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ABSTRACT: We present a Raman spectroscopy investigation of the vibrational
properties of a rare-earth endohedral metallofullerene, Gd@C82, at low
temperatures. While lowering the temperature, the Raman spectra show a
blueshift in the Gd−C and C−C vibrational modes which are attributed to both
anharmonic and thermal expansion contributions in the fullerene cage. The
experimental data are compared with the theories of the shift and broadening of
the phonon lines, and respective anharmonic and temperature coefficients are
evaluated. In addition, the force constant of the Gd−C82 vibration is derived at
various temperatures using a linear harmonic oscillator model. No change in the
oxidation state of the ion is noted in the examined temperature range.

■ INTRODUCTION

Endohedral metallofullerenes (EMFs) with a metal ion
encapsulated inside the cage exhibit interesting electrical,
transport, optical, and magnetic properties.1−3 The metal ions
are positioned off-center within the cage wherefrom it transfers
multiple electrons and exhibits strong metal−cage interac-
tions.1,4,5

To date, two key vibrations are reported in detail in the
Raman spectra of EMFs: (i) the cage internal vibrational modes
and (ii) the metal ion−cage vibrational modes.6 Large atomic
masses of the metal ions in the cage often lead to low-frequency
metal−cage Raman vibrations. The force constant of the
metal−cage interaction depends on the electrostatic charge
difference between the ion and cage. In various EMFs, such as
La, Gd, Y, and Tm doped C82, the force constants derived from
Raman frequency of the metal−cage interactions are found to
be different for the different ions. Under ambient conditions,
the EMFs show a metal−cage stretching vibration below 200
cm−1, whose frequencies shift by approximately +40 cm−1 when
a triply charged metal ion (e.g., La3+ or Gd3+) is incarcerated
inside the cage instead of a doubly charged ion (e.g., Tm2+ or
Eu2+).6−8 Any anharmonic interaction between the metal ion
and cage may affect the phonon frequencies, their line widths,
and the thermal conductivity of the fullerene. Similar studies
have been performed on diamond crystals and other carbon
nanomaterials at different temperatures where the changes in
lattice parameters have been attributed to the variation in force
constants, thermal expansion coefficients, and potential
anharmonicity.9−14

Temperature-dependent Raman frequencies are also re-
ported in Sc2@C84 and C2@Sc2C84; in Sc2@C84, with a
decrease in temperature, both downshifts and upshifts in the
cage vibration frequencies are observed, whereas in C2@Sc2C84

both moderate peak broadening and temperature-induced peak
shift are reported.15,16 In lanthanides (Ce, Yb) doped crystal,
the valency of ion also reportedly varies with temperature.17−19

However, variations in intramolecular interactions and the
oxidation state of the doped ions in M@C82 with temperatures
have not been established to date.
In order to understand the metal−cage interactions in EMFs

and their spectroscopic, magnetic, and structural properties, the
knowledge of electron distribution in the fullerenes is
important. In ambient conditions, Gd is found in its 3+
oxidation state, transferring three electrons to the C82 cage.

7,20

An addition of mechanical and thermal stress in fullerenes may
enable manipulation of its electronic properties and electron
transfer in the cage.
In this paper, we present temperature-dependent Raman

studies of Gd@C82. The Raman peaks due to Gd−cage and C−
C vibration are observed for the temperature between 90 and
300 K. This study examines the incurred changes in the
strength of metal−cage interaction and the charge transfer
between the Gd ion and the cage at low temperatures.
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■ MATERIALS AND METHODS
Gd@C82 with a purity >98.5% was dissolved in carbon disulfide
(CS2). The dissolved sample was drop casted into thin film on
the glass slides. Room-temperature Raman measurements were
performed using a Renishaw inVia RM2000 spectrometer with
514.5 and 785 nm laser excitations and 30 mW power, whereas
low-temperature Raman measurements were done using a
LABRAM HR-800 spectrometer using 1800 L/mm grating and
632.8 nm excitation laser. The laser was operated so that 2 mW
power was present at the sample in order to avoid sample
heating. A 50× objective was used for both room- and low-
temperature measurements, and the spectral resolution was
better than 1 cm−1. For low-temperature measurements the
sample was mounted in a THMS-600 stage from Linkam, UK
with a temperature stability of ±0.1 K from 90 to 300 K with a
thermal step of 10 K. After background subtraction, Raman
peak positions and widths were determined by fitting Lorenzian
profiles.

■ RESULTS AND DISCUSSION
Room-temperature Raman spectra of Gd@C82 thin films are
shown in Figure 1 when excited with 514.5 and 785 nm laser

excitations in the energy range between 100 and 600 cm−1.
Four distinct Raman peaks are observed near 155, 215, 398,
and 470 cm−1. The peak energies below 200 cm−1 are
attributed to metal−cage vibrations, whereas higher-energy
peaks are attributed to the cage internal vibrations.6,7 Unlike
previous reports, the presented spectra show smaller back-
ground and intense peaks in the energy range 100−600 cm−1.
This difference could be credited to less air exposure of Gd@
C82 in our study than the previous report.6,7 Although room-
temperature Raman studies have been extensively performed
on the EMFs in the past, there is limited information on the
intrafullerene interactions at low temperatures.
In order to understand the metal−cage and C−C

interactions in the cage, the low-temperature Raman studies
are performed on Gd@C82 using 633 nm laser excitation.
Raman spectra of Gd@C82 in the temperature range 90−300 K
are shown in Figure 2. Two peaks, at 155 and 352 cm−1, are
evident throughout in the low-temperature spectra. In addition
to these, a weak peak at 215 cm−1 is also observed. Owing to

their stronger intensities, we shall discuss the detailed changes
in 155 and 352 cm−1 peaks with temperature in the following
section.
For the 155 and 352 cm−1 peak, the Raman peak positions

are plotted versus the temperature and are shown in Figure 3.
Upon lowering the temperature to 90 K, it is observed that
both Raman peaks at 155 and 352 cm−1 are blue-shifted. For
the 155 cm−1 peak, the shift in the peak position is evident only
below 160 K. At 90 K, a shift of approximately +7.0(0.5) cm−1

is observed in the 155 cm−1 peak, whereas the peak at 352 cm−1

is shifted by +3(1) cm−1. The measurements were repeated
several times in order to verify the reproducibility of these small
Raman shifts at low temperatures. Using a simple harmonic
oscillator model for Gd−C82, where the ion moves relative to
the cage, the Raman vibrational frequency can be calculated6,21

ν μ=− k(cm ) 1302.1( / )1 1/2
(1)

where k is the force constant (N cm−1) between the ion and the
cage and μ is the reduced mass of Gd@C82 in a.m.u. From this
equation, the force constants (k) are derived for the metal−
cage vibrational mode (at 155 cm−1) at different temperatures
and are plotted in Figure 3(a) inset. At room temperature, k for
Gd−C82 is found to be 1.9 N cm−1, whereas at 90 K, the k value
increases to 2.1 N cm−1. The change in force constants signifies
variation in the nature and strength of the metal−cage
interaction, which primarily depends on the oxidation state of
the incarcerated ion and the charge transfer between the ion
and cage.22

Magnetometry studies have been previously performed on
Gd@C82 in the temperature range 2−300 K.23−26 The
magnetization curves at different temperatures are well
characterized by the Brillouin function BJ which depends on
J, the total angular momentum, and g, the Lande g-factor. For a
free rare-earth ion like Gd3+ with negligible spin−orbit
coupling, J is a good quantum number.24 Using the Brillouin
function BJ, the isothermal normalized magnetization can be
derived as a unique function of g and J.27 In this study, we have
kept g = 2, and the experimental isothermal magnetization
curves observed between 4 and 300 K are fitted with the
Brillouin functions. The best fitted BJ yields the J value for the
experimental curves at various temperatures. Figure 4 shows J

Figure 1. Room-temperature Raman spectra of Gd@C82 obtained with
excitation wavelengths (a) 514.5 nm and (b) 785 nm.

Figure 2. Temperature-dependent Raman spectra of Gd@C82
obtained between 90 and 300 K with excitation wavelength 633 nm.
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versus temperature for Gd@C82 in the range 4−300 K. It is
evident from the figure that J is constant (≈3.5) above 15 K,
revealing that no change in the oxidation state of the ion occurs
above 15 K. This is why we conclude that the observed
blueshifts in the Raman spectrum at 90 K are not due to the
variation in the oxidation states of the metal ion; rather, it could
be due to external perturbations such as mechanical stress,
strain, and thermal effects.
The net displacement of the atoms changes the frequencies

of vibration resulting in a shifted Raman peak. A compressive
stress leads to a blueshift, wheres tensile stress redshifts the
Raman frequencies.28−30 In addition to the stress and/or strain,
the Raman frequencies also depend on the sample temperature.
The higher-order terms in the crystal potential lead to explicit
anharmonic interactions of phonons at constant volume,
whereas thermal expansion in the solid changes the volume
and effective bond strength. The collective thermal response in
solid modifies the Raman frequencies and line widths with
temperature. As we have measured the Raman spectra at

constant pressure instead of constant volume, both thermal
expansion and anharmonic contributions might be present in
the Raman shifts with temperature.
A general temperature behavior of the Raman frequencies

(ω) can be defined as10,11

ω ω χ= +T T( ) 0 (2)

where ω0 is the frequency at absolute zero and χ is the first-
order temperature coefficient containing thermal expansion and
anharmonic contribution to the energy shifts. As our
experimental temperature range 90−300 K is significantly
below the graphite Debye temperature, the anharmonic
contribution is expected to be small.11 The experimental data
are fitted by the above equation, and the responses of ω at 155
and 352 cm−1 are evaluated. The temperature coefficients χ of
155 and 352 cm−1 peaks are found to be −0.026(7) and
−0.009(1) cm−1/K. High bending strain energy is often
observed in carbon nanotube rings and fullerenes which
makes the softening of the C−C bond more difficult.31−33

This is why the C−C bond strength and its corresponding
temperature coefficient in Gd@C82 has less dependence on
temperature as compared to that seen in graphene and straight
nanotubes.10,31 Being more sensitive to the crystal field effects,
the metal−cage vibrations show higher temperature coefficients
than the C−C cage modes.
The extrapolated frequencies ω0 for 155 and 352 cm−1 peaks

are observed to be 162(1) and 355.6(2) cm−1, respectively. The
observed blueshifts in both metal−cage and cage internal
modes of vibration can be caused by the thermal contraction of
the cage at low temperatures which in turn modifies the Gd−C
and C−C bond length and their strength of interaction. The X-
ray absorption analysis performed on Gd@C82 by Giefers et al.
has also illustrated a weak temperature dependence of Gd−C
distance. The change in the metal−ion distance with temper-
ature is attributed to the effects of thermal vibrations and
distortion in the local environment of the Gd ion near carbon
hexagons at low temperatures.24

The observed temperature coefficients for Gd−C and C−C
modes in Gd@C82 are found to be comparable to those
reported for various other carbon nanomaterials including
graphene and carbon nanotubes (CNTs).10−13,34−36 In

Figure 3. Temperature-dependent Raman shifts observed at (a) 155 cm−1 and (b) 352 cm−1 due to Gd−C and C−C vibrational modes, respectively.
The inset of (a) shows the force constant variation with temperature for Gd−C82 interaction.

Figure 4. Dependence of total angular momentum J with temperature
in Gd@C82 between 4 and 300 K.
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graphene, the temperature coefficients corresponding to a
graphitic band are found to be −0.016 and −0.015 cm−1/K for
mono- and bilayered sheets,10 whereas in CNT rings, the
temperature coefficients of radial breathing modes are found to
be varying between −0.0057 and −0.0263 cm−1/K. These
temperature coefficients are found to be shape dependent and
also explain the thermal stability of nanotube rings over linear
tubes.31 In both graphene and CNTs, the thermal contraction is
reportedly an effect of anharmonic lattice potential which
affects the thermal stability and thus the thermal conductivity of
these nanomaterials.10,11,31

Figure 5 shows the temperature-dependent full width at half
maxima (fwhm) of the 155 cm−1 peak as a function of

temperature. The temperature-dependent line widths Λ(T) can
be governed by the phonon occupation given by the Boltzmann
distribution at the Raman frequency ω36−38

Λ − Λ =
−

+
−

ω ωℏ ℏ

⎡

⎣

⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥( )( ) ( )
T

A B
( ) (0)

exp 1 exp 1k T k T

3
0

B
0

B

(3)

where Λ(0) is temperature-independent fwhm and A and B are
the peak broadening components due to higher-order
anharmonicities. The observed line width difference Λ(T) −
Λ(0) as a function of temperature is fitted with the above
equation and is shown in Figure 5. At higher temperatures, the
fwhm increases linearly with temperature, whereas at low
temperatures and when extrapolated to absolute zero (T → 0
K), it converges to about 2.5(2) cm−1 (Λ(0)). It is only above
200 K that the anharmonic effects in peak broadening are
evident. A and B are evaluated as 0.17 (4) and 1.5(7) cm−1,
respectively, revealing the presence of small anharmonic effects
in the peak broadening. The reduced line width could be
associated with the freezing of cage at low temperatures which
in turn strengthens the interaction between the Gd ion and the
cage and also reduces the anharmonic phonon decay.39

■ CONCLUSION
In summary, we reported the first experimental investigation of
temperature-dependent Raman spectra for Gd@C82 thin films.

Two Raman frequencies observed at 155 and 352 cm−1 at 300
K are attributed to metal−cage and internal cage vibrational
modes, respectively. At 90 K, a blueshift in both frequencies is
observed which is demonstrated by the thermal and
anharmonic effects in the fullerene cage. The line width of
the 155 cm−1 peak reduces with temperature and converges to
2.5 cm−1 at absolute zero. Although thermal effects play a
significant role in the metal−cage bond strength (k), no change
in the oxidation state of the Gd ion is observed above 15 K.
The extracted temperature coefficient of the 155 cm−1 peak is χ
= −0.026(7), whereas for the 352 cm−1 peak it is χ =
−0.009(1) cm−1/K which are at par with those reported for
other carbon nanomaterials. Our results consider both the
pure-temperature as well as pure-volume effects in the
evaluated temperature coefficients where the blueshift in the
metal−cage vibrational frequency is attributed to thermal
contraction of the cage, whereas the decrease in line width at
lower temperatures occurs due to reduced anharmonic effects.
With the help of these temperature coefficients, a Raman
spectrometer can now be treated as a noncontact thermometer
for observing the temperature of Gd@C82.
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