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Evidence for high-temperature ferromagnetism in photolyzed G,
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Ceo transforms to a polymeric phase where thg @olecules are bonded to form a chain structure when it
is subjected to ultraviolet radiation at ambient temperature in the absence of oxygen. The electron paramag-
netic resonance spectrum ofdphotolyzed in the presence of a low pressure of oxygen or in air shows a very
broad, asymmetric derivative signal at room temperature and at a magnetic field position well removed from
g=2.000. With decreasing temperature, the broad line shifts to lower magnetic fields and increases further in
linewidth, as expected for a ferromagnetic resonance signal. A low-field nonresonant derivative signal is also
observed, consistent with the existence of ferromagnetism. Ferromagnetism up to room temperature in photo-
lyzed G is confirmed unequivocally by superconducting quantum interference device measurements of the dc
magnetization as a function of magnetic field. A possible model for the origin of ferromagnetism based on
these results and Raman data on photolyzed samples is also proposed.
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Photoinduced magnetism is of considerable interest inrradiated in flowing helium. Irradiation in flowing oxygen
data storage applications because of its potential to perforforms the phase. The results described below could also be
reading as well as writing of information. The phenomenonobtained by ultraviolet irradiation of polycrystallinesfor
has been widely investigated in several different material20 h in air at ambient temperature. Both the vacuum and
over the past decade, but has been observed mostly in metalir-irradiated samples were examined by Raman spectros-
based compounds and at relatively low temperatures. Hereopy using a JobinYvon-Horiba LabRam microRaman spec-
we report evidence for photogenerated ferromagnetism dtometer using approximately 2 mW of 632.8 nm laser radia-
room temperature and above in polymerig,Cproduced in  tion at the sample. A shoulder at 1458 chdownshifted in
the presence of oxygen, which confirms earlier largely overfrequency by about 10 cht from the pentagonal pinch
looked investigations? In the earlier studies Murakami and mode frequency at 1469 cthof pristine G, had been pro-
Suematstiand Makarovaet al? provide magnetic data and duced by ultraviolet irradiation. The appearance of this line
suggest that room-temperature magnetism occurs in an oxys clearly indicative of the transformation of part of the
genated polymeric g generated by ultraviolet irradiation. In  sample to a linearly polymerizeds;gphase via a 2 2 cyclo-
subsequent work, Makarova and co-worRersport ferro-  addition reactior?:” The polymeric phase in the photolyized
magnetism up to 500 K in a high-pressure polymerizggl C sample has been shown to be an oligomer having typically
rhombohedral phase, where it is suggested that ferromadess than 20 g, units®
netism arises due to the presence of defect patterns. Ferro- The irradiated samples were then transferred to a quartz
magnetism has also previously been observed in TDAE-C tube which had not been previously subjected to ultraviolet
tetrakigdimethylamingethylene-fullerené0], below 16 light and magnetic resonance spectra recorded in a Varian E9
K.*® In this paper we present ferromagnetic resonance anélectron paramagnetic resonance spectrometer operating at
low-field data coupled with superconducting quantum inter-9.2 GHz. Figures (B) and 1b) show the spectra obtained at
ference devic€SQUID) dc magnetometery results to support 300 and 104 K for the sample irradiated in air. The narrow
the existence of ferromagnetism above 300 K in a photopoderivative signal observed is due to the small fraction gf C
lymerized Gg phase. A structural model of the ferromagnetic anions in pristine .2 These paramagnetic species are
phase is also suggested. likely to be the origin of the paramagnetism observed at low

99.9%-pure polycrystalline 4 obtained from Aldrich temperatures in the SQUID magnetization data discussed be-
contained in evacuated quartz tubes was subjected to 254 niew. Only the narrow derivative signal is observed in the
ultraviolet radiation for 4 h. The vacuum was typically pristine Gg used in this study. The very broad, asymmetric
102 Torr, which meant that the sample was still exposed tdine has not previously been observed in irradiatgg. The
a small level of oxygen. It has been shown in previous workresonance has the characteristics of a ferromagnetic reso-
that irradiation for 21 h in high vacuum does not produce thenance(FMR) signal, as discussed below, indicating that the
ferromagnetic phaseln agreement with this we find that the sample is ferromagnetic. The line markedly broadens as the
ferromagnetic phase cannot be produced when the sampletmperature is lowered from room temperature and the mag-
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FIG. 2. (a) Temperature dependence of the magnetic field at thespectra of free radicals, but is characteristic of spectra ob-

center of the ferromagnetic resonance for irradiatggl @) Tem-

served for ferromagnetic solids arising from ferromagnetic

perature dependence of the linewidth of the ferromagnetic resoresonancé.Generally, EPR signals of radicals show slight
nance for photopolymerizedgg

line narrowing and small shifts in the field dependence of the
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resonance as the temperature is lowered. On the other hang,, and oligomers that 20% of the sample is polymerized,
the field position of ferromagnetic signals is usually quitegiving a corrected saturation magnetization at room tempera-
temperature dependent because of the dependence of thge of 0.04 emul/g. Figure(® gives the temperature depen-
resonant field position on the magnetization and anisotropgience of the coercivityH.). Normally atT., H. will be
constant. The specific functional dependence depends on thero; however, because of the weak dependence on tempera-
geometric shape of the samglé\ similar broadening and  ture above 150 K, it is not possible to estimatefrom the
shift to lower magnetic fields is observed for the resonancejata.
spectrum of G- TDAE in its ferromagnetic phase below 16— n any report of ferromagnetism in an organic material the
K.*" Heating the sample to 460 K did not decrease the intenpurity of the sample is a critical issue and we have paid
sity of the FMR signal, indicating that the ferromagnetic considerable attention to sample analysis. The startigg C
phase is stable at least up to 450 K. solid was analyzed by induction coil plasma mass spectrom-
Further evidence for ferromagnetism is the observation ogtry (ICP-MS). The results indicated that signals from all
a low-field, nonresonant derivative signal using EFRJ.  metals were at levels well below 100 parts pef.1Plasma-
1(c)]. This low-field microwave absorption signal is a well- induced atomic absorption spectroscopy independently con-
established signature for the existence of ferromagnetism. Hrmed iron levels to be less than a few parts pet. Further,
arises because the permeability in a ferromagnetic solid dghe EPR of the & before photolysis, which would readily
pends nonlinearly on the strength of the applied dc magnetigetect magnetic metals at parts pex@® did not show any
field at low fields™ 2 Since the surface resistance is propor-evidence for magnetic metals.
tional to the square root of the permeability, the microwave A number of photoelectron emission studies have shown
absorption at low fie_ld is detected_ as the deriva_ltive of thenpat Gso molecules undergo polymerization and oxidation
nonresonant absorption as a function of the applied dc magyhen subjected to uv irradiation in the presence of oxygen or
netic field. air*®* The process involves an initial photolytic dissocia-
Further support for the existence of ferromagnetism inion of molecular oxygen to atomic oxygen, which then
iradiated (o was obtained by SQUID magnetometry using honds to G,. The oxygenated & then forms the dimers and
a Quantum Design MPMS2 magnetometer. Magnetic hystefgjigomers. Since the ferromagnetic phase is not produced
esis loops at 5, 20, and 300 K shown in Fida)3clearly  \hen the irradiation occurs in high vacuum, Murakami and
indicate the presence of ferromagnetism in a fraction of thes ematsu suggested that oxygenateg @mers or oligo-
solid. SQUID magnetometry on the starting sample of prisyners are the source of the ferromagnetishiowever, it is
tine Cgo showed only weak paramagnetism at low temperaz|so necessary to account for the source of the unpaired elec-
ture and a diamagnetic component, both of which were subyon required to form the ferromagnetic phase. It is known
tracted out of the data shown in Figlad The diamagnetic that the G, anion is more stable thanggand gives rise to an
component is independent of temperature, having the valugpR signal in pristine .8 A possibility is that some of the
—0.00365 emu/g in a 300-Oe magnetic field. The paramaganions are incorporated in the oligomers, providing the nec-
netic component is temperature dependent, having a classigsary unpaired electron. In fact, it has been shown that

Curie-Weiss (1IT) temperature dependence. At 300 K in a charged monomers have a lower barrier toward the formation

Figure 3b) gives the temperature dependence of the magne- |5 conclusion, FMR data in combination with SQUID
tization. The line through the data is a fit to the Bloch law: measurements provide evidence for the existence of ferro-
_ 3/ magnetism in hotolyzed in air. We expect that the frac-

M(T)=M(O)[1=AT™] @ tiongof the maggr?er'zic phr:l/se can be increasped by the photolysis
for A=3.1x10"° emu/g K¥? and M{(0)=9.5 memu/g. In of thin-film samples. Thin-film samples would also allow
principle, T. can be estimated from this fit of the data to the study of whether light could be used to remove the ferromag-
temperature at whicM (T) is zero, which gives @, of 1000 netic state. This would raise the possibility of using polymer-
K, but deviations from the Bloch law nedr. due, for ex- ized G, films deposited on flexible, low-cost plastics as a
ample, to critical fluctuations make this an overestimate. It idight-activated room-temperature magnet with both reading
estimated from the relative intensities of the Raman bands aind writing capabilities.
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