dusunka H13kux Temnepatyp, 1995, 1. 21, Ne 7, ¢. 773~780

Radiative transitions in solid C

YK 536.48

under UV laser and

VUV synchrotron radiation

M. A Terekhm N. Yu Svechnlkov A A. Kolmakov V. G Stankevatch

V A. Stepanov,and V. N. Bezmelnltsm

Russian Reseanh Center «Kurchatov Institute», Moscow 123182, Russia

M Kamada and:S. Tanaka

UVSOR Facility, Institute for Molecular St?i;?"(‘t’, Okazaki 444, Japan

K. Kan'no, M. Ashida, and T. Matsumoto

Depur!;ncnt of Physics, Kyoto Uni ijsiry, Kyoto 606, Japan

¢ Submitted January 20, 1995 revised manusmpt recelved February 22, 1995

Photolummescem properties of pure Cgq thin solid films have been investigated in the emission range of 1.2-

2.4 eV over a wide temperature interval under excitations with 3.7 and 36 eV photons. Dose dependence of the
luminescence degradation of Cgo films under long -time UV and VUY irradiation has been discovered and examined

at various ambient conditions. Temperature dependence of luminescence from 10 o 300 K exhibited a step-like
peculiarity in the vtcmlty of the structural phase transition near Te~ 250 K, and a decrease from 13 to 10 K. Also a

Cpo luminescence in the process of doping.by neutral pomssmm atomic beam «in situ» at 400 K has been examined.

The. luminescence decay time measurements gave values of 1.2 + 0.1 ns for a singlet excited state, and ~400 micro-
seconds for a triplet state, the latier decays non- radnauvely wnh a probability of more than 80%,. The experimental
ddta obtained lead us to a conclusion that the mlrmsu, nature of luminescence in solid Cgq , correlates with the bulk

properties which may be attributed, mainly, to self-trapped singlet excitons. The influence of the triplet state was also-
observable via protection against photopolymerization due to energy transfu from the excited mplu state of Cg to

WL

> Co mtercalated d|oxygen

1. lntroductlon

The efficient synthesis of ‘pure C g0 and the dis- -
coveryof superconductivity in T = 19-30 K range in

alkali metals—C, compounds have stimulated furt'helj

investigations of the structural and electronic proper-
ties of these materials. ' "
The icosahedral Cg, molecule has a closed cage

slructure with the surfdce consisting of 12 five-mém-
bered carbon rings, separated by 20 benzenoid six-
membered carbon rings. It possesses the highest sym-
metry of all the fullerene family, and hence, the most
“high stability {1].
The presence of extended valence electron system
- provides an interesting experimental system for the
study of ‘electronic excitations [1]. The C60 mole-

cules, forming a solid film, interact with each other by
physical Van der Waals forces. Solid Cy provides an

\interesting example of a molecular semiconductor, in
which’both the intra-molecular and sohd state effects
ﬁre important [2].

[
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The cammonly observed wide phololuminesccn‘cc
band, peaked at 1.7 eV, is situated in the reglon of
optical transparency of the crystal.

At present there are two interpretations of photo-
luminescence in solid Cg, . The first one relates this
phedomenon to defects either on surface, or on grain

. boundaries, which lead to the local distortion of the

symmetrical molecule and to the increasc in the radi- -

ative t;, = h, (LUMO HOMO) transition probability,~
which is forbldden by parity for isolated Cg, (3,4 ]:

This assumption .is confirmed experimentally by
lower luminescence quantum yield for isolated C()()

molecules in solutigns, than in mhds, ‘and by somc -
experimental results [3 ] that will be considered fur- -
ther. :

The second model attributed the luminescence 10
localization of electronic. excitations, self-trapped
excitons, on the guasi-two-dimensional surface of the
spinning Cg molecule [4]. This localization may be 4

. provided due torelatively weak z-bonds in thé carbon
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chains of the Cg, cluster, analogous to z-conjugated

polymers {5 ].
Here we present new experimental data on
photoinduced luminescence of solid C60 ,.including

emission and absorption spectra, photoluminescence
degradation under long-time irradiation, temperature
dependence, ambient gas pressure influence on lu-
minescence, photoluminescence quenching under
doping «in situ» by neutral potassium atomic beam,
and luminescence decay by using time-resolved
spectroscopy.

2. Experimental procedure

The details of the experimental technique and
sample preparation were reported elsewhere [6,7].
Thin solid 0.6~1 u films of pure C¢, on quartz sub-

strate had no detectable C,, admixtures, up to the

levelof 19 .

The investigations of optical properties were car-
ried out at two different experimental set-ups, by
using different excitation methods.

1. The ultrahigh-vacuum set-up at the Kurchatov
Institute, Moscow, was supplied with a liquid He
cryostat, a pulsed N,-laser (337 nm, 5 ns, 0,5 mJ per

pulse, beam spot on the sample ~ 2 mm?), and a spe-
cial thermoemission source to produce a K® atomic
beam [8 ] for «in situ» doping at 400 K. The detection
system, including an analyzing monochromator and a
photo-multiplier (PM) tube in a photon counting
mode, allowed us to obtain spectra in the range of
1.2-2.4 ¢V, at temperatures from 80 to 400 K.

" Photoluminescence of pure and potassium doped
films, absorption spectra, dose dependence of lumi-
nescence, luminescence response to ambient gas
pressure, and time-decay measurements of the in-

tegral intensity in a microsecond and a millisecond’

time scales were studied here. Simultaneously,
sample resistivity measurements were performed in
the photoluminescence versus intercalation experi-
nents.

2. The undulator beamline BL3A1 at the synchro-
tron radiation (SR) source (UVSOR facility, IMS,
Okazaki, Japan) was adjusted to the main harmonics
with E = 36 = 10 eV, the photon flux on the sample
reaching the value of ~ 10!4 ph/s-mm?, under the SR
source current of 100 mA, and the beam spot area of
about 1 mm?2.

The liquid helium (LHe) flow-type cryostat, sup-
plied with necessary assemblies, provided a good
temperature stability of samples in the interval of 10—
300 K. The emission spectra were analyzed by HR-
320 monochromator with different PM tubes, and re-
gistered by an electrometer.

Experiments -on luminescence, dose dependence,
temperature dependence over a wide temperature
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range, and decay time measurements were carried
out here.

The decay time experiments were performed in the
single-bunch mode, when the time interval between
bunches was equal to 176 ns, and the bunch length
did not exceed the value of 0.5 ns. The experimental
technique included a fast discriminator, a Time-
Amplitude Converter, a multi-channel analyzer, and
a PM tube operating in a photon counting mode. Due
to a low quantum yield of the luminescence, 7 =
=~ 6-107% at 30 K for solid film [9]under ~ 3 eV ex-
citation, and a necessity 1o obtain enough number of
counts per channel for taumetry measurements, we
obtained only data on the integral intensity.

)
&

3. Results

The luminescence spectrum under the laser 3.7 eV
excitation at 80 K is presented in Fig. 1, curve A. Be-
sides a broad main peak at 1.67 eV, a vibronic struc-
ture of a C60 molecule was demonstrated on the low-

energy side of the luminescence spectrum: a shoulder
at 1. 60 eV, a second peak at 1.50 eV, and a shoulder
at 1.33 eV. The peculiarities at 1.50 eV and 1.33 eV
were attributed to a totally symmetric pentagonal
pinch mode, and 1.60 eV shoulder originated from
non-totally symmetric modes, as manifestation of the
Jahn-Teller effect.

The same vibronic structure was illustrated on the
absorption spectrum on the curve B, from which one
may deduce a band gap value of Eg = 1.80 eV. A si-

milar picture has also been reported in Refs. 4, 10.
The observed small absorption peak around 2 eV on
the curve B, i.e., in the same position as in Ref. 9, was
attributed to the ;> ¢, . optically forbidden transi-

tion, perturbed by the crystalline surrounding. The
first allowed A, = ¢, < transition (2.7 eV) was practi-
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Fig. 1. Absorption (B) spectrum of solid Cg film and emission (A)

spectrum under 3.7 eV laser excitation at 80 K. The emission (C)
spectrum of the same film under 36 eV undulator excitation at 13 K.
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cally undetectable for our film thickness, as well as
h,+ g, 1, (3,5 eV), and the other high energy

transitions, up to 3.5 eV, reported in {9].

In addition to the luminescence bands mentioned
above, we note a high energy broad emission at 1.8—
2.4 eV, that has not been reported elsewhere. Its
shape correlated with that of our absorption
spectrum.

The curve C displays a photoluminescence spect-
rum of the same film under VUV undulator excitation
at E =36 eV and T = 13 K. The main luminescence
bands on the curves A and B practically coincide, and
agree with the results of other works {4,10 ]. Unfortu-
nately, we could not make a definite conclusion about
the presence of the similar band in the 1.8-2.4 eV
region in the undulator experiments, due to the pre-
sence of the background luminescence.

A photoluminescence intensity degradation during
long time irradiation, both by 3.7 ¢V and 36 eV pho-
ton beams, has been observed in all the experiments
in ultra-high vacuum conditions. Almost no visual de-
fects were observed under the microscope on the film
surface after long-time irradiations. The measure-
ments were made both for the main 1.67 eV emission
peak, and for the integral intensity by using filters.

Figure 2 shows the luminescence degradation ver-
sus time due to long irradiation for three cases: of the
integral spectrum (curve 1) and of the main 1.67 eV
(740 nm) peak (curve 2) for undulator excitation at
13 K and the main 1.67 eV peak for laser excitation at
80K (curve 3). ’

The curves have the similar shape and can be de-
composed on two exponents, «fast» and «slow», with
the decay time values, respectively, = 30 and
= 600 min for curves /, 2, and = 16-and = 200 min
for curve 3. The curves / and 2 for the VUV excitation

*
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. Fig. 2. The photoluminescence intensity degradation of Cgq film

under long time irradiation by the UV and VUV light: curve / — for
the integral intensity, and curve 2 — for the main 1.67 eV peak
under 36 eV excitation at 13 K; curve 3 — for the 1.67 eV main
peak, under 3.7 eV excitation at 80 K.
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are practically identical, obtained under a fluence of
about 50 mJ/cm?2,

The curve 3 was obtained under the laser fluence of
about 10 mJ/cm?.

However, the films irradiated by UV laser excita-
tion under «bad» vacuum conditions, at a residual gas
pressure = 10~3 Torr, displayed neither photolumi-
nescence spectra change, nor any luminescence de-
gradation either at 80 K, or at 300 K. We explain this
phenomenon in terms of energy dissipation from ex-
cited C60 molecules, after S =T intersystem tran-

sition, to the surface layer of adsorbed residual gases.
A similar effect of an energy transfer from the C60

excited triplet state to adsorbed molecular oxygen,
resulting to a singlet state oxygen production, and
C6002 formation, has been reported in [11]. Those

results displayed a small influence of evacuating air in
luminescence, as in our case. Our additional photolu-

" minescense measurements also confirmed the pre-

sence of the oxygen peak at 1 290 nm, resulting from
the energy transfer from excited triplet state of C to

adsorbed molecular oxygen {11 ]:
T (Cep) + *27(0y) = 54(Cgp) + '4,(0)) -

Under «bad» vacuum conditions we did not find a
noticeable quenching of photoluminescence due to
Cgy0, formation, because oxygen was likely ad-

sorbed in the surface layer of C¢, grain boundaries.

The penetration depth of 3.7 eV photons was es-
timated to be about 0.1 u, i.e., it, apparently, exceeded
the depth of the surface layer with adsorbed O, , and,

therefore, the effect of partial luminescence degrada-
tion due to C,0, admixtures would be miserable.

An experimental study of ambient gas pressure ef-
fect on luminescence spectra, carried out at 80 and
300 K, has also shown no observable spectral changes
at different pressure values, from UHV up to 1 atm,
and for different gases (air, nitrogen, krypton).

On the contrary, an interesting result on the lu-
minescence intensity increase proportionally to a gas
pressure in the experimental chamber according to
the Langmuir formula has been reported in [3], the
results being sensitive to the type of ambient gas. We
think that this could depend on the porous structure
of those slightly pressed powder samples that could
possibly adsorb large amounts of gases, and cause
certain photo-physical processes. Luminescence
could be connected to gas adsorption at considerable
depths comparable with the photon penetration
depth, and lowering of the symmetry of the Cy, mo-

lecules. The latter reduced the inhibition of the radia-
tive transitions and enhanced photoluminescence
with pressure, as was proposed by the authors.
Figure 3 shows the temperature dependence of the
integral luminescence intensity. under 36 eV photon
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. Fig. 3. The temperature dependence of the integral luminescence
intensity from 10 to 300 K under 36 eV excitation. The inset shows
a jump connected to the structural phase transition at = 250 K.

. excitation frprh 10 up to 300 K. The photon beam was

‘switched on only during the short-time measure-. -

_ments, in order to exclude the influence of radiation
dose dependence on photoluminescence. Let’s con-

* sider a part of the spectrum located at T" = 13-250 K.

. Assuming thermal quenching of photoluminescence,
we used the weéll-known relation [10], assuming ra-
diative and nonradiative decay channels:

1(0) = Ig[1 + 7oK, exp (=, DTN

In thns equatlon, 10 s To are the mtensnty and the de-

cay time at the initial low- temperature region, respec-
uvely, E and K, are the activation energy and the

. rate of the S - T, intersystem crossmg, followmg

after So - §,, excitation, and subsequent S, S, dé- '
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‘ Fig. 4. The, luminescence specta of‘ solid C60 fitm obtained in the

process of doping by potassium atomic beam at 400 K. The doping
level increases from curve I 1o curve 3 for pure Cgq atp, Ohm“em:

©29-10% (0;3.3-104 @25; 1.9-103 3).
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Fig. 5. The main 740 nm peak and the 820 nm peak luminescence
versus the logarithmic resistivity for doped curves 2, 3 in Fig. 4. All
points are normalized to those for the undoped curve /.

'exéimtion. The approximation of the experimental

data by this formula gives the following parameter
values: 7K, = 17.9 and E, = 34.3 meV.

The second portion of the temperature dependence
curve 1% 10 K<T<13 K demonstrates the intensity

‘decrease-on further cooling.

Theluminescence junip was observed near the tem-
perature of the structural phase transition fcc - sc at
~ 250K (see the inset in Fig. 3) within the tempera-
ture interval of about 10 K.

The luminescence spectra, obtained during the
process of doping «in situ» by potassium atomic beam
at T = 400 K under laser excitation, are displayed in
Fig. 4 for'three doping levels: the curve /' — for pure
Csp » curves 2, 3 — for increasing doping Jevels, Fig-
ure 5 shows theé main 1.67 eV (740 nm) peak, and the
second, 1.50 eV (820 nm), peak lmninescence versus

: resistivity deendences on doping, relative to the un-
‘doped Cy 5 fxlm (curve ! in Fig. 4).

These syslems gave the following results.

1) The doping procedure neither causes selective
quenching of luminescence, nor gives rise to any new
luminescence peak. _

2) The doping concentration growth leads to a

-sample resistivity  decrease and to a lumineseence

quenching. The almost full quenching was achieved at
the resistivity value of 2-103 Ohm-cm (curve 3).
However, the resmtlvny versus tcmpcrmure depend-

- ence, measured for this doping concentration (not

shown), indicated that the sample was still remaining
a semiconductor.

- 3. The luminescence peak inlensily decreased
much smaller, than the resistivity (sec also Fig. 5):
the curve'/ in Fig. 4 differs twofold by intensity from

_curve 2, while their resistivity differs by 10 times.

®usnka Huakux Temnepatyp, 1995, 1. 21, Ne 7
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4) The cooling of doped samples from 400 to 80 K
increased the luminescence, but to a lesser extent
than for pure Cg, , and without any noticeable chan-

ges in the spectrum shape (spectra not shown).
Time-resolved experiments on the integral lumi-
nescence intensity decay under the VUV undulator
excitation (E = 36 eV) at T = 13 K, after subtracting
the background emission, exhibited the presence of a
single exponent in the decay curve, with the lifetime
7o =12 % 0.1 ns. The low quantum yield and the

presence of unremovable stray light would not allow
us to obtain better statistics for checking up the
presence of more long exponents, comparable with
the time interval of 176 ns between SR bunches. Of
course, we could not measure microsecond or longer
decay times here. '

QOur previous results [6] on laser-induced time-re-
solved integral luminescence decay curve, obtained
with the same Cg, film at 80 K by using microsecond

techniques, indicated the presence of two exponents
in the decay curve: 1) The main «fast» component,
with the time constant less than 0.4 microsecond
(limited by the instrument response time), occupied
809, of the maximum decay curve; 2) and the «slow»
component, having ~ 400 microsecond decay time,
occupied roughly not more than 209 of the
amplitude.

4. Discussion

The electron_ic structure of solid C60 molecular

crystal is known to be a semiconductor type, with an

energy gap value scattering from 1.5 to 2.4 eV by
different measurements [13, 14]. Our estimates in
Fig. 1 (curve B) showed the vaiue of Eg = 1.80eV.

The recent precise Eg measurements due to the

temperature dependent microwave conductivity [14]
gave the magnitude of 1.86 + 0.1 eV for Cy, and

1.57 £ 0.1 eV for C,, . Since the possible contamina-
tion by C70 in our case was estimated to be below 1%,

we relate the absorption in the 1.8-3 eV region to the
solid state effects. This assumption can also be con-
firmed by the results of [1,2], where the absorption
in the region above 3 eV for isolated C,, molecule and

for solid film differ insufficiently, while the absorp-
tion below 3 eV has been observed for solid C¢, only.

The commonly observed wide photoluminescence
band is located in the region of optical transparency of
a crystal, with the Stokes shift value E,—Ey=

= (.13 eV. This confirms the vibronic relaxation of
" the emission center, if neutral excitations are respon-
sible for luminescence. In addition, this is confirmed
by the weakly pronounced vibronic structure of the
curve A in Fig. 1. In addition, we propose a high ener-
gy wide-band structureless emission at 1.8-2.4 eV to

®unsuka HU3KMxX Temnepartyp, 1995, .21, Ne 7

be connected with recombination of holes and
electron polarons at the «hot» stage of the relaxation,
before self-trapping. This assumption can be con-
firmed by the experimentally observed transitions in
the absorption spectra, such as l-lg + Gg - T2u ,
Hu->l-[g, Hg+ng->T
from 5.5t02.7¢V [9].

The main luminescence peak at 1.67 eV may be
attributed to a radiative decay of self-trapped exciton,
as it was proposed in {3,4].

Dose dependence of photoluminescence degrada-
tion was obtained at two different excitation energies
(at 3.7 eV and for 36 eV excitation with the very dif-
ferent optical penetration depth). Both dependences
displayed rather similar results (Fig. 2). The process
showed an irreversible character, and pointed to-
wards a bulk nature, taking place within the penetra-
tion depth of the incident photon beam.

Note that our photoluminescence of polycrystals
with worse quality (grain size = 0.01 mm) than the
used high quality single crystalline films, gave almost
an order of magnitude lesser intensity, and did not
exhibit the degradation effect. We consider, that this
is due to oxygen diffusion deep into the grain boun-
daries and adsorption on defect sites of polycrystals,
occuring even under evacuation, with subsequent
quenching of luminescence by defects and C,0, for-

wr H, = Tlg , with energies

mations, as was mentioned above [11]. The pumping
energy was transferred to these systems, without
near-surface degradation of the samples.

The similar effect of the singlet O, photolumines-

cence intensity decrease in high quality Cs() single
crystals, exposed to O, , in comparison with powders

and polycrystalline films, was reported in [15]. The
photoluminescence spectra varied only by intensity,
which probably resulted from slower O, diffusion in

high quality single crystals.

One of the known phenomena allowing the pos-
sibility of interpreting the photoluminescerice degra-
dation under UV or VUV irradiation may appear to -
be a photodimerization.

It was reported in {16,17] that a dimerization pro-
cess may play an effective role in nonradiative transi-
tions. This occurs via a «2 + 2 cycloaddition&; photo-
chemical reaction, breaking the double C = C bonds
between hexagons in two adjacent excited Cg) mo-

lecules, and reforming these bonds as a four-sided
ring, thus changing the Van der Waals-type interac-
tions between C60 molecules to the covalent C - C

bonds. The photodimerization appeared to occur bet-
ween one monomer in the first excited triplet state
and the second monomer in the ground state., This
mechanism could reduce the number of weak z-bonds
in double-chains, possibly, responsible for radiative
transitions. Therefore, one of the explanations of
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photoluminescence degradation under UV light may
be attributed to the polymerization process. .

Though this phenomenon may change the electro-
nic structure, the absorption coefficient of a 36 eV
photon remains practically unchanged, and is affect-
ed by excitation of the internal electronic shells. Since
the photons are absorbed in a more than = 10 nm
layer, the long time irradiation decreases the number
of double bonds in this layer, and thus eliminates the
luminescence centers. As a result, the lummescence
degradation occurs.

However, the Raman scattering results [16] indi-
cated to a temperature threshold for the photopoly-
merizability at T > T = 250 K, when the freely spin-
ning two molecules had a. higher possibility of pro-
moting the dimerization process. At 90 K< 7 <250 K
two of the three rotational degrees of freedom are
lost, and the molecules undergo an orientational hop-
ping about the four specific (111) directions..At 90 K
the molecules undergo a second transition to a me-
rohedrally disorded glass phase.

It is also known that photoinduced polymerization
and oxidation are initiated by excitations of electrons
beyond the HOMO-LUMO gap (18 ], whose possible
presence could be noticed due to the structureless
1.8-2.4 eV band of the luminescence spectrum in
Fig. 1, curve A. :

The observations of protection against photopoly-
merization due to intercalated dioxygen {16,18 ] also
agree with our results on photoluminescence versus
dose dependence for solid films upon letting some
atmosphere into the experimental chamber, or for
evacuated, but worse quality polycrystals, when the
luminescence degradation practically disappeared, as
has been reported earlier. The observations showed
[18 ], that oxygen is stored in solid C,, in a molecular

form, without chemical interactions with a C60 mo-

lecule.

The rate limiting polymerization process w’és‘fbund
to be the photoexcitation of the excited singlet state
[161], and the rate constant ‘was proportlonal to the
incident light flux. In this case we should have a
single exponential photoluminescence decay with
dose, or flux. Instead, a decrease in the decay rate
with dose has been observed, and this dependence
could be composed of two, fast and slow, exponen-
tials, having, = 30 min and the =~ 600 min lifetimes,
respectively. We believe that the fast component could
be related to a photodimerization process, and the
slow one could be related to an oxygen quenching of
the photodimerization process.

In the thermal luminescence quenching equation
(1), modeling the main part of the experimental curve
in Fig. 3, the rate constant for the intersystem
8, = T, crossing corresponds to that of nonradiative

relaxation K ne Taking the experimental value for L
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and parameters from Eq. (1), one can deduce the
value K, = 3.8- 1010 s~ ! which is close to the value

K, =3-10'0
probably smaller, because we also observed the pre-
sence of the radiative channel in T, — S decay.

s~! for free Cg, molecules [191]. It is

The photoluminescence decrease at low tempera-
tures, from 13 to 10 K, seems to correlate with the
experimentally detected freezing of rotational motion
of C¢, molecules at T = 4.5 K on a thin film by STM

technique {201, which had been predicted previously
in [13]. A similar behavior of luminescence may be
attributed to the decrease in the formation of self-
trapped excitons due to freezing of rotation of C60

molecules at LHe temperature, since, after this, the
surface becomes 3-dimensional, instead of quasi-two-
dimensional, and the self-trapping process becomes
less probable. This effect requires further experimen-
tal study.

Freezing of rotation would decrease the polyme-
rization probability at LHe temperature. This ques-
tion can be roughly considered by comparison of the
dbse'dependence curves 2 and 3 on the Fig. 2, ob—
tained at I3 and 80 K, respectively. The curve 3
posesses fast and slow time constants which are half
those for curve 2. The laser-induced Iummescence
degradation looks more pronounced at 80 K, though
the laser fluence was almost one fifth the undulator
one (50 mJ/cm?). We think the problem requires ad—
ditional experiments to clarify this question. =~

The observed step-like jump of luminescence inten-
sity in the region of 200-250 K we connect to the
first-order structural phase’ transition from the fcc
Bravais lattice sites structure; occupled by 060 mole-

cules (Fm3, a= 13.879 A) to the SC structure (Pa3
a=14.110A) near T, ~ 250 K. The mtensny m—

crease on cooling may be attributed to this transition;
accompanicd by an abrupt orientational ordering
reconstruction in solid Cg, from isotropic molecular

rotation above T, of nearly spherical Cg, molecules,

1o uniaxil jump reorientations around the (111) axis
bet\’veeq two nearly degenerated orientations
separated by 60 degrees below T, [13], with an ac-

tiva'tior}' barrier of 290 meV between them [27]. A
corrmnohding abrupt decrease in the reorientational
correlation time from 2-107 910 9.2:107'257! may
lead to an increase in probability of the rclaxatlon of
electronic excitations through rotational modes,
théreby, decreasing the luminescence yield. Such a
behavior of the luminescence intensity allows to con-
clude in favor of the intrinsic (bulk) nature of the
luminescence in solid Cg,

The,dr'op‘ of luminesence can also be described in
terms of E, decrease from 34.3 meV at T<T, to

17 meV at T> T, , i.e., the activation barrier for the
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. §; = T, intersystem crossing decreases after the pha-

se transition upon heating the sample.

A number of experiments display other peculiari-
ties in the region of this phase transition.

1. A sharp electrical conductivity increase at 251 K
was reported for C, single crystal, the temperature

range of the change being about 7 K [22], The au-
thors relate it to a phase transition from the mero-
hedral twinning fcc structure to the orientationally
ordered SC. The observed effect could be also inter-
preted by the disturbance for the free rotating Coo

molecules by oxygen molecules adsorbed inside solid
Ceo 1181

2. A change of absorption spectra of a C60 crystal

was observed near 260 K by using photoacoustic
spectroscopy [23 ]. It was related to random rotations
of molecules, resulting to the electronic structure
‘changes, becoming similar to that of isolated cluster.
3. A dramatical decrease in the lifetime for singlet
O, luminescence in solid Cy, from 20 ms near T_ to

2 ms at 300 K, was reported in [15].
4. The frequency shift and linewidth reduction of

Raman and IR bands near T, in CGO single crystals

was described in [24 ].

These peculiarities seem to.be a manifestation Kﬂf:

the same bulk process occuring near this phase tran-
sition.
Interstingly, we obtained a luminescence drop near
.= 250 K, but found no peculiarities near the se-

cond phase transition at T = 90 K. The same picture
was also observed in [15,24].

The temperature dependences in the other works
differ in shape. For example, the curve in [25] dis-
played a constant decrease in photoluminescence
from 28 up to 300 K, without discontinuities. Other
authors obtained the maximum emission near
100 K [4,261, i.e., the second phase transition due to
freezing of Cw molecule rotation, and their curves

differ. We think that our temperature dependence
was pefformed with a larger number of points, and
under lower incident power than in all these works,
which may be important at LHe temperature where
quantum effects could be valid.

The luminescence quenching during the potassium
intercalation (curves 4, Fig. §) occured in the range of
two decades of resistivity changes, and photolumi-
nescence signal appeared to be comparable with that
of the noise, without any considerable spectral
changes. We think these results correlate with those
in {27 ) on optical density versus potassium doping of
a thin film, when there was a little change in the shape
~ of the spectra from pure C60 to the resistance mi-

nimum at K3C60 after five decades of resistance
changes.
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Our intercalation experiments allowed us to draw
some additional conclusions in favor of the nonradia-
tive decay of electronic excitations, especially at the
temperature of doping at 400 K. First, the nonpropor-
tionality of the luminescence quenching to the num-
ber of free carriers (see Fig. 5) indicates possible
formation of additional quenching centers, such as
K3Cep -

The estimate of K;C¢, concentration for the almost

quenched luminescence (see the curve 3 in Fig. 4),
obtained from the resistivity versus doping level de-
pendence [27 ], gives the value of 0.7- 1020 ¢m~3, and
hence, the distance between centers is about 20~40 A.
The most probable mechanism for luminescence
quenching at such small distances may be a resonance
energy transfer from the luminescence center, i.e.,
the exciton, to the quenching center by the Forster-
Dexter mechanism [28]. This assumption is con-

- firmed by the observations of 7'y > T (1.35 eV) and

qu - Tlu.(Z.O eV) transitions in [9 ], leading to in-
creased adsorption with potassium doping in K;Cy,

which is close 1o the energy band of the radiative
transition in our doped C, .

The lifetime of the singlet state lays in the interval
from 0.65 ns to below 7 ns [25,29]. The results on
Cco condensed media gave the value of 1.2 ns at LHe

temperature [30], which is in excellent agreement
with our singlet lifetime.

The decay time of the triplet state measured by
different authors by the optical and EPR technique of
Cw in solutions, varied from 40 to above 400 us {31,321}

In polymer solutions the processes of triplet-triplet
annihilation and ground state quenching cut short the
triplet lifetimes {31,32]. Therefore, we think our tri-
plet state decay time agrees with these results.

Both the singlet, 1.2 ns, and triplet 100-250 us
excited states of C¢ in polymethyl metachrylate films

were found at RT by using picosecond and nano-
second laser flash photolysis techniques [31].

In summary, our singlet and triplet radiative life-
times agree with those of other works. One could also
consider another possible mechanism for localization
of excitons due to with a photo-dissociation under
intense VUV-UV irradiation [33-35]:

Cgo + photon > Co, + C, . 2)

This multi-photon induced process may be two-
staged, with structural transformation of the C,

icosahedral to less stable isomer, and subsequent
ejection of the C, molecule off the deformed clus-

ter [34,36 1. Theoretical predictions gave the activa-
tion energy in the range of 11-13 eV, while experi-
mental results displayed almost two-fold smaller va-
lues [34,351. The process was observed in the micro-
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second time scale following multx-photon absorption
under the fluence of 10—100 mJ/cm?.

We think that in our case this process could occur

rather for undulator 30 eV irradiation under the flu-

ence of 50 mJ/cm> than for a 3.7 eV laser beam with

fluence of 10 mJ/cm?. But the delayed microsecond

character of this two-stepped reaction would not give

the possibility of detecting the undulator induced lu-

minescence, if it is connected to radiative decay of
-excited Cq or C, molecules.

5. Conclusion

The observed photoluminescence demonstrates di-

. ..rect evidence for the formation of neutral excited
. states, which have a relatively efficient radiative de-
cay channel at low temperatures. One should note a
strong temperature dependence of the photolumines-

cence, including a peculiarity near the structural pha-

se transition. We consider this to be an indication of
the importance of solid-state effects. Temperature
growth may lead to increase in the nonradiative decay
probability through an incnease in exciton mobility
and in the diffusion rate to defect sites. The expe-
rimental'data atlow us to conclude that the observed
* photoluminescence in solid C film is intrinsic, be-

O caiusg'its intensity correlates with the changes in the
.builk .properties. The wide luminescence band, the

" $tokes shift, the partial quenching of emission by do-

. ped potassium atoms, dose and temperature degrada-
tion of luminescence at T < 13 K, as well as the nano-
second decay time, indicate its connection, mainly, to
self-trapped singlet excitons, with a small admixture
of triplet radiative decay. The influence of the triplet
state also manifests itself through the observations of
protection against photopolymerization due to the en-
ergy transfer from excited triplet state of C, to inter-

calated dioxygen.
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