if two of
them were present in the void resulted in the curves plotted
in Fig. 10.
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