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A substantial amount of endohedral fullerene, Ar@Cgo (> 1 mg), was successfully obtained by

heat treatment of Cgy powder under high pressure Ar atmosphere, followed by sequential HPLC
separation. The isolation of pure Ar@Cgy was demonstrated by TOF-MS, '*C NMR
spectroscopy and powder X-ray diffraction. We report here the synthesis of the first endohedral
fullerene superconductors, K5(Ar@Csgp) and Rbs(Ar@Cg) having critical temperatures of about
18 and 27 K, respectively. The decrease of T, (AT,) in both K3(Ar@Cgo) and Rbs(Ar@Cep)
compared with pristine compounds (A7, >1 K and >2 K, respectively) is rather large, implying
that the influence of encapsulated Ar atom on the Cgy cage and therefore to the superconductivity
of its derivatives, is more pronounced than expected. Indeed, synchrotron X-ray powder
diffraction results showed, rather unexpectedly, that Ar@Cg and Cgo have different unit cell

parameters therefore different van der Waals radii.

Introduction

An interesting feature of fullerenes is the capability of capture
of various atoms or molecules inside the cage. Endohedral
Cgo’s' usually encapsulate non-ionic-interacting elements such
as nitrogen,” phosphorus® or noble gas atoms* ® and therefore
are inert. No or little charge transfer takes place between the
encapsulated atom and the cage, in marked contrast to metal
endohedral fullerenes, for instance La- or Y-doped C8247 In
this sense, endohedral Cgy compounds are considered as novel
van der Waals derivatives.® Contrary to fullerene derivatives
which manifest charge transfer thus modifying the structures,’
the electronic'® or magnetic properties,!' the van der Waals
derivatives’ properties should be closely linked with those of
empty fullerenes. We expect then that some of the unique
characteristics of Cg, for example the superconductivity of
doped Cg,'? are only modestly modified in “inert” endohedral
compounds. In a recent letter we showed that the super-
conductivity is rather strongly affected by insertion of argon
atoms inside the Cgo cage.'® This might be due to changes in
the inter-cage distance. It was previously shown that the
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superconducting transition temperature 7, in doped Cg, de-
pended on the inter-cage distance, which was modified
through intercalation of various metals. 410 Naively, the
encapsulated atoms may lead to a decrease in T, due to an
isotopic-like effect. However, the influence of encapsulating
atoms was well beyond this simple model despite that, tradi-
tionally, little changes are expected for a van der Waals system.
A possible influence of the encapsulated atom is a change in
the cage radius and/or a change in the intermolecular interac-
tions. The phonons responsible for the superconductivity in
the alkali doped Cg are high energy vibration modes of H,
symmetry, which may be affected by the insertion of an atom
in the cage.!” While the study of these materials is appealing,
the difficulty in preparing pure endohedral fullerene samples
has impeded a systematic research of this class of compounds.
The synthesis of endohedral fullerenes is generally very diffi-
cult because of low yield and difficult synthetic conditions,'®
including the use of high pressure and high temperatures.'*-?°
Ar@Cg was first synthesized by the Yale group®' which
showed that the HPLC enrichment of this compound is
possible.?> The similarity with the empty cage makes the
purification of Cgy endohedrals very difficult. Kr@Cgo has
been the first compound of this type to be purified, first at the
0.1 mg level® and later on a mg scale,>** by a sequential
HPLC procedure. By using a similar procedure, minute
amounts of Xe@Cqo have been also obtained.> We have
optimized the conditions of separation of endohedrals by
HPLC in terms of solvents, temperature and columns and
found that the separation factor increases with size of the
encapsulated atom. Based on this observation we expected
that the separation of Ar@Cgy, will be more difficult to
achieve than that of Kr@Cgy.

In order to test the superconductivity properties, relatively
large amount of samples are required. We chose to study the
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Fig. 1 Chromatogram of the first HPLC separation (left), and the
eighth separation (right).
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Ar derivative because it can be produced on a large scale by
using a hot isostatic pressure device (HIP) whose pressure
medium is argon gas. In this paper we discuss the separation
and structural details of Ar@Cgo as well as the superconduc-
tivity of their potassium and rubidium intercalated derivatives
(preliminary results were published recently in ref. 26).

Results and discussion
Separation and molecular structure

The chromatogram of the last cycle of the first HPLC separa-
tion by using Buckyprep columns is shown in the left panel of
Fig. 1, and that of the eighth separation is shown in the right
panel. The fractions eluting at 43.6, 45.1 and 48.2 min were
identified as Cgp, Ar@Cgo and CgoO, respectively. The com-
parable retention times for Cqy and Ar@Cs, indicate their
similar structures. After eight HPLC purifications, the second
peak was collected. We estimated the separation factor of
Ar@Cgg as 1.06, somewhat smaller than that of Kr@Cg, in
the same condition (= 1.10). This tendency resembles the case
for the SPYE column where HPLC separation factors of
Ar@Cgy and Kr@Cgo (with toluene as an eluent) are 1.04
and 1.09, respectively.g’24

Eventually, we obtained about 0.6 mg of Ar@Cgy with
purity better than 98%. In successive experiments, we
obtained additional 0.5 mg and 0.2 mg pure compounds.
MALDI TOF mass spectra of the collected sample,
Ar@Cg, showed a main peak at m/z 760, in agreement with
the molecular weight of this endohedral. The experimental
isotopic distribution agrees well with the theoretical one and
only a trace of Cgq signal was observed at m/z 720, testimony
to the purity of the present Ar@Cgo sample.

Comparison of the '*C NMR spectra for Ar@Cg and Cgp,
Fig. 2, clearly demonstrates the effect of Ar on the electronic
states of the C¢q cage. For Cg, the resonance appears at 143.21
ppm (the bottom of Fig. 2), while, for Ar@Cg, a shift of the
resonance to 143.38 ppm was observed. An argon atom inside
Ceo caused a downward shift of 0.17 ppm. The single reso-
nance indicates that Ar@Cgo has the same symmetry as Cg,
i.e. I1. In other endohedral fullerenes, Kr@ Cgo and Xe@ Cy,
the resonance is shifted downward by 0.39 ppm® and
0.96 ppm,? respectively, due to the effect of encapsulated
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Fig. 2 13C NMR spectra of Ar@Cgp (top) and Cgo (bottom),
recorded in the same conditions (see Experimental section).

142.5

atom on the Cgo cage. It is likely that a larger change in the
chemical shift is observed when a larger atom is encapsulated
by a Cg, behavior similar to that of the separation factors in
the HPLC experiments. This is consistent with a larger van der
Waals interaction for a larger intercalated atom.

UV-Vis spectra of Ar@Cgy samples were measured for
solutions in toluene at a concentration of about 0.02 mg
ml~'. There were no differences in the UV-Vis spectra (room
temperature): both Ar@Cgy and Cgy showed absorption bands
at 283, 335, 406, 530, 540 and 598 nm. By considering that
there is slight difference between UV-Vis spectra of Kr@Ce
and that of Cgo, it is indicated that the effect of encapsulating
an Ar atom is smaller than encapsulating a Kr atom.

The influence of the encapsulation of the atoms into the Cg
cage to the vibrational properties of the molecule, essential to
the superconductivity of these materials, can be inferred from
IR and Raman spectra. We observed blueshifts of vibration
modes lower than 510 cm™! and the redshifts of vibrational
modes higher than 770 cm™'; the wavenumber shifts were
about 4 cm™! for Ar@Cg, compared to pristine Cg, (Raman
and IR experiments and ab initio calculations are submitted
now).

Solid-state structural information

X-Ray diffraction data for Cgy, Ar@Cey, K3Cqy and
Ki3(Ar@Cgp), was obtained by powder diffraction experiments
at SPring-8 synchrotron from 300 down to 100 K. Two sets of
diffraction experiments, for two independent Cgg and Ar@ Cgo
samples, were performed.

The peculiarities of solid-state structure and dynamics of
Cgo and related materials are well documented in a series of
papers.”’ ? Rietveld analysis allowed us to conclude that the
solid-state behavior of Ar@Cgq is similar to that of Cg, that
is, there is a rotational disorder at room temperature (for a
detailed description for the Cgy case see also ref. 29). An
important point is that the rotational disorder at room
temperature makes it possible to consider the cage as a
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spherical electronic distribution therefore its scattering factor
can be expressed by a Bessel function.?! This model explains
why 400 peaks (4 even) are not observed in room-temperature
XRD patterns although they are allowed in a face centered
cubic (FCC) structure. Rietveld analysis of Cgg and Ar@Cgg
diffraction patterns obtained at 100 K and at room tempera-
ture, confirmed the absence of the (200) peak for the Cgg
measured at room temperature (all samples discussed here
were prepared in identical conditions, annealed under dynamic
vacuum). This is an indication, as the (200) peak appears if
solvent is trapped into the structure or under external pres-
sure,? that there is no detectable residual solvent remaining in
the sample. In contrast, the Ar@Cg diffraction pattern clearly
shows the (200) peak, this is due to the presence of the argon
atom in the center of the fullerene cage, the 4a position in the
Fm3m space group (Fig. 3).

The good fit obtained by using a Bessel function as the
scattering factor for the cage confirms that the Ar@Csgq is
manifesting a similar behavior as Cgo, in the solid state at
room temperature. The fit is in good agreement both at room
temperature when taking the Cgo cage as a sphere and at low
temperature when using the Pa3 model, except for small
tailings on (111) and (311) diffraction peaks.*?

The refined fractional occupancy for the Ar atom was
97.8%.

Interestingly, the refined unit cell parameters for Cgo and
Ar@Cgo were different (note that silicon was used as internal
standard®* so the obtained results have enough accuracy to
detect the differences), Fig. 4. The Ar@Cgp unit cell parameter
is slightly larger at room temperature, but the decrease with
lowering the temperature is larger than that of pristine Cgy.

This striking result indicates an influence of the encapsu-
lated atom to the lattice parameter and possibly to the cage
dimension. We note that a previous single-crystal X-ray
diffraction experiment of a sample having about 10%
Kr@Cgy in Cgg, did not show any differences in the cage
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Fig. 3 Rietveld fit of Ar@C¢ (0.5 mg) at room temperature; Cgq
approximated as a sphere of 3.55 A radius (note the presence of the
200 line, the second diffraction peak, originating from the endohedral
atom, see text). Silicon reference material, upper tickmarks, was used
as internal standard. The inset is expanded diffraction pattern.
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Fig. 4 Unit cell parameters as a function of temperature for Cgy and
Ar@Cep.

diameter compared to pristine Cg.° We could not perform an
accurate analysis of the cage diameter from these data but the
difference in the unit cell is undoubtful. The van der Waals
radius of the cage is different for these two compounds and
shows a different evolution with temperature.

A low-temperature measurement (100 K) of Cgy and
Ar@Cgy, was analyzed by the Rietveld method and the
electronic distribution was calculated by using a maximum
entropy method (MEM) with the software “Enigma”.*’ Fig. 5
shows these results for Cgy and Ar@Cgy where structures
corresponding to the frame of the Cgqy cage can be perceived.
There is a high electron density region in the central part of the
cage for Ar@Cgo. By integrating the electronic density it was
confirmed that an Ar atom is located in the center of the cage.
This is the first ‘direct’ observation of the existence of an atom
inside the Cgq cage.

C60

AT@C60

Fig. 5 Electronic density calculated by MEM for Cgy and Ar@Cgp, at
100 K. Right figures are cross-sections passing through the center of
the frameworks in the left figures.

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007

New J. Chem., 2007, 31, 973-979 | 975


http://dx.doi.org/10.1039/b700726d

Downloaded by University of Belgrade on 01 January 2013
Published on 17 April 2007 on http://pubs.rsc.org | doi:10.1039/B700726D

View Article Online

+ Cooling
10 K/min

Ar :‘g" C:‘_| 0 ﬁ

§
H

04

Kr@ Cgp
0.2

DSC/ W g!

T/K

Fig. 6 DSC data for Ar@Cgy compared with Cgy and Kr@Cgo. The
amount of the sample is 0.205 mg, 0.9 mg and 0.05 mg, respectively.

An important point of the Cgy dynamics is that the mole-
cules rotate freely at the room temperature, and all molecules
are equivalent. When the temperature decreases the rotation is
gradually hindered. A phase transition related to this rotation
takes place, manifested by a structural transition from FCC to
a simple cubic (SC) lattice. The intermolecular distance de-
creases and the lattice parameter changes discontinuously at
the transition temperature. Since the lattice parameters of Cgo
and Ar@Cg are different, it can be expected that the FCC to
SC phase transition in Ar@Cgo takes place at a different
temperature. Fig. 6 shows the DSC measurement for Cg,
Ar@Cg and, for comparison, Kr@Cgy. Ar@Cgy shows a
phase transition similar to Cgg, but with a transition tempera-
ture decreased by about 1.5 K. We speculate this decrease as
the consequence of a smaller cage for the Ar@Cgy compared
to Cgo. The decrease observed for the Kr@Cgy transition
temperature is even larger than for the argon case, suggesting
that Kr@Cg has a smaller cage than Ar@Cgy. We speculate
that doping Kr@Cg will yield superconductors with critical
temperatures smaller than for the Ar@Cgo, see later. Note
that, based on the transition temperatures, Ar and Kr com-
pounds are rotating more easily than the empty cage.

Superconductivity

In order to have a good reproducibility we explored possible
superconductivity by doping with potassium obtained by the
thermal decomposition of KNj3.*¢ The temperature dependent
magnetization of K3(Ar@Cgg), obtained by KN; method,
shows a clear diamagnetic signal below 17.6 K which was
ascribed to superconductivity. The K;Cgqy test sample, pre-
pared in the same conditions, showed a T, of 19.2 K.'* The
zero field signal corresponds to 11 and 13% of perfect
diamagnetism for Kj3(Ar@Cgy) and K3Cgo, respectively
(Fig. 7).

We found that the KNj3 method yields a better quality
sample than the sublimation technique used in our previous
experiment,'? in terms of superconductivity properties,’’ and
allows a better control of the stoichiometry, nevertheless there
is a similar decrease in the critical temperatures for the super-
conductors obtained by the two methods.
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Fig. 7 Evidence for superconductivity at 17.6 K in K3(Ar@Ce),
compared to the signal of K;Cgo obtained in the same conditions (field
10 Oe, see text). The inset shows the expanded figure around 7.

An important point to be considered when analyzing super-
conducting properties for these materials is that the decrease in
the critical temperature, if this decrease is related to intrinsic
properties for instance doping or isotopic effects, should be
proportional to the critical temperature value. In this sense the
T. of rubidium doped endohedral compounds should give a
larger 7. decrease than those of potassium. Rb3;Cgy is a
superconductor with a 7. of about 29.3 K and the 7, can
reach 30 K for single crystals.®® A Rbsy(Ar@Csgy) sample
together with Rb3Cg prepared in identical conditions showed
a clear depression of the critical temperature, larger than
2.5 K, Fig. 8. The zero field cooled signals for Rb3;(Ar@ Cgp)
and RDb3Cgy were 11 and 31% of perfect diamagnetism,
respectively.

The decrease of the critical temperature is significant, and is
larger than for the potassium doped samples. In relative values
the decrease is similar for the K and Rb doped compounds,
that is about 8% of the T of the pristine Cgy superconductors.

The XRD patterns of K3Cgg and K3(Ar@Cego) (We mea-
sured the same samples in which the potassium doping was
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Fig. 8 Evidence for superconductivity at 26.8 K in Rb;(Ar@Cs),
compared to the signal of Rb3Cg4y obtained in the same conditions
(field 10 Oe, see text). The inset shows the expanded figure around T..
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achieved by using KN3) showed the typical peaks of FCC
structures as well as several impurity peaks which could not be
assigned. These impurities, showing low intensity peaks, do
not belong to known phases involving K Cgy compounds. The
concentration of these impurities is under 10% assuming they
are carbon based analogues.*® We assume that these impurities
do not intervene in the superconductivity properties because a
similar pattern is present in both empty cage superconductors
as in the K3(Ar@Cgo) ones. The data are not good enough to
carry out quantitative Rietveld analysis, however we consider
that the obtained unit cell parameters values are reliable: at
room temperature they were 14.2743(5) A for K3Cg and
14.2035(3) A for K3(Ar@Cgp). The expected unit cell para-
meter for the K3Cg is 14.25 A at room temperature.**

The precise value of the K;Cg, lattice parameter may be
affected by a small error in the wavelength used (no internal
standard was used for these samples) but the difference
between the K3;Cqy and Ki(Ar@Cgg) is accurate. Another
possibility for the slightly larger parameter for the K5Cgo than
the expected value may be related to the presence of impu-
rities, as observed by XRD experiments, or possibly with the
reaction of Cgo°>~ with traces of solvent trapped in the sample;
this should affect both compounds in the same manner.

The slightly smaller unit cell parameter of K3(Ar@Cgg) than
expected may be due to sample nonstoichiometry, inhomo-
geneities or possibly fo the effect of the encapsulated Ar atom to
the lattice. Lacking definitive structural information data one
can not rule out that the differences in the 7, between K, Cgg
and K (Ar@Cgo) and Rb,Cgg and Rb (Ar@Cg), respectively,
originate, at least partially, from nonstoichiometry or inho-
mogeneities in these samples.*’ We did not measure XRD data
on the rubidium complex. However, there are several facts
allowing us to propose that the 7T, decrease is related to the
influence of the encapsulated atom to the Cg cage. In support
of this is the fact that doping pristine Cgg by the same
procedure and at the same level (<1 mg samples) showed
critical temperatures consistent with previous results. More-
over, the change in the unit cell parameter of K3(Ar@Cg)
compared to K3Cg is consistent with an influence of the
encapsulated atom to the unit cell parameter of undoped Cgp.

Concerning superconductivity, there are two main factors
which can be considered when discussing the critical tempera-
tures for these compounds: (i) phonon spectra distribution and
(i1) density of states. For (i), the endohedral fullerenes may
have different phonon spectra by considering simple mass
effects or through the rattling mode vibration. For the first
case, in a simple isotope shift model, assuming that argon
atoms simply add an extra mass of 40 amu to the Cg, cage, a
T, decrease of 0.5 K or less, should be observed.** The change
in the phonon spectrum through the appearance of the rattling
mode vibration would be in agreement with the shifts observed
in our preliminary IR spectra.*> However this contribution is
difficult to estimate at this time and its influence should be
rather small considering the small shifts and the low energy of
the rattling mode. For (ii), changes in the density of states
must be considered. It is unlikely, in such a van der Waals
system where no or little charge transfer occurs, that the
electronic density states at the Fermi level is directly modified.
However, a subtle change in the intermolecular interactions

triggered by the encapsulated atom should alter the band
width. This change in the intermolecular interactions can be
inferred from the slight but significant change in the unit cell
parameter of Ar@Cg compared to empty cage. It has been
shown from the beginning of Cgq research that 7T, is almost
linearly dependent of the lattice constant.*® The critical tem-
perature varies drastically with the unit cell parameters (about
25 K change for 0.5 A difference), a dependence which was
checked by high pressure XRD measurements.*’ In a crude
approximation, taking the difference between the room-tem-
perature lattice parameters of K3Cgo and K3(Ar@Cgp) and
considering that the thermal expansion coefficients for these
two compounds are the same, the expected critical tempera-
ture would be about 17 K. This value is in a rather good
agreement with our results, considering the rough model, and
it is equivalent to a unit cell parameter of K5Cgy at 0.33 GPa
pressure.*’ This corresponds to about 10% decrease in the
density of states. We therefore argue that the changes in the
critical temperatures observed for these compounds are related
to intrinsic properties of the endohedral superconductors
rather than to sample preparation issues. Further work is
required to determine the change in the superconductivity of
endohedrals, particularly for larger atoms such as krypton and
xenon where this effect should be more pronounced: these
results show that encapsulation of inert atoms can generate
additional channels to control the superconductivity of doped
fullerenes.

Conclusions

We have reported the synthesis of relatively large amounts of
pure Ar@Cqy (>1 mg, >98%) by using a hot isostatic
pressure vessel and sequential HPLC purification. Powder
XRD, MS, UV-Vis and NMR spectra of Ar@Cgy were
discussed. With K and Rb doping, either with metallic potas-
sium or with KN3 or RbNj; decomposition, we obtained the
endohedral superconductors K;(Ar@Cgy) and Rb3(Ar@ Cegp)
with T, of about 18 and 28 K, respectively. X-Ray diffraction
data showed that the unit cell parameters of the endohedral
derivative are different than those of pristine Cgg and change
with the temperature. We argued that the change of the unit
cell parameters compared to pristine Cg is intimately linked
with the intercage interactions in endohedral fullerenes and in
their doped counterparts, giving rise to a substantial change of
the T, in the endohedral superconductors.

The existence of analogous endohedrals with high symme-
try, including those with nitrogen, phosphorus and larger
noble gas atoms, may prove a fruitful playground for the
exploration of new superconductors and further developments
in understanding the mechanism of superconductivity in full-
erene materials.

Experimental

Synthesis was carried out using a HIP device Kobelco
HHP100 which generates a maximum pressure of 500 MPa
by using argon gas. In one batch, 2 g of Cgy (>99.5%) was
ground up together with 0.6 g of potassium cyanide
(CAUTION: KCN is highly toxic; all manipulations must be
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done wearing a mask and gloves) to obtain a finely powdered
mixture. This was put into a copper tube in the HIP vessel with
Ar gas as the pressure medium and the temperature and the
pressure in the vessel were maintained at 650 °C and 400 MPa.
The experiment was conducted for 22 h. After cooling to room
temperature, the resulting powder was ground in a mortar and
extracted with toluene (the residual solid contains cyanides,
careful manipulation and waste disposal must be ensured. We
propose one example; the residual solid is put into a centrifuge
tube. 1-2 cc of saturated NaCl solution is added and the tube
is filled half full with water. This is sonicated and centrifuged.
Then, the water is removed and put in a beaker. FeCl; solution
is added to the water to form Fe(Fe(CN)g). Thus, cyanide is
removed.).

Multi-stage HPLC was employed with the use of a large
preparative Cosmosil Buckyprep [3-(1-pyrenyl)propyl] column
(28 x 250 mm), an UV-Vis detector, recycling, and toluene as
eluent at a flow rate of 50 mL min~'. The sample was dissolved
in toluene and 24 ml was injected at a time. A five-time-
recycling was conducted for each injection. After recycling,
unreacted Cgo eluting at 43.8 min was separated, and the
remainder was collected and re-injected. This procedure was
repeated eight times. The UV-Vis spectrum was measured by a
HITACHI U-4000 Recording spectrophotometer, at room
temperature.

Matrix assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) was performed in
negative ionization mode using a Bruker Reflex instrument
with 9-nitroanthracene as the matrix. The main peak was
assigned to Ar@Cgy at 760 amu; two minor peaks (<2%)
were observed at 720 amu (Cgp) and 736 amu (CgyO). The
isotopic distribution is consistent with an Ar@Cg molecule.

The NMR spectrum was measured by a JEOL INM-EX270
instrument running at a '>C frequency of 67.5 MHz. The
sample was dissolved in benzene-ds. No relaxation agent
was added. The benzene-dg triplet was used as a reference at
128.0 ppm. A line broadening of 0.28 Hz was applied when the
free induction decay was processed.

Powder X-ray diffraction data were obtained at SPring-8
synchrotron by using a 0.1 nm wavelength obtained by Si(111)
monochromators. The samples were mounted in 0.1 or 0.3 mm
capillaries and analyzed in a Debye—Scherrer geometry with an
ImagePlate detector; experiments of 10 min to 1 h exposure
time were typically performed. Silicon standard reference
material (SRM 640c) was used for Cgg and Ar@Cg, it was
mixed with the samples prior to filling the capillaries.

Thermal analysis was conducted with differential scanning
calorimeter (DSC) 204 F1 Phoenix p-sensor. The sample was
put in the aluminium pan and the pan was sealed and pressed
to obtain better thermal contact. The DSC data was measured
between 110 and —50 °C using a 10 K min~" scan rate.

For doping, Ar@Cgy powder (0.5 mg) was sealed and
heated at 250 °C in a quartz tube with a prescribed amount
of potassium metal (K : Ar@Cgy = 3 : 1) and decompressed
He gas; we have processed a comparable amount of pure Cgg
powder using the same process. Additional experiments were
performed with about 0.5 mg Ar@Cs, dissolved in toluene
encapsulated in a quartz tube together with 0.5 mg mL™"
KN;/EtOH or RbN3/EtOH. The ratio used for doping was

Ceo : K = 1: 3.5; this ratio was determined as the optimum
value for the superconductivity properties. The tube was
heated to 600 °C to decompose the azides and then annealed
under vacuum at 300 °C for 24 h. This procedure yields good
superconductor samples synthesized even with only 0.15 mg
of Cg.

The temperature dependent magnetization was measured by
a commercial SQUID magnetometer (Quantum Design
MPMS XL) under magnetic fields of # = 1 and 10 Oe.
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