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ABSTRACT: We report a photoassisted method to magnetize
microcrystal fullerene Cg, at room temperature by exciting it to
triplet states via a proper laser radiation and then trapping the spin-
polarized states under a strong magnetic field. Novel changes on
Raman scattering of the Cg, microcrystals were observed in the
presence and absence of the magnetic field. In particular, the Raman
spectra were found to exhibit a “hysteresis” phenomenon when the
external magnetic field was removed. In light of this, we propose
magnetic-field-trapped Raman spectroscopy (MFTRS) and employ
first-principle calculations to reproduce the Raman activities of Cg,
at different states. Further, MFTRS of the fullerene is demonstrated
to originate from its photoassisted magnetization (PAM). The PAM
strategy enables the magnetization of materials which consist of only
light elements; meanwhile, the MFTRS investigation may open a new research field in Raman spectroscopy.

1. INTRODUCTION

From the earliest description, known as lodestones around
2500 years ago, to the Tokamak equipment for nuclear fusion
experiments nowadays, the explorations of magnets and
magnetism accompany human history. It was previously
concluded that ferromagnetism could not exist in the materials
which consist only of light elements (e.g,, carbon, hydrogen,
oxygen, and nitrogen, etc.), where the interaction of unpaired
electrons is negligible. However, in recent decades some

the possibility to form a whole family of magnetic carbons with
varying degrees of ferromagnetic content has been proposed at
high temperature and with high-pressure treatments.”
However, the exploration of new magnets for practical use
may need to consider whether the materials are noncorrosive,
biocompatible, and magnetically stable up to room temper-
ature.® Thus, the approaches to magnetize fullerenes and
carbon-based materials at room temperature become impor-
tant. For this purpose, a better understanding of the

carbon-based materials have been found to exhibit magnetic
properties."~'® For example, pure graphite with topographic
defects was found to give rise to local ferromagnetic states,” and
weak spontaneous magnetization was also observed in heat-
treated organic nitroxides;” in particular, an or§anic species Cg-
TDAE (tetrakisdimethylamino ethylene)'' ™" was extensively
investigated with soft ferromagnetism at a Curie temperature of
T. = 16.1 K. Besides, iodine-doped fullerene (I-Cg,) and
cobaltocene-doped fullerene (Co—Cy,) were also found to bear
irreversible magnetization in low temperature due to glass
transition and spin of unpaired electrons of the fullerene
cage.'*'® Actually, the ring-current magnetic susceptibility of
fullerene Cg, itself has been studied since its discovery in
1985.17' However, it is still a challenge to establish the
intrinsic properties in terms of the basic principles for
traditional ferromagnets (based on 3d or 4f electrons).”?
Along with these investigations which have speculated the
existence of ferromagnetism in fullerenes and their derivatives,
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correlations between the macroscopic properties (magnetism)
and the microscale examination is a key to determine the
related applications.*"**

Although the magnetic response of fullerenes could be
different from planar aromatic hydrocarbons and graphite®
which provide appropriate points of analogy for the 7—electron
energy structures,” there is a common basis for electron spins,
spin polarization, and molecular states that are associated with
the energy levels.'”'®*® Herein, we report a magnetization
strategy on microcrystal fullerene Cg, at room temperature by
exciting it to triplet states via laser radiation and then trapping
the spin-polarized states with a magnetic field. Raman
spectroscopy is employed as the probe due to the ﬁn§erprint
spectra regarding energy levels and molecular states,”™** and
for the purpose of exciting Cg, to triplet states, a S14.5 nm Ar-
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Figure 1. Sketch of the designed magnet. Special consideration of the size and magnetic-field strength was taken to fit the Raman spectrometer. An
inset table shows the strength of the magnetic field corresponding to the distance from the hole-center of the magnet.
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Figure 2. (A) 514.5 nm excited Raman spectra of solid Cg, microcrystals in B=0 T (a),in B= 15 T (b), and in B =0 T (c) taken 2 min after the
removal of the applied magnetic field in (b). The inset figures on the right, respectively, show the magnified band at 1440—1480 cm™. (B) Raman
spectra of solid Cg, microcrystals excited at $14.5 nm with different strength of the applied magnetic fields. (a) B=1.0 T; (b) B= 1.5 T; (c) B =2.0
T; (d) B=2.5T; and (e) B = 3.0 T. These spectra were collected successively with the laser focused on the same spot and at the same power level.

ion laser was used in view of the lowest excited singlet state of
the Cq (predominant Ty, and G characters)*® and the
resonance band at ~700 nm.>’ As a result, magnetic-field-
trapped Raman scattering (MFTRS) of the fullerene Cg, was
observed under the 514.5 nm excitation. Theoretical and
experimental results provide vivid evidence for photoassisted
magnetization (PAM) of the fullerene Cg.

2. EXPERIMENTAL SECTION

A specially designed magnet with appropriate dimensions to fit the
Raman instruments was used, as shown in Figure 1. The magnet can
be raised, lowered, and rotated without disturbing the inner sample
lifting pillar. The magnetic field strength (B, corresponding to the
distance  from the center of the hole) is listed in the table of Figure 1.
The solid Cq, samples (99.9% purity) consist of many microcrystals
with sizes at several micrometers and a light absorption band at 250—
700 nm (Supporting Information, Figures S1 and S2). The
microcrystal samples, without further treatment, were filled in the
sample socket of a lifting guide pillar which is movable to adjust the
position of the sample.

The Raman spectra were collected on a Raman microprobe system
(RENISHAW H1332S spectrophotometer) with the excitation line at
514.5 nm from an Ar ion laser and a line resolution of 4 cm™". This
Raman instrument employs a holographic notch filter and a charge-
coupled device (CCD) to gain high detecting sensitivity. The Raman
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band of a silicon wafer at 520 cm™ was used to calibrate the
spectrometer before performing the experiments. The acquisition time
was 10 s for each scan, with a total power at 1S mW (i.e,, 3—5 mW on
the sample surface). With the microprobe beam diameter of ~1 um,
the laser light could be readily focused onto a single microcrystal.
Raman measurements were made at room temperature on many
different microcrystals, with the long axis of the microcrystal parallel to
the electric vector of the incident laser. The results were reproducible
from microcrystal to microcrystal. For the experiments with applied
magnetic fields, the direction of the field was made parallel to the
electric vector of the laser excitation. In addition, a Bruker RES 100/S
FT-Raman spectrometer (1064 nm excitation) was also used, with a
power at 50 mW and a line resolution of 3 cm™".

3. RESULTS AND DISCUSSION

Figure 2A presents the 514.5 nm excited Raman spectra of Cg,
microcrystals (for details see Supporting Information, Figures
S1 and S2) in the absence and presence of an externally applied
magnetic field. The 514.5 nm Raman (without a magnetic field)
of Cy, in Figure 2A-a is distinguished by the prominent features
in the 1400—1600 cm™" region, with two broad bands appearing
at the ~1405 and ~1586 cm™* region, as well as a sharp peak of
1456 cm™' mode sandwiched between the two broad bands. In
contrast to Figure 2A-a, however, the Raman spectrum in the
presence of an applied magnetic field (B = 1.5 T) shows well-
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Figure 3. (A) Spectral features with time evolution measured after removing an applied magnetic field of 1.5 T. Each spectrum was excited at $14.5
nm and collected at 2 min intervals with the laser on continuously. (B) The relationship of the relative intensity of the 1459 cm™' mode as time
changes on removal of the magnet. (C) Time-dependent Raman spectra of Cy excited at 514.5 nm with B =2.5 T (a) and the spectra after removing
the 2.5 T magnetic field (b ~ g), with each spectrum collected every 30 min with the laser off during each interval.

defined features, as given in Figure 2A-b. Besides the
elimination of the fluorescence background, the differences
between the two spectra (Figure 2A-a and 2A-b) involve the
red/blue shifts (e.g., 263/261, 1455/1462, 1586/1563 cm™")
and enhancements on the Raman intensities (e.g., an
enhancement factor for I ¢4,/I 455 is found to be ~5 via an
evaluation based on integration area), and there is an additional
peak appearing at 1677 cm". It is worth noting that Figure 2A-
b also shows differences of peak values, half-widths (e.g., 261,
488 cm™'), and relative intensities compared with a normal FT-
Raman of the same solid Cg, sample (Supporting Information,
§2, Table S1 and Figure S3), as well as differences from the
Raman of single-crystal Cg,.”**° The distinguishing spectrum
(Figure 2A-b) is named as MFTRS of the fullerene Cg.

Among the conditions to support a MFTRS observation of
the fullerene Cg, (e.g., a magnetic field at B > 1.0 T), the best is
attained when the field strength is ~2.5 T, as shown in Figure
2B. For the field strength at 1.0 T < B < 2.5 T, the MFTRS
spectra show almost the same spectral profile. However, at B =
3.0 T, the Raman spectrum differs from the others. As seen in
Figure 2B-e, there is a monotonously increasing background,
which indicates a “saturation effect” of MFTRS with the
magnetic field strength. It is especially interesting to note that,
after the magnetic field was removed, the spectrum (Figure 2A-
c) did not fully revert to the initial spectrum before employing
the magnetic field (Figure 2A-a). On the contrary, Figure 2A-c
retained some of the same features as Figure 2A-b, which
indicates a Raman spectral memory (“hysteresis”) for the
fullerenes relative to the magnetic field. It happens that there is
a similar case. Fullerene C,, was also found to exhibit similar
MFTRS and “hysteresis” phenomena (for details see
Supporting Information, Figure S7).

With an emphasis on the “memory effect”, we have measured
time-dependent Raman spectra of the Cg4y for 30 min after
removing the magnetic field. The results are shown in Figure
3A. Taking the 1459 cm™! mode as a representation, the
variation of relative intensities over time is addressed in Figure
3B where a decay tendency can be observed (for more details
see Supporting Information, Figure S$4). Further, the “memory”
ability was found to increase with the magnetic field strength
and could last for a few hours (Figure 3C), while it was also
found to weaken with doping of alumina (which was used as an
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insulator for magnetic tunnel junctions®®) (Supporting
Information, Figures SS, S6).

These observations were primordially supposed to be
attributed to magneto-optic effect, such as the Faraday effect,
Cotton—Mouton effect,’ Kerr effect,* and magnetization-
induced second harmonic generation (MSHG),* etc. As is
well-known, the Faraday effect is a result of ferromagnetic
resonance which causes waves to be decomposed into two
circularly polarized rays and leads to a rotation of the angle of
linear polarization. Since the orientation of the magnetic field in
this study has been designed to be vertical to the incident light
instead of parallel to the direction of incident light, a possible
influence from the Faraday effect is excluded. Besides, the
Cotton effect refers to the double refraction of light in a liquid
in the presence of a constant transverse magnetic field; the Kerr
effect describes the changes of light reflected from magnetized
media; and MSHG exists in some antiferromagnetic oxides
(e.g, Cr,03 RMnO;) and magnetic garnet films (e.g., CuB,0,,
Co0, and NiO).* In comparison with the nonapplicability of
these effects, a Zeeman effect®*>* could bring contributions via
splits of spectral lines in the presence of a static magnetic field.
However, analysis based on all of these magneto-optic effects
cannot explain the excitation dependence, fluorescence quench,
Raman enhancement, “saturation” effect, and “hysteresis” on
MFTRS of the fullerenes. Furthermore, there is no MFTRS
observation for carbon nanotubes (Supporting Information,
Figure S8). Therefore, the MFTRS observation of Cq, excludes
a common origin based on the magneto-optic effect; instead, it
probably results from a magnetization state of the fullerene
which is different from its ground state and singlet excitation
states.

In the ground state, the fullerene molecules in solid
microcrystals follow a face-centered cubic stacking structure,
where they keep a neighboring center-to-center distance at ~10
A and spin rapidly around their equilibrium lattice positions at
room temperature. If an excitation (e.g., 1064 nm) is not
enough to induce the Cq, to excited states, the ground-state
properties will be maintained. However, under a certain UV—
vis excitation, fullerene Cg, can transit from ground-state S, to
excited singlet states (S;, or even S,), and then a finite
population on the excited states transits to triplet states via a
fast intersystem crossing.3’6_41 It is important to note that there
is only a small energy difference (i.e,, 9 kcal/mol)*' between

dx.doi.org/10.1021/ja209107u | J. Am. Chem.Soc. 2012, 134, 1130—1135



Journal of the American Chemical Society

A 1466

1466

1527
Calculated
1217

1064 I

1098

¢ 1407

1419

1248

Raman Intensity

Experimental

1467
1

T T T
1000 1200 1400 1600 1800

Raman Shift (cm™)

Vibrational

)l 1466 cm™!
mode
CSD
monomer

B 1458
Calculated §
of 7
o
> Sk
= [
= }
[
o
£
o=t
m
£
[u]
14
Experimental
1l

displacment vector
red arrows
( ) D

1200 1400 1600
Raman Shift (cm")

1458 cm”' o ANY
mode @i

1000

1800

Figure 4. (A) Calculated Raman activity of a singlet-state C4, monomer (a), compared with a normal FT-Raman spectrum of solid Cy, (b). (B)
Calculated Raman spectrum of a quintet-state dimer Cg (a), compared with the 514.5 nm Raman of solid Cg, in the presence of a B =2.5 T
magnetic field (b). (C/D) The strongest vibrational modes of a singlet-state Cg4y monomer (1466 cm™") and a quintet-state Cg, dimer (1458 cm™").

The displacement vectors are shown with red arrows.

the first excited singlet state S; and the triplet state T).
Furthermore, the lifetime of the T state is much longer than
that of the S, states,**** which ensures the triplet states of
fullerene Cg, are trapped by the external magnetic field and
hence generate electronic spin polarization which results in
local moments (of which the interaction can induce
ferromagnetism in a large portion of the fullerene molecules).

We have employed the first-principle calculations (based on
the Gaussian 03 software package)*’ to reproduce the Raman
activities of fullerene Cg, at different states (for details see
Supporting Information, Figures S9—S13). First, the Raman
activity of a single ground-state C4, molecule was calculated
(Figure 4A-a), which accorded well with a FT-Raman spectrum
excited at 1064 nm (Figure 4A-b). The accordance between
them indicates that the vibrations of solid Cg, at the ground
state can be modeled by ignoring the crystal-field interaction
and treating the Cg molecules as isolated singlet-state
monomers. Second, we have also calculated the Raman
activities of isolated triplet-state Cg, monomers; however, the
results differ much from all the experimental observations
(Supporting Information, Figure S$10). Finally, in view of the
interaction of spin polarization, we have performed the
modeling calculation with quintet states based on dimer Cg,
(Supporting Information, Figures S11, S12). As a result, the
MFTRS of Cg, (under a 514.5 nm excitation) is identified with
the calculated Raman spectrum of a quintet-state Cg, dimer at a
gap distance of 2.20 A (which is close enough to take into
account the spin-polarized interaction, in comparison with 3.40
A in usual states). Figure 4B shows the peak-to-peak
accordance between the calculated and experimental spectra,
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which confirms the proposal that the MFTRS originates from a
different state of the fullerene Cg,, generated by laser radiation
and trapped by the magnetic field. It has been previously
proved that the fullerene Cg, molecules (in the excited states)
can break through their equilibrium lattice positions and form
polymerization under laser radiation.”** The Cg in its
crystalline form is held together by van der Waals forces
which promise the conversion to the polymeric phase.’
Together with electronic spin polarization and interaction in
the magnetic field, polymerization of the Cy is associated with
its magnetization, * with an energy difference at about 0.79 eV/
Cgo from our modeling calculations.

The polymerization of Cg molecules, followed by the
magnetization, affects especially the frequency of the
pentagonal pinch mode (appeared at 1467 cm™' in a normal
Raman spectrum). This agrees with experimental observations
and can be ascertained by comparing the vibrational displace-
ment vectors of the most intense vibrational modes (1458 cm™!
band for a quintet-state Cq, dimer and 1466 cm™ band for a
singlet-state monomer), as shown in Figure 4C and D. The
calculated Raman intensity for the 1458 cm™' mode is stronger
(~5.8 times per Cq) than that for the 1466 cm™ mode
(Supporting Information, Figure S12), which is also coincident
with the MFTRS results as mentioned above. On the other
hand, the magnetization of Cyy will also affect its fluorescence
process since most of the Cg, molecules stay in triplet states
and quintet states (without a return to the ground state Sp).
This is also in accordance with the experimental observation
(Figure 2A-b vs -a). It is worth mentioning that previous
studies on theoretical calculations have predicted that electronic
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instabilities in pure carbon can give rise to superconducting and
ferromagnetic properties even at room temperature.m’21

On the contrary, the trapping process (of spin-polarized
states) can also be released when removing the magnetic field,
and thus the “polymerization” of C4, will separate again due to
random thermal motion; subsequently, the decay allows a
transition to the §round state (Sp) via a gradual phosphor-
escence process.38' ® When all the C4, molecules return to the
ground state S with balanced lattice positions, they will recover
the original properties, for instance, to conceive fluorescence
again under an UV—vis excitation. The trapping and release of
the spin-polarized states are identified with magnetization and
hysteresis of the fullerene, as depicted in Figure S.

%% B’ \
Ground state (isolated monomers) ®
Hvstcrc&

Palymerization

o Triplet states
%agnetizalion
Spin-polarized
quintet states

Cgp dimer

Figure S. Sketch for the photoassisted magnetization and hysteresis
process of fullerene Cg,.

B CONCLUSIONS

We report a joint experimental and theoretical investigation on
the nature of the fullerene C4 from a new perspective:
magnetization at room temperature with photoexcitation
assistance. Vivid evidence on the magnetization of Cg,
microcrystals is provided by observing the dramatic changes
in Raman spectra (excited at S14 nm) in the presence and
absence of a strong magnetic field. The photoassisted
magnetization with verification of magnetic-field-trapped
Raman scattering helps improve the understanding of the
origins of magnetism in carbon-based materials and is
applicable for magnetization of many other materials which
consist only of light elements (C, H, O, N, etc.), even those
with a filled electron shell where the total dipole moment is
zero.
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