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Ferromagnetic behavior of carbon nanospheres encapsulating silver nanoparticles
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We report on the structure and magnetic properties of a silver and carbon nanocomposite. The as-synthesized
nanocomposite consists of a matte-black powder composed of Ag nanoparticles encapsulated in carbon nano-
spheres (~10 nm diameter) that are interconnected in necklace-like structures. Magnetic measurements of the
Ag and C nanocomposite, in its powder form, showed weak ferromagnetic behavior up to at least room
temperature with a coercive field of 389 Oe at 2 K and 103 Oe at 300 K, from which we estimate magnetic
ordering up to 425 K. However, pressing the Ag-C powder samples into tablets suppressed the ferromag-
netism; the pressed samples instead exhibited diamagnetic behavior. Chemical analysis with EDS and trace
metal analysis with ICP-MS indicated that there are no magnetic contaminants in the sample. Therefore, we
attribute the ferromagnetism to the carbon nanospheres and propose a model for the observed magnetism. We
also measured a pronounced peak in the magnetization between 50 and 90 K that was completely suppressed

when measurements were made upon cooling; we attribute this peak to a first-order spin reorientation.
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I. INTRODUCTION

Recent reports of ferromagnetism in a variety of carbon
materials have sparked renewed interest and intense research
into the magnetic properties of carbon materials. Organic
ferromagnets exhibiting spontaneous magnetization at room
temperature were previously reported as early as 1987, but
these reports were received with skepticism due to the po-
tential presence of magnetic impurities. As Miller® points
out, for many magnetic polymers this skepticism proved to
be a justified concern. More recently, for example, doubt was
cast’ on the intrinsic origin of the ferromagnetism with a
500 K Curie temperature previously reported in polymerized
rhombohedral Cg, (Ref. 8) after detailed chemical analysis
revealed considerable iron content’~!! in the carbon samples.
For Cg, compounds, ferromagnetism had also been reported
in tetrakis(dimethylamino)ethylene-Cq, (Refs. 12 and 13)
and 3-aminophenyl-methano-C,-cobaltocene!* below 17 K
and 19 K, respectively. On the other hand, ferromagnetic be-
havior up to 800 K had been reported for polymerized Cg
that had undergone photoassisted oxidation.'

More recently there have been reports of ferromagnetism
in proton-irradiated graphite,'~2° nanographite,?!~2* graphite
containing topographic  defects,”® negative curvature
Schwarzite-like carbon nanofoams,2’3! fullerene-related
carbons, 32736 microporous carbon,?” as well as reports of a
unique magnetic behavior of carbon nanohorns.*® However,
despite the growing number of carbon-based materials exhib-
iting ferromagnetic behavior, a clear explanation as to the
origin of the magnetic behavior in these materials still needs
to be developed. Some research suggests that hydrogen may
play an important role in determining the magnetic proper-
ties of graphite.!® On the other hand, the unique magnetic
behavior in carbon nanohorns may be explained by the pres-
ence of adsorbed oxygen.* Still other research points to the
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importance of edge states*” or topographic defects’® or nega-
tive curvature®® in the graphene sheets for determining mag-
netic properties. Kopelevich et al.’” speculate that the ferro-
magnetism in microporous carbon may be attributable to
graphitic fragments with positive or negative curvature.

In addition to the search for a more complete understand-
ing of the mechanism of magnetic state formation in carbon
and other s- and p-electron materials, the study of carbon
nanomaterials with ferromagnetic properties is also driven by
an enormous technological potential in nanotechnology, tele-
communications, medicine, and biology. Exciting applica-
tions in medicine such as imaging blood flow with magnetic
resonance imaging (MRI) machines, treatment of cancerous
tumors, and enhanced brain scans have already been
discussed.*!

Here we present a class of “ferromagnetic” carbon con-
sisting of carbon nanospheres encapsulating silver nanopar-
ticles. The Ag-C material in its powder form exhibited fer-
romagnetic behavior up to at least room temperature, but
pressing the powder suppressed the ferromagnetism and in-
stead recovered the expected diamagnetic behavior for a bulk
carbon sample. In addition, we measured a peak in the mass
magnetization at low temperatures (50-90 K) that was sup-
pressed when measured in the cooling direction. We propose
a model that attributes the ferromagnetism to (sp)! localized
spins in the carbon nanospheres and the peak to a first-order
spin reorientation with a thermal hysteresis that suppresses
the peak when measuring in the cooling direction. Alterna-
tively, the peak may reflect an interparticle reorientation of
magnetic carbon nanospheres.

II. EXPERIMENTAL DETAILS

A. Synthesis

The Ag-C nanocomposite was provided by Nanotech-
nologies, Inc.*’ Silver nanoparticles are synthesized by a
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pulsed arc-discharge process and stabilized by carbon intro-
duced into the system in the form of a hydrocarbon. Two
cylindrical high-purity Ag electrodes are arc discharged in an
inert gas flow such as argon. The arc discharge produces
dramatic increases in temperature and pressure, vaporizing
some of the Ag electrode and creating a plasma between the
electrodes that is carried downstream by the gas flow. Rapid
cooling causes Ag nanoparticles to nucleate and grow down-
stream. A hydrocarbon, e.g., acetylene or methane, is intro-
duced into the process and results in a carbon coating on the
Ag particles that stabilizes their size between 10 and 40 nm.
The carbon-coated Ag nanoparticles are then collected down-
stream in the form of an easy to manipulate black powder.
Large quantities of the material can be produced at high rates
(many kgs per hour).

B. Structural characterization

The Ag-C sample was structurally and chemically char-
acterized by scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), x-ray diffraction, and trans-
mission electron microscopy (TEM), including both HRTEM
(High Resolution TEM) and high angle annular dark field
(HAADF) scanning TEM (STEM). Due to the dramatic dif-
ferences in the magnetic properties between the unpressed
powder samples and the pressed samples, we present a mor-
phological characterization of both sample types. In addition,
we demonstrate the ability to remove the Ag nanoparticles
from the C nanospheres of the powder samples physically by
electron irradiation in the TEM.

1. Unpressed powder samples

The powder sample was first characterized with a spheri-
cal aberration (C;)-corrected JEOL JSM-7700F SEM. Figure
1 shows the SEM images of the Ag-C sample at three dif-
ferent magnifications. Here we can see that the sample con-
sists of spherical particles with diameters of approximately
10—40 nm connected in necklace-like structures.

EDS chemical analysis detected both C and Ag in a
weight % ratio of 70:30. Figure 2 (inset) shows an x-ray
diffractogram of the sample confirming the presence of crys-
talline Ag. Peak broadening from x-ray diffraction gives an
average Ag crystallite size of ~10 nm, agreeing well with
SEM and TEM images. The absence of any x-ray diffraction
peaks corresponding to a crystalline carbon phase, e.g.,
graphite, diamond, or fullerenes, might lead one to suggest
that all of the carbon present in the sample is amorphous.
However, Fig. 2 shows a typical TEM image of the sample
clearly revealing crystalline order in the carbon surrounding
a Ag nanoparticle. The carbon surrounding the Ag nanopar-
ticles is not amorphous, but is instead graphitic although
with an increased interplanar spacing of ~3.7 A as com-
pared to the 3.35 A interplanar spacing expected for bulk
graphite.

The very thin dimension of the graphitic carbon coating
the Ag nanoparticles compared to the bulkier Ag nanopar-
ticle substrate that it surrounds results in the x-ray diffraction
signal from the Ag dominating; any diffraction from the gra-
phitic carbon in the sample is lost in the diffracted x-ray
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FIG. 1. SEM images of Ag-C sample at three different magni-
fications, clearly showing that the Ag-C powder consists of spheri-
cal particles connected in necklace-like structures.

signal. We also observe a large percentage of amorphous
cartbon in the sample, thus accounting for the larger
weight % of C measured by EDS. However, the carbon sur-
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FIG. 2. HRTEM image showing a Ag nanoparticle (darker con-
trast) surrounded by graphitic carbon (C nanosphere) showing areas
with an expanded interplanar spacing of 3.7 A. Inset, x-ray diffrac-
togram for Ag-C sample, indexed for the crystalline Ag cubic phase
(Fm3m). Peak broadening gives an average Ag crystallite size of
~10 nm.

rounding the Ag nanoparticles is always observed to be gra-
phitic in the TEM. We refer to these graphitic shells encap-
sulating the Ag nanoparticles as carbon nanospheres.

2. Removal of Ag from the carbon nanospheres

The Ag can be removed from the C nanospheres either
physically by a 200 keV electron beam in the TEM or
chemically by acid treatment, e.g., with HCl or HNOj3. The
physical removal of the Ag provides a better opportunity to
study the structure of the C nanospheres and demonstrates
their stability.

Figure 3 shows TEM images of the sample before and
after physical removal of Ag by electron irradiation in the
TEM. The Ag was removed by condensing the electron beam
on the sample so as to achieve very high current densities at
the sample, i.e., greater than 250 A/cm?. Upon reaching a
critical irradiation level, the Ag was observed to leave dra-
matically its carbon encasing and deposit immediately on the
lacey carbon support of the TEM grid. The removal of Ag
from the Ag-C nanocomposite left behind the C nanospheres
intact, demonstrating their relative stability to the electron
beam and revealing their spherical structure.

For chemical removal, the sample was treated with con-
centrated nitric acid and sonicated for 5 minutes. The product
was then filtered with deionized water, dried with moderate
heating, and then examined in the TEM. Figure 4 shows
HAADF images comparing the differences in the samples
after Ag removal by electron irradiation vs chemical extrac-
tion. In contrast to the images after physical removal of Ag
by irradiation, the structure after chemical extraction appears
more spongelike. Unlike the Ag removal by irradiation, the
chemical treatment changes the structure of the carbon nano-
spheres; further measurements were not made on the chemi-
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FIG. 3. TEM images showing the physical removal of Ag from
carbon nanospheres by electron irradiation in the TEM. Top panel,
Ag-C sample before Ag removal. Lower panel, same area after
removal of Ag from the carbon nanospheres. Notice the smaller size
and even distribution of the Ag nanoparticles deposited on the lacey
carbon support after removal by intense irradiation (arrow 3) as
well as the empty carbon nanospheres that remain after the Ag
removal (arrow 2 is the same C nanosphere as arrow 1).

cally treated samples as their structure had been fundamen-
tally altered.

3. Pressed samples

Powder samples were pressed in a die into cylindrical
tablets of ~5 mm diameter and ~2 mm height by applying
up to 10 tons of pressure. All pressed samples (both 1-ton
and 10-ton) exhibited a metallic sheen in contrast to the
matte-black of unpressed powder samples. SEM character-
ization revealed that pressing with 10 tons changes the un-
derlying structure of the nanocomposite by causing the coa-
lescence of Ag nanoparticles into larger particles that show
marked faceting (see Fig. 5) in contrast to the spherical ge-
ometries seen in the powder samples. On the other hand,
samples pressed with ~1 ton of pressure showed no changes
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FIG. 4. HAADF STEM images showing the underlying carbon
structure after silver removal by irradiation and by chemical extrac-
tion. Left panel, Ag removal by the e-beam in the TEM retains
necklace-like structure of C nanospheres. Right panel, Ag removal
by chemical treatment with nitric acid fundamentally changes the
underlying carbon nanosphere structure to a spongelike carbon.

to their underlying morphology. Figure 6 shows an SEM
image of a portion of a 1-ton-pressed sample at four different
magnifications. The images clearly show that the carbon
nanospheres are densely packed by the pressing process so as
to form slabs. After pressing, they are less necklace-like, but
they retain the morphology of carbon-encapsulated Ag nano-
particles, as is evident in the TEM image of Fig. 7 taken
from the edge of a 1-ton-pressed sample.

C. Magnetic behavior

The magnetic properties of the Ag-C powder samples and
1-ton-pressed samples were analyzed with a Quantum De-
sign superconducting quantum interference device (SQUID)
magnetometer. Mass magnetization (M, Vs temperature
(T) curves were measured for samples that were zero-field-
cooled (ZFC) and field-cooled (FC). We define

M ass = M/ (total mass),

where M is the magnetic moment and M, is the mass
magnetization. In addition, FC measurements were taken in

Signal A = InLens
Photo No. = 3092

EHT = 3.00 kV

Mag = 98.00 KX WD= 4mm
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both directions, i.e., upon cooling and warming. The FC
measurements taken in the cooling direction are referred to
as FCC while those taken in the warming direction are re-
ferred to as FCW. For reference, ZFC measurements can
only be taken in the warming direction. M, Vs magnetic
field (H), i.e., hysteresis curves, were also measured from
2 K up to 300 K, from which the coercive field (H,) at dif-
ferent temperatures was obtained and then plotted vs 7.

1. Ferromagnetic behavior of powder samples

Figure 8 shows the M ,,(T) behavior for both the powder
and pressed samples. The three upper M ,,(T) curves corre-
spond to a powder sample measured in the ZFC, FCC, and
FCW modes already described. The only difference in
M as(T) for the three measuring modes is in the peak that
appears between 50 and 90 K. Also the M,,,(T) curves for
the powder sample are positive and of greater magnitude
than the M, (T) curve of the pressed sample, which is
negative and corresponds to diamagnetic behavior.

In order to determine whether the positive M, (T) of the
powder sample corresponds to ferromagnetic (or ferrimag-
netic) behavior, M. vs H curves were measured at various
temperatures. Figure 9 shows a selection of measured
M a(H) curves for a sample measured at 2, 10, 50, 100, and
200 K. The upper left-hand inset of Fig. 9 is a close-up of the
M a(H) curve at 10 K clearly showing a ferromagnetic
hysteresis. The lower right-hand side inset is the correspond-
ing M ,,(T) ZFC curve for the measured sample. Some dif-
ferences in the M., values between the main panel
M ass(H) data and the inset M, (T) data for a given (H,T)
are discussed in the context of a spin reorientation.

The H, determined from M ,,(H) curves is also plotted
vs T in Fig. 10; the M, (H) curves indicate a weak ferro-
magnetic behavior all the way up to 300 K with an H,
=389 Oe at 2 K and an H,=103 Oe at 300 K. Furthermore,

FIG. 5. SEM image of a 10-
ton-pressed Ag-C sample showing
the coalescence of some Ag nano-
particles into larger particles that
show marked faceting.

Date :18 May 2005
Time :10:39
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EHT = 3.00 kV Signal A = InLens  Date :18 May 2005
WD= 4mm Photo No. = 3076  Time :10:11
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FIG. 7. TEM image of a 1-ton-pressed Ag-C sample showing
that the morphology of the carbon-encapsulated Ag nanoparticles is
maintained.

the H,(T) data (excluding the data giving the sharp increase
in H, at low T) can be fit to the mean-field approximation

T
HA(T)=H0)\/1- 7

where the best fit is achieved for an extrapolated H.(0)
=190 Oe and a T.=425 K, from which we estimate the pres-
ence of ferromagnetic behavior up to ~425 K (Fig. 10). The
upturn in H,. at lower temperatures is discussed in the context
of a spin reorientation.

Also of interest is the saturation behavior of the M, (H)
curves (Fig. 9). The curves taken at low temperatures, i.e.,
left of the M ,,(T) peak, continue to increase to a higher
M .ss While the higher-temperature curves, i.e., right of the
peak, appear to saturate at a lower H and show a downturn in

o o s M .ss With increasing H beyond saturation. The downturn in
WD= 4mm P R
T T T T . -
v
8 Powder Sample:
015 I o ZFC 1
—_ A FCwW
) & /\% v FcC ]
E 0.10 - TV vk vk o PP A
= 005 |
r Pressed sample: -
t = FCW
0.00
10 EHT = 3.00kV Signal A= InLens  Date :18 May 2005 @
Mag=14343KX | WD= 4mm Photo No.=3070  Time :10:05 C 1 | e e L L L LI T T T T T 1 PR
0 100 200 300
T(K)

FIG. 6. SEM images of a 1-ton-pressed Ag-C sample at four FIG. 8. (Color online) M ,,(7) curves for powder Ag-C
different magnifications showing that the C-nanospheres densely samples (upper) and pressed Ag-C samples (lower) measured in a
pack to form slabs and still retain the underlying C-nanosphere field of 1.0 T. Arrows indicate whether the measurement was made
morphology. upon cooling or warming.
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FIG. 9. (Color online) Selected M ,,i(H) curves for a ZFC pow-

der sample. Upper left inset, close up of M, (H) curve at 10 K

clearly showing ferromagnetic hysteresis. Lower right inset, corre-
sponding M,.(T) ZFC curve.

the M,.(H) curves suggests that there is a diamagnetic
component present in the sample that begins to dominate at
higher H once the ferromagnetic component has saturated.

2. Diamagnetic behavior of pressed samples

The lower curve in Fig. 8 shows the M, (T) behavior for
a sample pressed with ~1 ton of pressure. The pressed
sample is no longer ferromagnetic, but instead shows dia-
magnetic behavior above 5 K with a sharp tail at low T that
gives a positive M., below 5 K. In addition, because dia-
magnetism and ferromagnetism can coexist,*” Figure 11
shows M, (H) curves that clearly demonstrate the absence
of ferromagnetic hysteresis in the pressed samples and thus
the complete transition to diamagnetic behavior with isolated
paramagnetic spins in the pressed samples. Furthermore, the
diamagnetic behavior strongly suggests that the ferromag-
netic behavior of the powder samples is intrinsic to the Ag
-C sample and cannot be explained by magnetic impurities
since the pressed sample and the powder sample consist of
the same materials.

400 |- ]

o
| — — Mean field approximation
—E—H(T)
300
\
o
caop ® |
[2) -,
T ‘I-\._%.
100 | \\\-\ ]
‘\
[ 1 | I 1
0 100 200 300 400 500
T(K)

FIG. 10. (Color online) H, calculated from M, (H) curves
plotted vs T showing ferromagnetic behavior up to 300 K. Mean
field approximation giving a 7.~425 K.
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FIG. 11. (Color online) Selected M, (H) curves for a pressed
sample at 10 K, 35 K, and 300 K, clearly showing the absence of
ferromagnetic hysteresis and complete transition to diamagnetic be-
havior in the pressed samples. Inset, magnified view of M, (H)
curve at 35 K showing the diamagnetic behavior at low fields.

The diamagnetic M, (T>100 K) in Fig. 8 corresponds
to a mass susceptibility of ~-2.6X 107 emu/g, which is
within the range of the diamagnetic susceptibility of nearly
all known carbon allotropes, which exhibit diamagnetic sus-
ceptibility in the range of y=—(10-10"7) emu/g.? Linear
fits to the M, (H) curves of Fig. 11 also give a mass sus-
ceptibility approaching ~-2.6X107% emu/g. Therefore,
pressing the sample recovers the diamagnetic behavior ex-
pected for bulk carbon as well as suppressing the peak in the
M ass(T). We attribute the low-T tail (below 5 K) to reten-
tion of isolated paramagnetic spins in the carbon mass.

3. Corrected mass magnetization for powder samples

As previously discussed, from Fig. 9 we deduce the pres-
ence of both a diamagnetic and weak ferromagnetic compo-
nent in the powder samples. If we assume that the diamag-
netic component in the powder samples responsible for the
downturn in the M, (H) curves has the same magnitude as
the diamagnetic component in the pressed samples, we can
use the diamagnetic susceptibility of the pressed samples,

Xdia = — 2.6 X 107% emu/g,

to correct the M, (H) curves of the powder samples of Fig.
9. Accordingly, we define a corrected magnetization,

Mcorr(H) = MmaSS(H) = XdiaF

atds

for the ferromagnetic component of the powder samples.
Figure 12 shows M, (H). The correction eliminates the
downturn in the magnetization observed in Fig. 9, thus sup-
porting that the diamagnetic component in the pressed
sample is about the same as that in the powder sample. Fur-
thermore, we now see that for 7=100 K the M, nearly
saturates in an applied H=2 T with an M;— 0.14 emu/g. For
lower T, the M, does not saturate in an applied H=2T,
especially for temperatures corresponding to the M., (7)
peak where it reaches 0.35 emu/g at 2 T.
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FIG. 12. (Color online) Corrected mass magnetization, M .. (T),
for powder Ag-C samples showing a near saturation of the magne-
tization for 7=100 K.

4. Peak in the mass magnetization and spin reorientation

Our data are consistent with a first-order spin reorienta-
tion with a critical temperature (7,,) that varies only a little
between nanospheres, but exhibits a thermal hysteresis. The
critical temperature upon warming is 50 K<T7,,; <90 K;
upon cooling, the critical temperature occurs at a lower tem-
perature. In order to test this deduction, we measured the
ZFC curves for samples cooled to different temperatures to
see at what lower temperature the peak in M, (T) appears.
The result, shown in Fig. 13, clearly identifies the interval
30 K<T,, <40 K for the critical temperature on cooling in
zero field. In addition, there appears to be a time dependence
of the spin reorientation that makes the transition sluggish
upon cooling in an applied magnetic field. If an applied mag-
netic field inhibits the spin reorientation, it would slow it
down to broaden the peak in the FCC measurement to where
it is not visible. This situation would occur if the higher
temperature spin orientation were favored by an applied
magnetic field.

D. Trace metal analysis

The presence of the observed magnetic behavior in a
sample containing only Ag and C is highly unusual since Ag
and bulk carbon are diamagnetic. For this reason, the sample
was examined for traces of magnetic contaminants with a
micromass platform quadrapole inductively coupled plasma
mass spectrometer (ICP-MS) with a hexapole collision
and/or reaction cell and a single Daly-type detector.

Mass spectrometry measurements were done on milligram
samples of the Ag-C sample extracted with concentrated
HNOj; and sonicated with ultrasound for at least 20 minutes.
The solutions were then diluted to appropriate levels for
comparison to calibrated standard solutions. Two solutions
were analyzed in detail, along with a method blank consist-
ing of the concentrated HNOj; sonicated without the sample
and diluted and prepared for analysis in the same way as the
two sample solutions. Samples were scanned for all possible
elements and quantitatively analyzed for the following ele-

PHYSICAL REVIEW B 74, 214418 (2006)

T T T T
204 » i
H=1000 Oe
m ZFCto5K
51.6- - v ZFCto30K -
E ZFC to 35 K
£ . ® ZFCto40K
% _% ®m ZFCto 45K
= 1.2
723
q
=
=
0.8
0

FIG. 13. (Color online) Mass susceptibility xmas(7) for powder
Ag-C samples ZFC to different temperatures, showing a thermal
hysteresis that results in the peak being suppressed for samples that
are not sufficiently cooled.

ments: Li, B, Na, Mg, Al, Si, P, K, Ca, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, As, Se, Rb, Sr, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce,
Pb, Bi, Th, and U.

Table I shows the summary of the quantitative ICP-MS
analysis. Both sample solutions gave strong peaks for Ag in
the ppm range, indicating that the Ag was dissolved out of
the Ag-C sample and suggesting that other metals present in
the sample should also have been dissolved into the solution.
The two sample solutions showed only some metal contami-
nants in the ppb range with all other elements falling below
the detection limit (BDL). Of the elements detected in the
ppb range, only one of them, Cu®, was detected in both
sample 1 and 2. Cu was less than 100 ppb above the method
blank and is usually not magnetic. Cr was detected in one
sample solution (350 ppb above the method blank) and was
BDL in the other sample solution. The other elements listed
in Table I were only detected in one sample and were all
present in greater amounts in the method blank. Thus the
only possible magnetic contaminant detected, Cr, was only
found in one of the sample solutions and was only 0.1% of
the amount of Ag detected in the solution; therefore it cannot
explain the observed magnetic behavior. These results sup-
port that the magnetism being reported is indeed coming

TABLE I. Summary of ICP-MS elemental analysis [below de-
tection limit (BDL)].

Method Sample 1 Sample 2
Element blank (ppb) (ppb) (ppb)
2Cr 21.7 BDL 373
0N 1449 BDL 161
8cu 22.4 88.1 113
%Cu 227 85.3 BDL
109Ag BDL 683135 316706
4cq BDL 64.0 BDL
1208 BDL 3.46 BDL
Other BDL BDL
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FIG. 14. Schematic representation showing the transition from
P delocalized spins in a planar graphene sheet toward (sp)! local-
ized spins in a curved graphene sheet.

from the Ag-C sample and not from magnetic contaminants
present in the sample.

III. DISCUSSION

A model accounting for the observed magnetic behavior
must not only be able to explain how spins are localized in
the Ag-C sample, but also what type of magnetic interaction
exists between the localized spins in order to give a net mag-
netic moment and the observed ferromagnetic behavior. Lo-
calization of spins in Ag is unlikely since Ag has a full 44'°
shell and one 5s' electron that is delocalized in a broad,
half-filled band that gives metallic conduction. Therefore, the
localized spins and the ferromagnetic behavior must be com-
ing from the carbon surrounding the Ag nanoparticles. In
order to understand how the spins are being localized in the
carbon, we must first have an understanding of the structure
of the carbon coating the Ag nanoparticles.

As seen in Figs. 1-4, the carbon forms necklace-like
structures comprised of interconnected spheres. The spheres
are nested, closed carbon cages of a graphene nature that
encapsulate the Ag nanoparticles. For example, Fig. 2 shows
a carbon nanosphere consisting of four nested, closed carbon
cages.

What is most important about the structure for a model of
the ferromagnetism is the curvature of the nanospheres. In
graphite, sp’+p.. bonding gives metallic behavior from itin-
erant p . electrons both in the ab plane and in narrow c-axis
dispersion bands. Introducing a curvature to graphene planes
changes the sp’+p, bonding towards sp hybridization as
found in Si, but with a half-filled (sp)' orbital extending out
from the curved graphene sheet (see Fig. 14). For a large
curvature of the graphene sheets, the s character of the (sp)
hybrid orbital is large so that extension of the orbital is small
on the interior of the graphene layers, i.e., towards the center
of the nanosphere. Consequently, for a large curvature these
half-filled orbitals have only a small overlap with like orbit-
als on their carbon near neighbors in the plane and, as dis-
cussed below, between half of the carbon across planes. Thus
the curvature reduces the overlap of the half-filled orbitals
perpendicular to the surface of the carbon sheets from that of
the p . orbitals of flat sheets until, at a critical curvature, the
electrons in these orbitals become localized with a spin S
=1/2 in the absence of strong interplane interactions.
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FIG. 15. (Color online) Schematic illustration showing the «
and g sites in graphite.

Across planes, the situation is more complex as there exist
two distinct carbon sites in graphite. Due to the ABAB c-axis
stacking of carbon planes in graphite, there are carbon « sites
with carbon neighbors directly below and above and carbon
B sites without carbon neighbors directly below and above
(Fig. 15). Thus half of the carbon atoms are in « sites that
form chains of C atoms along the ¢ axis while the other half
are in B sites with no carbon neighbors directly above or
below.

Whereas the curvature reduces the in-plane 7 bonding to
where the spins on the S sites are localized, the interplane
bonding between a-site C atoms remains strong enough to
give a one-dimensional (ID) itinerant-electron band. If the
1D band remains half-filled, we should expect an antiferro-
magnetic coupling between the [-site spins through the
a-site 1D band. However, a smaller work function for silver
than for graphite, ®,,<®, means that electrons are do-
nated from the Ag nanoparticles to the C nanospheres. Since
the correlation splitting U of the (sp)' and (sp)? states at the
B sites is larger than the splitting of the two-electron and
three-electron bonds of the « sites, the Ag can be expected to
donate electrons to the 1D a-site bands to make them ca.
3/4-filled with a spin of 0.5uz/C,. As shown schematically
in Fig. 16, the dominant virtual charge transfer is from an «
chain to a S site, and the Pauli exclusion principle only al-
lows transfer of electrons with a spin opposite to the spin on
a f3 site. Therefore, we anticipate an antiferromagnetic cou-
pling between the a-site and [-site spins to give a net ferri-
magnetic moment of ca. 0.25up/C for the powder samples.

This model is supported by the TEM image in Fig. 2
where we see that the interplanar spacing of the carbon
sheets surrounding the Ag nanoparticles is ~3.7 A, which is

r~—t—= .- (sp)

V27777777

Y s,

p o p

FIG. 16. Schematic illustration of the ferromagnetic superex-
change interaction between f3 sites through a strongly correlated
3/4-filled o band. Here (sp)' indicates a half-filled (sp) orbital and
(sp)? indicates a filled (sp) orbital, and U is the correlation splitting
of the (sp)! and (sp)? states.

214418-8



FERROMAGNETIC BEHAVIOR OF CARBON NANOSPHERES...

greater than the 3.35 A spacing of graphite. The larger C-C
distance between the a-site C atoms is consistent with the
introduction of antibonding electrons that, in essence, trans-
forms two-electron bonding orbitals to three-electron bonds
with localized antibonding-electron spins. From the virial
theorem, as has been argued elsewhere,* the transition from
spin-paired to strongly correlated antibonding electrons
would increase the separation of the a-site C along a 1D
chain, as we observe in our TEM images of the powder
samples.

Flattening of the graphitic sheets would restore graphite
P bonding to eliminate even the localized B spins; however,
our structural characterization indicates that this is not the
case for the I-ton-pressed samples since the curvature is
maintained (see Fig. 7) in the graphene sheets surrounding
the Ag nanoparticles. Instead this pressure appears to in-
crease the C-C bonding between nanospheres and, more im-
portantly, shorten the C-C interplanar spacing, thus broaden-
ing the 1D a-site bands and pairing antiparallel the S-site
spins. This would revert the system to the diamagnetic be-
havior expected for a bulk Ag and C samples, which we
indeed observe in Fig. 8 and Fig. 11 for the pressed samples.

The peak in the M, (7T) data can be explained by a spin
reorientation. The only difference in the FCW and ZFC
M a(T) curves of Fig. 8 for the powder sample is in the
magnitude of a peak found in the interval 50 K<7<<90 K.
The peak is only observed for measurements made in the
warming direction (ZFC and FCW); it is completely sup-
pressed for measurements made in the cooling direction
(FCC). Also the magnitude of the ZFC peak is always
slightly greater than the FCW peak.

A similar peak in carbon nanohorns has been reported by
Bandow et al.?® and was attributed to adsorbed oxygen. Al-
though there are similarities between the M, (T) peak of
the carbon nanosphere powder samples and the peak in the
carbon nanohorn samples, the peak we observe cannot be
explained by the presence of oxygen because of the thermal
hysteresis and suppression of the peak when measuring in
the cooling direction. There are magnetic transitions associ-
ated with solid oxygen within the peak temperature
interval,**** but they are second- order and thus are always
observed at the same temperature whether measurements are
made upon warming or cooling (no thermal hysteresis).
Therefore, the presence of oxygen cannot explain the ob-
served peak in the carbon nanosphere sample; instead, we
propose an explanation for the observed peak based on a
first-order spin reorientation.

Both the M, (T) and M,,(H) behavior suggest that the
sample exhibits a spin reorientation at the temperature corre-
sponding to the peak. A spin reorientation occurs when there
is a change in the site easy-magnetization axis. Where the
spins reorient their direction, the spin system becomes more
plastic, which allows for a larger M in an applied H. In a
second-order transition, the site anisotropy energy goes
smoothly through zero; but in a first-order transition, the an-
isotropy energy goes to a minimum, but remains finite. A
displacive structural change would accompany a first-order
transition.

A spin reorientation is thus able to explain the complete
suppression of the peak upon cooling in a magnetic field
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Spin orientation A

Spin orientation B

FIG. 17. Schematic illustration showing two possible spin ori-
entations of localized (sp)'B spins separated by itinerant « sites.
Orientation A corresponds to spins oriented along the (sp) orbital
axis, while orientation B corresponds to spins tangential to the
spherical surface.

(FCC curve in Fig. 8), as well as the smaller thermal hyster-
esis upon cooling in zero field shown in the ZFC curves of
Fig. 13. In addition, the M, (H) curves measured at tem-
peratures corresponding to the M, (T) peak, where the spin
system is more plastic, showed a greatly increased saturation
M, that is consistent with a spin reorientation (see Fig 12).
For example, at 50 K, M,.(H) is still increasing strongly at
an H of 2 T with a M_,,=~0.35 emu/g.

A spin reorientation is also supported by the increase in
H, for temperatures below the M, (T) peak (see Fig. 10).
We expect different spin orientations to lead to a difference
in the nature of the domain structure and thus in the M (H)
behavior and the H,.. Apparently, the lower temperature ori-
entation has a higher saturation magnetization at a higher
field (Fig. 12) as well as a larger H, that increases more
rapidly with temperature, giving an upturn in the low-
temperature H,. (Fig. 10).

Furthermore, we attribute the difference in the magnetiza-
tion data between the main panel and the lower right-hand
side inset of Fig. 9 to the time dependence of the spin reori-
entation. At 50 K the M, (H) data were taken over a much
longer time than the M, (T) measurements; the spin system
has thus become more plastic, resulting in a M, (50 K)
>M (2 K) at H=1 T in the main panel, whereas in the
lower right-hand side inset M, (2 K) > M,,(50 K).

Figure 17 shows the suspected spin orientations, where
orientation A corresponds to spins oriented parallel to the
(sp) orbital axis, i.e., perpendicular to the carbon nanosphere
surface, and orientation B corresponds to spins oriented per-
pendicular to the orbital axis, i.e., tangential to the carbon
nanosphere surface. As deduced above for a 3/4-filled «
band, a net moment of 0.25u5/C atom is expected. How-
ever, from Fig. 17 we see that the spin orientations and the
spherical geometry of the carbon nanospheres results in no
net magnetic moment in the absence of an external magnetic
field. However, once domain walls have been introduced by
the application of a magnetic field, a remnant magnetization
and a coercivity can be expected.

Figure 18 shows how both spin orientations result in a net
ferromagnetic moment in an external magnetic field. For ori-
entation A, more spins align parallel to the external field by
forming a Bloch wall, which is shown in Fig. 18 as an ide-
alized Bloch wall across the equator of the nanosphere. The
net ferromagnetic moment increases from the equator to the
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Spin orientation B

Spin orientation A

FIG. 18. (Color online) Schematic illustration showing spin ori-
entation A and B in an applied external field H. Orientation A
achieves a net ferromagnetic moment by the formation of a Bloch
wall (dashed red line) in addition to spin-canting (not shown). Ori-
entation B achieves a net ferromagnetic moment by spin canting.
The small red arrows shown on the outer and inner surface of the
carbon shells are schematic representations of the net ferromagnetic
moment and show an increasing ferromagnetic moment for both
orientations as one approaches the poles.

poles due to an increasing component of the preferred spin
orientation lying in the direction of the external field. In ad-
dition, spins canting away from the preferred spin orienta-
tion, i.e., parallel to the (sp) orbital axis, may also contribute
to the net moment. Spin orientation B achieves a net moment
by canting its spins away from the spherical surface in the
direction of the external field. For this case, the net ferromag-
netic moment increases from the equator to the poles because
of an increasing torque exerted by the external field on the
spins. Both orientations do not allow complete alignment of
the B spins in an applied H, so that the net moment for each
spin orientation is less than the 0.25up/C atom previously
calculated.

If the local net moment w=0.25uz/C atom, then for spin
orientation A it can be shown that the net moment for a
carbon nanosphere is approximately

/2

2
ZrZJ ,ucos(¢)sin(¢)d¢j do
0

0

2

Mp = f e cos(p)dS =
S

d7r

=0.5=0.125u,/C atom

or 50% of the ©=0.25u3/C, not including any canting of the
spins away from the (sp) orbital axis, which would further
increase the net moment. On the other hand, it is not possible
to calculate the net moment for spin orientation B without
knowing the degree of spin canting out of the plane. Al-
though it is difficult to determine from these considerations
which spin orientation occurs at low and high temperature,
nevertheless, our experimental data support a spin reorienta-
tion that causes a peak in the M, (T) curves upon warming
but not upon cooling, an upturn in the H,. at low temperatures
that corresponds to a more difficult spin reversal of the low-
temperature spin orientation, and a difference in saturation
magnetizations at temperatures below and above the spin
reorientation temperature.
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The ferromagnetic areas appear to be separated by domain
walls as in any ferromagnet. The motion of these walls in an
applied field H allows the tracing out of an M-H hysteresis
loop. However, bending of the spins into the direction of the
applied H field would be resisted by the magnetocrystalline
anisotropy, which is expected to be different for each spin
orientation. Therefore, although it is not possible to deter-
mine which of the suspected spin orientations is favored at
the lower or higher temperatures, it is apparent that the low-
temperature orientation results in a higher H,. that increases
more rapidly with decreasing temperature. Also, the low
temperature orientation does not allow for full ferromagnetic
alignment of the spins in an H=2 T, suggesting a stronger
magnetocrystalline anisotropy. Rotation of the spins from
parallel to perpendicular to the orbital axes would occur at a
temperature where the net site anisotropy becomes small and
the spins are more easily aligned in the direction of the ap-
plied field; but the interatomic exchange field does not
change sign. Such a spin reorientation would result in a peak
in the M ,,(T), which is indeed observed.

On the outer surface of the carbon nanosphere the (sp)!
orbital will be a reactive surface state so long as there is no
interaction with a neighboring nanosphere or an adsorbed
species. In the graphene layers below the surface, the local-
ized (sp)! electrons appear to be sterically protected from
adsorbed species, thus giving the observed ferrimagnetic be-
havior in the powder samples even if the surface states are all
spin-paired with a surface species or a neighboring nano-
sphere. With three concentric carbon nanospheres and u
=0.125u5/C atom about each Ag particle (assuming orien-
tation A), we can estimate a magnetization M,
~(.6 emu/g, which is sufficient to account for the observed
magnetization M.

The reactive states on a carbon nanosphere surface pro-
vide the C-C bonding between nanospheres needed to form
the robust necklace-like structures observed in the powder
samples. The other reactive surface sites may be satisfied by
chemisorbed species, e.g., the oxygen detected in small
quantities with EDS and/or hydrogen from adsorbed H,O.
Satisfaction of the active surface sites would explain why,
under the pressure of a die, the carbon nanosphere necklaces
can form slabs of densely packed nanospheres that are fragile
enough that they can relatively easily be mechanically bro-
ken back down into the original carbon nanosphere necklace-
like structures of the Ag-C powder. That is, if the electrons
on the surface of the C nanospheres remained as reactive
sites, then one would expect a chemical bond between
pressed C nanospheres and much more robust pressed
samples. However, since this is not the case, it appears that
the C-C bonding between nanospheres needed to form the
necklace-like structures occurred during the synthesis pro-
cess and the remaining exposed surface sites became satis-
fied by chemisorbed species, such as the oxygen and water
present in the air to which the samples were exposed imme-
diately after synthesis and during their handling.

This model accounts qualitatively for the presence of a
diamagnetic and a weak ferrimagnetic contribution to the
magnetic susceptibility as is signaled by the magnetic mea-
surements in Fig. 9. It also predicts a magnetic-ordering tem-
perature and weak ferrimagnetism that is dependent on elec-
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tron transfer from the Ag particles to the a-site C chains.
Although the model allows for a reorientation of the spin
axis relative to the (sp) orbital axis, our data do not provide
an unambiguous identification of which spin orientation is
favored at the lowest temperatures. Nevertheless, we would
expect spin orientation B to be favored at lower temperatures
since this orientation is stabilized by magnetostatics.

While we have principally considered intraparticle inter-
actions, e.g., spin orientation relative to the (sp) orbital axis,
it may be that the interparticle interactions, i.e., between
nanospheres, are of importance in explaining some of the
magnetic behavior of these samples. Then the peak in the
M(T) may be associated with an interparticle spin reorienta-
tion between carbon nanospheres or with a transition from a
superparamagnetic to a blocked state.

IV. CONCLUSIONS

Carbon can be present in many different forms, each ex-
hibiting drastically different properties. Carbon nanostruc-
tures, such as fullerenes, onions, and CNTs have generated
much scientific research and are already being used in nu-
merous applications. More recently, carbon nanostructures,
such as carbon nanofoam, have sparked interest in carbon
materials that possess ferromagnetic properties. The carbon
nanostructures presented here appear to be one such material.

We conclude that by increasing the curvature of a graphite
sheet to beyond a critical value, it is possible to generate
reactive, half-filled (sp)' orbitals projecting from the outer
surface and localized (sp)' spins below the surface. The re-
active, localized spins on the surface may be spin-paired by
adsorbed species or by C-C bonding with neighboring nano-
spheres. The localized (sp)! spins below the surface occur at
B sites and interact within a graphene sheet through a
strongly correlated itinerant-electron band at « sites that
form carbon chains along the ¢ axis.

A difference in work functions between Ag and C results
in the Ag nanoparticle donating electrons to the carbon nano-
sphere « band so that it becomes more than half-filled. The
magnetic interaction between the localized spins at the S
sites is through a more than half-filled @ band that gives a
ferromagnetic alignment of the B spins through a spin-
polarized « band with an antiferromagnetically aligned net
moment that is less than the moment on the B sites. There-
fore the interaction between the a and S sites is ferrimag-
netic with a magnetic ordering above room temperature.

Pressure is assumed to shorten the C-C bonds of the
a-site chains, which suppresses the spin-polarization of the
a-site antibonding electrons and leaves only antiferromag-
netic coupling between the B-site spins. As a result, the dia-
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magnetism of the carbon dominates the susceptibility of the
pressed samples.

We believe this finding opens the door to tailoring the
curvature of carbon nanospheres encapsulating a metallic
nanoparticle core for a variety of applications. For example,
carbon is a biologically friendly material and Ag, even when
sterically stabilized, has been shown to have antimicrobial
properties and even shows the potential to inhibit HIV.4 In
this light, a ferromagnetic carbon coating could prove very
useful in drug delivery, or even guided drug delivery where a
magnetic field, e.g., from an MRI, is used to guide the en-
capsulated material to a specific location in the human body.
Furthermore, there seems to be no reason why the synthesis
could not be extended to include other metals within the
ferromagnetic carbon nanospheres, thus opening many new
possibilities.

More fundamentally, this paper proposes a model for fer-
romagnetic interactions in graphitic carbon materials. While
there are various models for the localization of spins in car-
bon materials, there are very few models for the magnetic
interaction between such localized spins capable of explain-
ing the recently observed ferromagnetic behavior in a variety
of carbon materials.

V. OBSERVATIONS

Recently, a significant number and variety of carbon ma-
terials with ferromagnetic properties have been reported. Un-
like the negative curvature carbon nanofoams, our material
contains Ag nanoparticles that play the role of electron do-
nors to a-site bands that are spin polarized and give a net
ferrimagnetic moment from « and B sites. We note here that
we have used a model that is not dependent on negative
curvature regions in the carbon. Although one might expect
such regions to exist at the necks of neighboring carbon
nanospheres in necklace-like structures, from Fig. 4 (left-
hand panel) we can find no evidence of such negative curva-
ture regions in our material; instead we clearly observe
spherical carbon shells joined by C-C bonding.
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