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ABSTRACT: Temperature dependent Raman spectra of a Dy@C82 thin film
are investigated between 80 and 300 K. The first order temperature coefficient
is evaluated for both Dy−C and C−C vibrational modes which reveals the
presence of thermal and anharmonic contributions to the phonon hardening at
low temperatures. The Dy−C mode broadens while decreasing the temperature
revealing that the electron−phonon coupling is dominant over phonon−phonon
coupling at low temperatures. In addition, laser-power dependent Raman spectra
of Dy@C82 and Gd@C82 have been analyzed for estimating their first order
power coefficients and the thermal conductivities.

■ INTRODUCTION

Thermoelectrics have a wide range of applications in power
generation and thermal insulation in solid state memory
devices.1−3 Their efficiency is often defined by the figure of
merit which is inversely proportional to the thermal conductivity
and electrical resistivity.4,5 Many works have been done in
order to identify suitable nano, bulk, and hybrid materials with
enhanced thermoelectric properties.6−8 For a bulk material,
these properties can be refined by either reducing its thermal
conductivity by inducing phonon scattering or by increasing its
figure of merit via doping lower-dimensional structures such as
fullerenes in its matrix.8−10

Both C60 and C70 fullerenes and their derivatives offer low
to ultra low thermal conductivities at room temperature which
are nearly independent of the sample thickness and the sub-
strates.11,12 This is why, they are potential candidates for
thermoelectric and thermal insulation applications. Even though
thermal conductivity of C60 and its derivatives has been exten-
sively examined, the reports on that of the larger fullerenes
such as endohedral metallofullerenes, M@C82 is limited. These
fullerenes, with a metal (M) ion encapsulated inside a hollow
fullerene cage, possess interesting electronic, optical, and magnetic
properties and offer several applications in the field of electronics,
spintronics, optoelectronics, and biomedicines.13−16

In order to realize scalable fullerene-based thermoelectric
systems, the cages with opposite signs of the thermopower
should be arranged in series.17,18 Although the linear arrange-
ment of the cages can be attained inside the carbon nanotubes,

the thermopower cannot be regulated without changing their
chemical compositions.17,19,20 Recent reports have shown that
endohedral metallofullerene Sc3N@C80 has potential applica-
tions in thermoelectrics as it exhibits sign-tunable thermopower
which can be modulated by the mechanical pressure.17,18,21

In addition to the cage mediated thermal transport, the metallo-
fullerenes may present an additional transport mechanism
via metal−cage interaction and thereby may regulate the
thermal conductivities and thermoelectric properties of the
bare fullerenes.22

Raman spectroscopy has been proven effective in measuring
the metal-cage interaction strength, their bond length, force
constant and oxidation state of the metal ion inside full-
erenes.23−27 Being a noncontact and nondestructive technique, it
has also been employed on several thin-films and nanomaterials
for the reliable estimation of their thermal conductivities.28−32

Here, we communicate temperature dependent Raman studies
of a Dy@C82 thin film. The first order temperature coefficients
are evaluated for Dy−C and C−C vibrations. In addition, we also
present the first report on the thermal conductivity measure-
ments of the thin films of Dy@C82 and Gd@C82 fullerenes using
both temperature and laser-power dependent Raman spectrosco-
py. This study provides insight into the interplay between thermal
and mechanical transformations experienced by the material while
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changing the temperature and thereby assessing their suitability
toward thermoelectric applications.

■ MATERIALS AND METHODS
Isomer specific Dy@C82(>96.5%) and Gd@C82(>98.5%) were
dissolved in CS2 and were drop-casted into thin-films (having
thickness ∼0.37 mm) on the glass substrate for the Raman
measurements. (See Figure S1 for the purity of the fullerenes and
their isotopic distribution.)
Temperature-dependent Raman spectra were recorded using a

LABRAM HR-800 spectrometer with an excitation wavelength
of 633 nm. The thin-flims were mounted in THMS-600 stage
(Linkam, U.K.) where the temperature was varied between
80 and 300 K in a thermal step of 10 K and having a temperature
stability of ±0.1 K. Throughout the measurement, 2 mW laser
power was imposed on the film.
Laser power-dependent Raman measurements were per-

formed at room temperature using Renishaw inVia RM2000
spectrometer at an excitation wavelength of 785 nm (having laser
spot size ∼1.5 μm) and the laser power was varied between
0.15 and 15 mW.

■ RESULTS AND DISCUSSION
Temperature−Dependent Raman Spectral Analysis of

Dy@C82. In general, two kinds of vibrations are reported in the
metallofullerenes: (a) Raman shifts below 200 cm−1 attributed to
metal−cage vibrations and (b) Raman shifts above 200 cm−1

assigned to the cage internal vibrations.24,25 Raman spectra
of Dy@C82 in the temperature range 80−300 K are shown in
Figure 1. At 300 K, three distinct Raman peaks are observed at

151.5(1), 219.4(1), and 470.9(3) cm−1 revealing the presence of
both kinds of vibrations in Dy@C82. In addition to these peaks,
a weak peak at 215 cm−1 is also observed. However, due to its
weak intensity, the 215 cm−1 peak has not been analyzed in the
temperature dependent Raman studies.
Upon decreasing the temperature to 100 K, the Raman peaks

are blue-shifted and are observed at 153.8(5), 220.6(1), and
473.0(4) cm−1, respectively. At 80 K, only two peaks at 154.5(8)
and 220.6(3) cm−1 are observed revealing a continued blue-shift
in their energies while lowering the temperature. At 80 K,
471 cm−1 peak becomes indistinguishable due to line broad-
ening. The thermal variation of the peak positions at ∼151, 219,
and 471 cm−1 are illustrated in Figure 2. The shift in Raman

frequencies (ω) with temperature has been fitted with the
following equation:28,29

ω ω χ= +T T( ) T0 (1)

whereω0 is the frequency at absolute zero and χT is the first order
temperature coefficient. The higher order coefficients have been
neglected as the thermal analysis is performed at low temper-
atures. The thermal variation of Raman peaks at 151, 219, and
471 cm−1 are fitted with the above equation (see Figure 2) and
the fitting parameters ω0 and χT are evaluated. The ω0 for
151, 219, and 471 cm−1 peaks are found to be 155.4(6) cm−1,
221.4(2) cm−1 and 473.7(4) cm−1 respectively whereas χT for
the respective peaks are found to be −0.013(1), −0.007(2), and
−0.008(1) cm−1/K. The negative temperature coefficients of
metal-cage and cage internal vibrations in these fullerenes may
be attributed to the thermal expansion of the cage and
anharmonicity in the lattice forces.33,34 Both properties influence
the bond length and the interatomic interaction strength upon
varying the temperature. Similar observations on Gd@C82
have been reported previously where the metal-cage distance
changes with temperature.35 Like Gd@C82,

27 the total angular
momentum J of Dy@C82 is found to be constant (∼3.7) above
40 K revealing that the oxidation state of Dy3+ remains invariant
(see Figure S2) and does not contribute toward the observed
phonon hardening at the examined temperatures.
The χT for Gd−C vibration is higher than that of the Dy−C in

C82 cage.
27 This could be credited to the larger ionic size of Gd3+

than that of Dy3+ due to which Gd−C suffers stronger
compression than Dy−C in the rigid cage.36−38 χT for C82 cage
internal vibrations (C−C) are similar irrespective of the
encapsulated metal ion. Both fullerenes and carbon nanotubes
have high bending strain energy which refrains the softening
of C−C bonds with temperature and stem for smaller χT than
those observed for graphene and other planar nanostruc-
tures.28,33,34,39,40

In addition to the thermal variations in the Raman frequencies,
the temperature dependent line broadening was also examined
for the metal-cage vibration (151 cm−1) and the cage internal
vibrations (219 and 471 cm−1). Figure 3 shows the temperature
dependent full width at half maxima (fwhm) of 151, 219, and
471 cm−1 peaks. At room temperature, the line width was found
to be 2.3(2) and 6.2(4) cm−1 for 219 and 471 cm−1 peaks,
respectively. From Figure 3a, it is evident that their line widths
are nearly temperature independent whereas that of 151 cm−1

peak increases with decrease in temperature. The line width of
a phonon in a crystalline lattice is determined by its interaction
with other elementary excitations. In most of the materials tem-
perature dependent line broadening occurs due to anharmonic
effects and phonon−phonon interactionwhich can bewritten as41,42

Γ = Γ +
−ω

− −
ℏ

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥( )
T( ) 1

2

exp 1
k T

ph ph
0
ph ph

2
0

B

where Γph−ph(T) is the temperature dependent line width arising
due to anharmonic phonon−phonon (ph-ph) coupling and
Γ0
ph−ph is the temperature independent line width. We attempted

to fit the temperature dependent fwhm of 151 cm−1 peak
considering anharmonic phonon−phonon coupling only which
is shown in Figure 3b. At low temperatures Γph−ph(T) does not fit
well with the experimental data revealing that other elementary
excitations such as electrons, holes, or electron−hole pairs might

Figure 1. Temperature dependent Raman spectra of Dy@C82 obtained
between 80 and 300 K with excitation wavelength of 633 nm.
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be interacting with the phonons. This is why we have redefined
the thermal variation of fwhm by Γ(T) = Γph−ph(T) + Γel−ph(T),
where Γel−ph(T) is the line width due to electron−phonon
(el-ph) coupling. Γel−ph(T) is given by43−46

Γ = Γ
− +

−
+ω ω

− −
ℏ ℏ

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥( ) ( )
1

exp 1

1

exp 1
k T k T

el ph
0
el ph

2 2
0

B

0

B

where Γ0
el−ph is the line width due to electron−phonon coupling

at 0 K. Γ(T) is used to fit the experimental data and is shown in
Figure 3(b). The fitting parameters Γ0

ph−ph and Γ0
el−ph are found to

be 0.5(3) and 31(6) cm−1 respectively. Having Γ0
el−ph ≫ Γ0

ph−ph

reveals that at low temperatures electron−phonon coupling
dominates over phonon−phonon coupling and thus broadens
the peak attributed to Dy−C vibration. At low temperatures,
the thermal excitation of the electrons are overpowered by the
generation of electron−hole pairs via phonon excitation. This in

Figure 2. Temperature dependent Raman peak shifts observed at (a) 151 cm−1 and (b) 219 and 471 cm−1 due to Dy−C and C−C vibrational modes,
respectively.

Figure 3. (a) Temperature dependent fwhm of 151, 219, and 471 cm−1 peak of Dy@C82. (b) The temperature variation of fwhm of Dy−C vibrational
mode (151 cm−1) along with the fit of the data which includes both phonon−phonon and electron−phonon coupling in the line broadening.

Figure 4. Laser power dependent Raman spectra of (a) Dy@C82 and (b) Gd@C82.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b12577
J. Phys. Chem. C 2017, 121, 3642−3647

3644

http://dx.doi.org/10.1021/acs.jpcc.6b12577


turn, decreases the phonon lifetime and results in the line
broadening.43,47

Thermal Conductivity of Dy@C82 and Gd@C82. Raman
spectroscopy is often used as noncontact mode for determining
the thermal conductivity of thin films.34,40,48 The combina-
tional effect of temperature and laser power on phonon
frequencies are used for the reliable evaluation of the thermal
conductivity.39,40,49

The laser-power-dependent Raman spectra of Dy@C82 and
Gd@C82 have been obtained at room temperature and are shown
in Figure 4. The metal-cage vibration is observed at 151 cm−1 for
Dy@C82 and at 154.4 cm−1 for Gd@C82 while using 785 nm
excitation and having a laser power of 0.15 mW whereas C−C
vibration for Dy@C82 and Gd@C82 are observed at 216.7 and
217.2 cm−1 respectively. These peaks are examined while changing
the laser power and their variation is plotted in Figure 5. Upon
increasing the laser power to 3 mW, the peak at 151 cm−1 linearly
shifts by −0.4(2) cm−1 for Dy@C82 whereas the peak at
154.4 cm−1 shifts by −0.8(1) cm−1 for Gd@C82. Above 3 mW,
nonlinear peak shift is observed in the metal−cage vibration
modes. The line widths of Dy−C and Gd−C vibrations at
0.15mW are found to be 9.7(5) cm−1 and 5.0(2) cm−1 whereas at
3 mW, the line widths marginally expand to 11(1) and 7(1) cm−1

respectively. Upon increasing the power to 15 mW, the peak
at 216.7 cm−1 shifts by −1.6(2)cm−1 for Dy@C82 and peak at
217.2 cm−1 shifts by −1.1(1) cm−1 for Gd@C82. It is apparent
that increase in the laser power locally heats the fullerenes and
roots for redshift in the observed frequencies. Both the metal−
cage and cage internal vibrations shift linearly with the laser
power and exhibit a negative slope. The power dependent shift in
the peak position, Δω(P) is characterized by40

ω χΔ = ΔP P( ) P (2)

where χP is the first order power coefficient andΔP is the change
in the laser power. The observed variation in the Raman peak
frequencies with the laser power is fitted with the above equation
and the respective χP is evaluated. χP is found to be−0.3(1) cm−1/
mW for Dy−C vibration in Dy@C82 and −0.25(7) cm−1/mW for
Gd−C vibration in Gd@C82. The power coefficients of these
metallofullerenes are smaller than those reported for carbon
nanotubes and the layered nanostructures such as graphene and
MoS2.

34,40,50 χP of C−C vibration in Dy@C82 and Gd@C82 are
found to be −0.10(2) and −0.10(4) cm−1/mW, respectively.
For cage internal modes of vibrations, similar χP is obtained for

both metallofullerenes which could be attributed to the presence
of the same skeletal cage C82.
While performing the Raman measurements, the laser beam

causes local heating effect on the surface of the film which
increases the surface temperature and eventually leads to thermal
conductivity. When the film thickness is at least one order
larger than the diameter of the laser source, the heat could be
transferred radially through the film.32,51 For such heat flow with
hemishepherical distribution of isotherms on the film, the
conventional heat flow equation of thermal conductivity (κ) can
be written as32,51,52

κ
π

=
−
P

a T T
2

( )l b (3)

where a is the laser beam diameter, Tb is the bulk sample
temperature, and Tl is the local temperature on the surface due to
the heating effects by the laser power P. In C60, κ is weakly
affected by the high frequency intramolecular phonons as
compared to that of the low frequency ones.53 This is why,
in order to determine κ of Dy@C82 and Gd@C82, we have
considered the changes in the metal−cage vibration frequencies
upon laser heating. For evaluating Tl and thus, κ of Dy@C82 and
Gd@C82, χT of Dy−C and Gd−C vibrations are extracted from
this and the previous work respectively which are performed at
low temperatures (80−300 K).27 As the thermal variation in the
Raman frequencies is linear, its slope χT and the laser-power
dependent shifts in the Raman frequencies can be utilized for
evaluating Tl of the samples. For instance, at 15 mW, Tl of Dy@
C82 and Gd@C82 are found to be ∼352 and 322 K, respectively.
At 1 mW, κ of Dy@C82 is found to be 30(3) W/(m K) whereas
that of Gd@C82 is 61(5) W/(m K). Interestingly, these values
increase with increase in the laser power and thus with the local
temperature, Tl. This reveals that the anharmonic coupling of
vibrations in these fullerenes roots for their lattice thermal
conductivity.54

The thermal conductivities κ of Dy@C82 and Gd@C82 are
nearly 3 orders of magnitude smaller than that of graphene,
graphite, and carbon nanotubes,33,55,56 whereas they are higher
than those reported for the thin films of C60, C70, carbon
nanospheres, and amorphous carbon.11,48,53,57,58 In pristine
fullerenes, κ has mostly phonon contributions where the heat
conduction occurs via lattice vibrations of covalently bonded
carbon atoms.56 However, fullerenes doped with rare-earth
metals such as Dy@C82 and Gd@C82 may also have an additional

Figure 5. Laser power dependent Raman peak shift for (a) Dy−C (151 cm−1) and Gd−C (154.4 cm−1) modes and (b) C−C modes in Dy@C82 and
Gd@C82 respectively using 785 nm excitation.
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electron contribution to κ due to the presence of free charge
carriers. This is why, the observed κ of Dy@C82 and Gd@C82 are
higher than those of C60 and C70. Owing to the energy transfers
between C60−C60 and C60−nanotube in the carbon nanotube
peapods, similar increase in the thermal conductivity is reported
as compared to that of an empty tube.12,59

At high temperatures, phonon−phonon scattering increases
which in turn limits the phonon mean free path and the thermal
conductivity. In nanomaterials, both the localization of vibrations
and the reduced mean free path contribute to the low thermal
conductivity.5,10,60,61 Many thermoelectric materials have shown
remarkable decrease in their thermal conductivity upon being
doped with C60 and its derivatives. Having small size and low
thermal conductivity, Dy@C82 and Gd@C82 fullerenes can act as
a dopant in both nano as well as bulk thermoelectric media and
may offer to improve their electrical transport properties.1,62

■ CONCLUSION

In summary, temperature dependent Raman spectra of Dy@C82
are presented. Both metal−cage and cage internal vibrations
display linear hardening with decrease in temperature and
having the first order temperature coefficients χT −0.013(1) and
−0.007 (2) cm−1/K, respectively. The Raman line broadening is
assigned to the contributions from both phonon−phonon and
electron−phonon interactions of which the latter is dominant at
low temperatures.
In addition, laser power dependent Raman spectroscopy

has been employed to determine the thermal conductivity of
Dy@C82 and Gd@C82 films. At 1 mW, the room temperature
thermal conductivities of Dy@C82 and Gd@C82 are found to be
30(3) W/(m K) and 61(5) W/(m K), respectively. As these
values increase with increase in the local temperature upon
laser heating, the thermal conduction in these endohedral
fullerenes is mainly attributed to the anharmonic coupling of
lattice vibrations.
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