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Abstract

The average temperature rise in the laser excitation spot of the C single crystal has been determined using the Stokes to60
Ž . Ž .anti-Stokes integrated peak intensity ratio for the H 1 phonon mode. The reversible softening of the A 2 pentagon pinchg g

mode was found to be due to the heating of the sample caused by the laser irradiation, in agreement with experimental
results obtained for uniformly heated samples. These findings are in quantitative agreement with results obtained by
numerical calculations of the local temperature rise, which indicates the highly non-uniform temperature distribution in the
laser excitation spot associated with the small thermal conductivity of solid C . q 1998 Elsevier Science B.V. All rights60

reserved.

1. Introduction

Ž . Ž .The response of the A 2 pentagon pinch PP -g

mode, which is the most intense band in the Raman
spectrum of solid C , to a variety of perturbations60

has been used for the study of many diverse proper-
ties of solid fullerene and fullerene-based materials.
Among them are the study of the temperature and
pressure induced phase transitions, the effects caused
by the intercalation of solid C with alkali metals60
w x1–5 , the dimerization processes in solid C under60

laser illumination and the effects caused by high-
w xpressure and -temperature treatment 6,7 . These last
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effects are clearly manifested by the considerable
Ž .softening of the A 2 PP-mode.g

Ž .The position of the A 2 mode, reported initiallyg
w xby Bethune et al. 8 , in the room-temperature Ra-

man spectrum of air-exposed C films is equal to60

1469 cmy1. It was also reported that the room-tem-
perature Raman spectrum of the oxygen-free C60

contains a broad peak at 1459 cmy1, which is more
intense than the 1469 cmy1 peak. The recovery of
the 1469 cmy1 peak is possible upon exposure of the

w xsample to oxygen 9 . The appearance of the 1459
y1 w xcm peak was explained, by Rao et al. 6 , as the

manifestation of the photoassisted dimerization of
the oxygen-free C films under intense laser irradia-60

tion. It has been also shown that oxygen-exposed C60

films are more resistant to the laser irradiation and
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therefore, considerably higher laser power densities
are needed to initiate the photodimerization reaction
w x6,10 . The softening of the PP-mode associated with
the photodimerization of C is irreversible. The60

phototransformed material is stable at room tempera-
ture and can be recovered only upon heating up to
temperatures higher than 420 K. When the laser illu-
mination level is smaller than the photodimerization
threshold, the PP-mode exhibits reversible softening

y1 w xdown to 1461 cm upon illumination 9–11 .
The reversible softening of the PP-mode, caused

by laser illumination, has attracted special interest in
the Raman scattering studies of solid C , especially60

w xconcerning its nature 12 . Low-temperature experi-
ments, performed at 40 K, have shown the appear-
ance of a second wide band, downshifted by ;3
cmy1 from the 1469 cmy1 peak, at laser power

y2 w xdensity ;50 W cm 12 . Further increase of the
laser power density leads to the gradual softening of
this low-frequency component and rapid increase of
its intensity, which, for the beam profile used in Ref.
w x12 , becomes irreversible at laser power densities
exceeding 500 W cmy2 . At the same time, the
intensity of the 1469 cmy1 peak goes down and
disappears at 300 W cmy2 without visible change of
its peak position. The splitting and softening of the
PP-mode was related to the high concentration of
molecules in the lowest excited triplet state, resulting
from the high absorbance of the laser radiation, the
high singlet–triplet intersystem crossing and the rela-

w xtively high lifetime of the excited triplet state 11–13 .
It was assumed that in this case each intramolecular
phonon mode will split in two Raman peaks, corre-
sponding to the phonon frequencies of the ground
and excited electronic states of the C molecule60
w x12 . From another point of view, the primary effect
of high laser illumination is the heating of the sam-
ple, which, when combined with the loss or absorp-
tion of oxygen, may be the main reason for the
phonon mode softening. The heating of the solid C60

under laser irradiation is possible, even at low laser
power densities, due to the relatively small thermal

w xconductivity of this material 14 . This was discussed
as an alternative reason for the PP-mode softening
w x9,10 .

We have undertaken a detailed study of the PP-
mode softening in the Raman spectrum of solid C60

as a function of laser power. Our motivation was to

investigate the relation of the sample heating in the
laser spot to the PP-mode softening using the rela-

Ž .tionship between the intensities of the Stokes I vS
Ž .and anti-Stokes I v bands of the spectrum:AS

3
I v v qv "vŽ . Ž .S L

sexp , 1Ž .ž /I v v yv k TŽ . Ž .AS L B

where T is the average temperature in the laser spot,
v is the laser frequency and v is the phononL

frequency. The ratio is appropriately corrected for
3 w xthe v scattering efficiency factor 15 . Effects re-

lated to the frequency dependence of the optical
coefficients have been ignored, as we are far from
the resonance conditions. We have measured the
detailed Raman spectrum of the C single crystals60

in the low-frequency Stokes and anti-Stokes regions,
as well as in the high-frequency region, where the
PP-mode is located, at room temperature and for
different laser power densities. The results obtained
indicate clearly a considerable overheating of the
sample in the laser spot. They agree well with the
results of the temperature dependence of the PP-mode
frequency obtained under a uniform bath tempera-
ture. The numerical calculations of the local tempera-
ture distribution, based on the experimental data of
laser power density, absorbance and thermal conduc-
tivity of solid C , are in good agreement with the60

experimental results.

2. Experimental

Single crystals of fullerite were grown from the
solution of C in toluene. The primary C material,60 60

with a purity better than 99%, was obtained by the
w xKratschmer method 16 . Data were recorded on¨

crystals in the form of thin platelets with well-devel-
oped mirror like surfaces and dimensions ;300=

300=50 mm3. The uniform temperature data were
taken using a nitrogen gas flow cryostat stabilized to
;1 K, for bath temperatures up to 500 K, with the
samples glued to the finger tip using a high thermal
conductivity glue. The room-temperature data were
taken on air-exposed freely located samples.

Raman spectra were recorded with a scrambler in
the back scattering geometry at a resolution ;5
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y1 Žcm using a triple monochromator DILOR XY-
.500 equipped with a CCD cryogenic detector sys-

tem and a microscope. The power of the 514.5 nm
line of an Arq laser was varied from 0.03 to 0.3 mW

Ž .for a spot diameter ;1.25 mm 100= objective
and from 0.3 to ;2 mW for a spot diameter ;7.5

Ž .mm 20= objective with flux adapter . The laser
spot diameter and halfwidth are critical parameters,
along with the power density, in assessing and com-
paring experimental results on laser beam induced
effects. Throughout this Letter we have used the
laser spot diameter measured at 10% of its peak
intensity and the halfwidth measured at 1re of its
peak intensity. The 17976.7 cmy1 plasma line of the
Ne lamp, located near the PP-mode frequency, was
used for calibration. The data on the uniform temper-
ature dependence were taken at the lowest laser
power necessary for spectra recording, to minimize
the effects of laser irradiation. By Lorentzian fittings
of the spectra, the frequency peak positions were
determined with an accuracy ;0.25 cmy1 and the
integrated intensities with an error -10% of the
intensity of the weakest anti-Stokes band.

3. Results and discussion

The Raman spectrum of the C single crystals,60

taken at room temperature, contains 10 main intra-
Ž . Ž . Ž . Ž .molecular modes H 1 –H 8 and A 1 –A 2 ,g g g g

Ž y1 .with frequencies close within 2–3 cm to the
w xpreviously determined ones 1,8 . In addition, some

very weak Raman peaks were observed, which may
w xbe attributed to a second-order scattering 17 . The

Ž .most intense A 2 PP-mode, located at ;1467g

cmy1, corresponds to the out-of-phase stretching of
the pentagonal and hexagonal carbon rings.

The heating of the C crystal leads to the soften-60

ing of almost all phonon modes. The increase of the
uniform temperature of the sample T to 430 K,bath

results in the softening of the PP-mode by ;4.4
cmy1, starting from the value of 1467.3 cmy1 at
Ts300 K and minimal laser power. At the same
time the positions of the Raman peaks are sensitive
to the laser power, the majority of the modes exhibit
a softening with the increase of the laser power. At
room temperature, the starting value of the PP-mode

frequency decreases linearly from ;1465.8 cmy1 at
Ž .;0.3 mW and laser spot diameter ;7.5 mm

down to ;1461.8 cmy1 with increasing laser power
to ;1.6 mW. The softening of the PP-mode under
laser illumination is reversible when the laser power
increases up to ;2 mW, above that it becomes

Ž .irreversible for an exposure time of ;600 s . In this
case visible damage of the crystal surface, at the
illumination spot region, is observed. The similarity
of the PP-mode softening caused by laser power, to
that caused by uniform heating of the sample, seems
to be an indication of the temperature rise inside the
laser illumination spot.

Fig. 1 shows the Stokes and anti-Stokes Raman
bands of the three intramolecular phonon modes

Ž . Ž . Ž .H 1 , H 2 and A 1 with frequencies 273, 435g g g

and 495 cmy1 respectively, at three different laser

Fig. 1. Raman spectra of solid C in the low-energy Stokes and60

anti-Stokes regions at room temperature and for different laser
Žpower densities. Laser spot diameter ds1.25 mm halfwidth

. expws0.4 mm , T is the average temperature inside the laser spotspot
Ž .determined from Eq. 1 .
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powers, 0.06, 0.15 and 0.3 mW. In the anti-Stokes
Ž .region only the prominent H 1 peak is clearly seen.g

The comparison of the integrated intensities of the
Ž .strongest H 1 Raman peak in the Stokes and anti-g

Ž .Stokes regions on the basis of Eq. 1 , using the
temperature T as a fitting parameter, gives the values
of the average temperature T exp in the spot. The dataspot

obtained reveal a considerable overheating of the
sample within the laser illumination spot. The aver-
age temperature T exp reaches ;530 K for laserspot

power of 0.3 mW and spot diameter ;1.25 mm
Ž .halfwidth ws0.4 mm . The temperature at the
center of the spot is even higher. These data are
compatible with the visually observed damage of the
crystal surface at higher laser powers, when sublima-
tion of the material and crater creation occurs due to
the extremely high overheating of the material. As
discussed below, the strong temperature rise is due to
the small value of the thermal conductivity, which
strongly localizes the effect of the laser irradiation.

Fig. 2 shows the dependence of the PP-mode
frequency on the uniform temperature of the sample

Ž .T open symbols and on the average temperaturebath
exp Žin the laser spot T at different laser powers solidspot

.symbols . The inset in Fig. 2 shows the PP-mode
Raman peak recorded at various uniform bath tem-
peratures. The agreement between T and T exp, isbath spot

good and it is within the experimental error for the
T exp determination, which varies from 20 up to 50 Kspot

for different laser powers. The results obtained indi-
cate that the average temperature of the excited
crystal region inside the laser spot T exp is signifi-spot

cantly higher than room temperature T , assumed to0

be 300 K, and increases with laser power. The agree-
ment between the dependencies of the PP-mode fre-
quency on T and T exp indicates that the dominantbath spot

effect of laser illumination is the overheating of the
sample inside the laser spot. This implies also that
the excited triplet state of C does not play a60

significant role in the softening of the PP-mode
under our experimental conditions. The relatively
high overheating of the fullerite, with respect to
other solids, is connected primarily with the rela-
tively small thermal conductivity of this material
w x14 .

It may be shown that the obtained values of the
laser overheating are compatible with the experimen-
tal data concerning light absorbance and thermal

Fig. 2. The dependence of the PP-mode frequency of solid C on60
Ž .the uniform temperature of the sample T open symbols andbath

exp Žthe local temperature inside the laser excitation spot T solidspot
.symbols . Inset: the PP-mode Raman peak at various temperatures

for a uniformly heated sample.

w xconductivity of fullerite 14,18 . To check that, we
have calculated the overheating temperature distribu-
tion,

DT R , Z sT R , Z yT ,Ž . Ž . 0

inside the laser spot, from the steady-state solution
w xgiven originally by Lax 19 for constant thermal

conductivity:

`I wA 1yRŽ .0
DT R , Z s dl J lR F lŽ . Ž . Ž .H 0K 00

A exp ylZ yl exp yAZŽ . Ž .
= ,2 2ž /A yl

2Ž .

where R is the reflectivity, K is the thermal con-0
Ž .ductivity at room temperature T and R srrw , Z0

Ž . Ž .szrw , A sa w are reduced dimensionless pa-
rameters for the radius of the laser spot r, the depth

Ž . Ž .z and the absorption coefficient a . In Eq. 2 , J lR0
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Ž .is the zeroth-order Bessel function and F l the
corresponding Bessel transform of the laser beam
profile, which was assumed to be of Gaussian shape,
Ž . Ž 2 2 .I r s I exp yr rw , where w is the beam0

halfwidth at 1re of the maximum intensity I . In0

this axial symmetry, the temperature profile depends
only on the radius r and the depth z. In the above
solution, the material is considered to be semi-in-
finite, an approximation which clearly is not valid in
our case, as the crystallites are of small dimensions.
However, due to the low thermal conductivity, the
calculations prove that the heating is localized and
follows closely the laser beam profile. The effect of

w xthe laser heating on the thermal conductivity 20 and
w xabsorption coefficient 21 have also been considered

in the literature. In the present case, the thermal
Žconductivity can be considered constant indepen-

. y1 y1dent of temperature with the value of 0.4 W m K
w xabove room temperature 14 , though more recently

even lower values for the room-temperature thermal
w xconductivity have been reported 22 . The optical

Žcoefficients have also been considered constant ab-
y1 w x.sorption 2.7 mm and reflectivity 0.19 23 in the

temperature range under consideration. The beam
halfwidth w was calculated from the value given by
the manufacturer of the microscope objective for the
excitation wavelength at optimum focusing and for
the 90% value of the total intensity. As all measure-
ments were obtained with the microscope carefully
focused, we have assumed that the real values should
be close to the optimum ones, i.e. ws0.4 mm for
the 100= magnification and 2.5 mm for the 20=

magnification.
The results of the temperature rise calculations are

presented in Fig. 3. The inset in Fig. 3 shows the
calculated temperature profiles inside the laser spot
for three different laser powers 0.38, 1.15 and 1.50
mW and laser spot diameter ds7.5 mm as obtained

Ž .from Eq. 2 . They indicate that the temperature
distribution in the spot is highly non-uniform and the
maximum temperature T at the center may be asŽ0, 0.
high as 290 K above room temperature for 1.50 mW

Ž .and ws2.5 mm inset, Fig. 3 . The ratio of the
Stokes to anti-Stokes integrated intensities of the
PP-mode bands has been calculated from the temper-

Ž Ž ..ature distribution inside the laser spot Eq. 2 , the
w xcross-sections of the two components 15 and the

temperature dependencies of the phonon frequency

Fig. 3. The temperature in the laser excitation spot as a function of
the effective laser power. Solid symbols: experimental data deter-
mined from the Stokes to anti-Stokes peak intensity ratio for the

Ž .H 1 phonon mode. Solid line: the maximum temperature Tg Ž0, 0.
Ž . Ž .at the center r s0 of the laser spot and at zero depth zs0 .

Dashed line: theoretical prediction T calc for the average tempera-spot

ture. Inset: the calculated temperature profiles within the excita-
tion spot for three different laser powers 0.38, 1.15 and 1.50 mW.

Ž .Laser spot diameter ;7.5 mm, calculations based on Eq. 2 .

Ž .Fig. 2 and width. From the calculated Stokes to
anti-Stokes intensity ratio an average temperature

calc Ž .T is obtained Fig. 3, dashed line . The tempera-spot

tures in Fig. 3 are plotted as functions of the effec-
tive laser power, the ratio of the laser power to the
spot radius. The reason for using this quantity is that,
for low thermal conductivity, the temperature rise is

w xroughly proportional to this quantity 19–21 , which
can be defined as an effective power. This scaling of
the laser power to the laser spot radius is meaningful
because it facilitates the comparison of experimental
results obtained under different experimental param-

w xeters. According to van Loosdrecht et al. 12 an
irreversible spectral change has been observed for
power densities )500 W cmy2 , which is equivalent
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y1 Ž .to ;2.4 W cm spot radius 15 mm . This effec-
tive power is of the same order of magnitude as in
our case. The data points in Fig. 3 indicate the
experimental results for the average temperature T exp

spot

as obtained from the ratio of the Stokes and anti-
Ž .Stokes components of the H 1 phonon mode. Theg

agreement between experimental data for the average
temperature T exp and the theoretical prediction T calc

spot spot

is good despite the fact that no adjustable parameters
were used in the calculations.

4. Conclusions

The reversible softening of the PP-mode in the
Raman spectrum of fullerite C under laser illumi-60

nation is related to the mean temperature rise in the
spot, estimated on the basis of the experimental
Raman spectra in the Stokes and anti-Stokes regions.
The experimental dependence of the PP-mode fre-
quency on the uniform temperature of the sample
agrees well with the dependence of the PP-mode
frequency on the mean temperature in the laser spot.
The numerical calculations of the local temperature
in the laser spot, based on the experimental data of
laser power density, optical absorption and thermal
conductivity of solid C , are in good agreement60

with the experimental results.
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