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Unconventional magnetism in all-carbon nanofoam
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We report production of nanostructured magnetic carbon foam by a high-repetition-rate, high-power laser
ablation of glassy carbon in Ar atmosphere. A combination of characterization techniques revealed that the
system contains bothp? andsp® bonded carbon atoms. The material is a form of carbon containing graphite-
like sheets with hyperbolic curvature, as proposed for “schwarzite.” The foam exhibits ferromagnetic-like
behavior up to 90 K, with a narrow hysteresis curve and a high saturation magnetization. Such magnetic
properties are very unusual for a carbon allotrope. Detailed analysis excludes impurities as the origin of the
magnetic signal. We postulate that localized unpaired spins occur because of topological and bonding defects
associated with the sheet curvature, and that these spins are stabilized due to the steric protection offered by the
convoluted sheets.
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I. INTRODUCTION ferromagnetisif and tunable electrical conductivity:*°
The materials science of carbon has proven to be a ricuch effects have attracted enormous attention and already

area of discovery and development in the past decades. Unfie€n proposed for commercial app'lcatlaﬁ& _

relatively recently, the only known polymorphs of carbon A physical property of particular interest regarding all the
were graphite, in whictsp? hybridized carbon atoms form aforementioned carbon allotropes is the magnetic suscepti-
planar sheets in a two-layer hexagonal stacking, and diddility, x, since this bulk probe is related to the low energy
mond, in whichsp® carbons form a three-dimensional frame- electronic spectrum. In general, all known carbon allotropes
work of cubic symmetry. However, in recent years new car-exhibit diamagnetic susceptibility in the range of

bon allotropes have proliferated. A three-layer rhombohedrat—(10°-10"7) emu/g Oe with the exception ofi) poly-
stacking modification of graphite was reported in 1986d  merized G, prepared in a two-dimensional rhombohedral
lonsdaleite, the two-layer hexagonal polytype of diamondphase ofy=+(0.25-1.3 X102 emu/g Oe(depending on
was discovered in shocked rocks in a meteorite crater ithe orientation of the magnetic field relative to the polymer-
19672 Fibroussp'-hybridized carbon has been identified in aized planes which shows ferromagnetis#; (i) the disor-
mineral environment; similar “carbynes” have been sug- dered glass-like magnetism observed in activated carbon fi-
gested to occur in interstellar dustaind similar materials bers due to nonbonding electrons located at edge stafés;
have been synthesized by shock compression of grapflite. and (iii) the unusual magnetic behavior observed in single
A broad spectrum of “turbostratic graphites” are also knownwall carbon nanohorns ascribed to the Van Vleck paramag-
in which individual graphene layers show rotational and tiltnetic contributior?? Although ferromagnetism in polymer-
disorder relative to their neighbors. A recent extreme exized G is noteworthy, the exceptionally large magnetic sig-
ample is provided by cores of carbon spherules in thenal in carbon nanostructures remains a case of special
Murchison meteorite, which are aggregates of randomly oriinterest?3

ented single layers with additional structure defétShis Superparamagnetic and/or ferromagnetic-like behavior in
particular specimen is among the oldest known naturally ocearbon-based material has been previously observed in amor-
curring material, since it solidified before the condensatiorphous carbon materials obtained by chemical synthesis or
of the Solar System. In contrast, recently synthesized matepyrolysis?42°> The origin of ferromagnetism was suggested
rials include many further distinct forms of carbon such asto be attributed to the mixture of carbon atoms wsi and
fullerenest**? multiwalled carbon nanotubéd,and single- sp® bonds and resulted ferromagnetic interaction of spins
walled carbon nanotubééwhich are based on a mixture of separated bgp® centers® An increase in saturated magne-
sp? and sp® hybridized carbon atoms. The structural phasetization of amorphous-like carbon prepared from different
space of carbon between graphite-like and diamond-like hyhydrogen-rich materials indicated the importance of hydro-
bridization states now has many occupants. There is evegen in the formation of the magnetic ordering in
more variety in the electronic properties of various carborgraphite?’-28 Very recently, ferro- or ferrimagnetic ordering
allotropes, which range from superconductilftyto  was discovered in proton-irradiated spots in highly oriented
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pyrolytic graphite(HOPG.?° It was demonstrated that pro- with plastic tweezers and placed into a glass vial for further
tons implanted in HOPG triggered ferr@t, ferri-) magnetic  analysis. Full details regarding the experimental conditions
ordering with a Curie temperature above room temperaturecan be found elsewhefé:33 Here, we briefly explain some
To check the importance of hydrogen, spots of similar topogunique features of the synthesis conditions, which are differ-
raphy were produced with helium ion irradiation. Thoseent from any previously used nanocluster synthesis method.
spots showed no significant magnetic signal in magnetic The carbon vapor temperature in the laser plume, where
force microscopy measurements, which stressed the signifine formation process takes place, is in the range 1-10 eV
cance of hydrogen in the formation of magnetic ordering in(10 000—100 000 K i.e., the formation takes place in a
graphite. These findings were supported by theoreticabartly ionized plasm& The high-repetition-rate laser abla-
predictions’® which show that hydrogenated graphite cantion creates an almost continuous inflow of hot carbon atoms
display spontaneous magnetization originating from differentand ions with an average temperature -e2 eV into the
numbers of mono- and double-hydrogenated carbon atomsexperimental chamber. This vapor heats the ambient gas and

We have recently synthesized a new form of carbonincreases the partial density of carbon atoms in the chamber.
cluster-assembled carbon nanofoam, by laser ablation dfhe process of formation of carbonaceous clusters begins
glassy carbon in an argon-filled chamber using a highwhen the carbon density reaches the threshold density, at
repetition rate high-power lasér-23The synthesis technique which the probability of collisions between carbon atoms
is to our knowledge unique. We characterized the carbomecomes sufficiently high.
nanofoam by several electron microscopy techniques, which The consumption rate of carbon atoms due to the cluster
revealed a web-like structure containing randomly interconformation significantly exceeds the evaporation rate by laser
nected clusters, 4—9 nm in diameter. The nanofoam exhibitablation in the experimental conditions of high-repetition-
some remarkable physical properties, including ultralow denrate laser ablatiof?® Thus, the formation is a nonequilib-
sity (~2-10 mg/cm, the lowest gravimetric density ever rium periodical process. We suggest that the formation pro-
reported for a solif and a large surface aréeomparable to  cess comprises periodic heating and cluster formation stages,
zeoliteg of 300—400 /g 3132 with the time period dependent on the initial Ar density, the

Here we report the equally unusual magnetic properties ofvaporation rate, and reaction rate, which in turn is a func-
the cluster-assembled nanofoam. The foam shows stronipn of the temperature and density of the atomic carbon. It is
positive magnetization, some of which is lost in the first fewessential that during the period of cluster formation, short in
hours after synthesis, but much of which is persistent. Thigomparison to the heating period, the argon gas does not cool
paper presents a detailed study of one sample, which distown, but maintains its high temperature for cluster forma-
played a saturation magnetization bf;=+0.42 emu/g at tion. Hence, the argotand carbon vapgrtemperature from
1.8 K 12 months after synthesis. We assess and eliminat&e second formation cycle onward is higher than the forma-
impurities as significant contributors to the measured proption threshold temperature, which is believed to initiaf@
erties and conclude that the observed behavior, which cabonding. The still higher temperature achieved during subse-
neither be ascribed to paramagnetism nor to conventionajuent cycles is sufficient to forrap® bonds along with the
soft’'weak ferromagnetism, is an intrinsic property of thesp? bonds observed in the cluster-assembled carbon foam.
nanofoam.

According to the theoretical predictiof;3” hypothetical
hyperbolic carbon structurgsith negative Gaussian curva- B. Characterization
ture), branded as “schwarzites,” exhibit complex bonding |n order to check the reproducibility of our results we
and electronic structure relative to fullerenedliptic curva-  have produced several samples. Structural and electronic
ture) and buckytubegparabolic curvatune It has been sug- properties of the samples were characterized by means of
gested that the spatial structure of schwarzites might result i§canning electron microscog@EM), HRTEM, electron en-
unusual electronic properties. High-resolution transmissiorrgy loss spectroscopy, Rutherford back-scatte(iRgS),
electron micrograph¢HRTEM) of the nanofoam revealed heavy ion elastic recoil detectiqfERD), electron spin reso-
patterns characteristic of hyperbolically curved graphitichance measurement&SR), and trace elemental analysis by

sheets. We therefore consider the presence of schwarzifgduction-coupled plasma mass spectrometGP-MS) of
structure as a possible origin for ferromagnetic interaction ofcid extracts.

unpaired spins in the hydrogen-free carbon nanofoam. It was already evident from the first samples of the foam
that the material displays interesting electronic properties.
[l. EXPERIMENTAL DETAILS The as-deposited samples had a strong positive electrostatic

charge; indeed, the charge was so high that considerable dif-
ficulty was encountered in placing the foam into a glass vial.
The low-density cluster-assembled carbon nanofoam washis behavior implied at once that the dielectric properties of
produced by high-repetition-rat@®—25 kH2 laser ablation the carbon nanofoam are different from those of carbon aero-
of an ultrapure glassy carbon target in a vacuum chambegels and other carbon nanometer-size porous structirés.
made of stainless steel with the base vacuunThis difference can be attributed to the formation conditions:
~5x 107 Torr, filled with high-purity (99.995% Ar gas, the foam clusters are formed in a very high temperature en-
inside a 2 in. cylinder made of fused sili€8iO,). The de-  vironment of partially ionized carbon plasrffaThe carbon
posited foam was scraped off from the inner cylinder surfacexanofoam has a significas®/ (sp?+sp’) bonding ratio of

A. Synthesis
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FIG. 1. Transmission electron microgra@éft), and scanning electron microgra@fght) of the carbon nanofoam, showing the web-like
structure. The diffraction pattern in the inset shows the very broad rings indicating the lack of a long-range three-dimensional order in the
foam.

35% on average, and up to 60% in some regions. The spatialastic sheets characteristic of fulleredésFourier trans-
variation of sp®/(sp?+sp®) bonding across individual clus- forms and subsequent radial regrouping of the HRTEM
ters was mapped using the parallel electron energy loss spetcrographg <1 000 000 indicated the existence of a struc-
trometer (PEELS with a spatial resolution of 1 nm. The tural period in the clusters with a space scale of 5.6+0.4 A
analysis indicates thasp® bonded carbons prevail in the (see Fig. 23! This “repeat” spacing is not due to smectic
core, whereasp® bonded carbons prevail near the clusterlayering within the carbon structure, as Fourier transforms of
boundary and bond the clusters togetiéfhe ERD analysis the TEM images collected from the smallest possible do-
with 200 MeV Au ions did not show the presence of hydro-mains (about 100< 100 A) reveal a spatially isotropic
gen in the foam, at least at the sensitivity level of 0.1%"powder-like diffraction ring. The number of carbon atoms

atomic. per cluster was estimated to bel.2x10* (molecular
The electrical direct current conductivity of amorphousweight 1.38<10°). This leads to a cluster density of
carbon(a-C) is strongly dependent on trsg® content, fall-  1.95 g/cmi. A value of similar order of magnitude

ing by over eight orders of magnitude as thg? fraction  1.65 g/cni was derived from the results of mapping of in-
increase4? The conductivity of the nanofoam increases fromdividual clusters by a 1 nm electron beam in PEELS.
~(2-5 %102 S cmtat85Kto3x101°S cmit at room
temperature, and to~10%S cni! at 400 K, exhibiting
semiconducting behavior. The conductivity measurements
are consistent with our observation tis@f regions are sepa- The possibility of magnetic contamination during synthe-
rated by surroundingp® carbon atoms. Optical transmission sis of the nanofoam samples was examined in some detail, as
spectral measurements show that the nanofoam has a narrawis would offer a simple explanation for the peculiar mag-
fundamental band gap in the range of 0.5—-0.7%&Which is  netic features of the material. The impurity content in the
typical for a hydrogen-free diamond-like amorphous carbonfoam was determined from 2 MeV Héon RBS measure-
ESR analysis shows a single, wide line, wifffiactor and  ments, and independently by mass spectroscopy analysis of
the half-width parameters ofj=2.0025AH=7.5 Oe at acid extracts from the foam. Both methods show comparable
300 K andAH=2 Oe at 77 K32 We measured the spin den- low impurity contents. The RBS data indicated a total con-
sity of the carbon nanofoam of 1:810°° spins per gram of centration of Fe-Ni below 100 ppm atomic. Mass spectrom-
foam mass in average. This corresponds to approximatelgtry measurements were done on milligram samples of the
one unpaired spin per300 carbon atoms. The nanofoam foam, extracted with concentrated HCI for several hours, di-
has the highest spin density reported for a three-dimension#lited with 2% HNQ, filtered and run in a Varian Ultramass
pure carbon solid, although we note that similarly high spinquadrupole spectrometer. Initially, three separately synthe-
densities have been reported f&p-rich amorphous carbon sized samples of foam were analyzed for the elements
as thin films?0:42 Al, Ti,V,Cr,Co,Ni,Cu,Sn, and Pb. Oreample, selected to
be the subject of the current magnetization study, had a sec-
C. Nanostructure ond portion analyzed for an extended list of elements that
: included Sc,Mn,Fe,Zn,Ga,In,Sb, and Brable |, al-
Low-resolution TEM images clearly show the presence ofthough we note that the molecular species ArO interferes
small randomly interconnected clusters with the diameters istrongly with Fe and produces a false high signal at the Fe
the range from 4 to 9 nm, with the average size of 6.1 nmmass numbers. The sum of all the impurity elements ana-
(Fig. 2). lyzed in the foam of this study was 415—-465 ppm assuming
Our structural studies revealed the presence of hyperbolis0 ppm(the Ni concentration<Fe<80 ppm. The dominant
schwarzite structure®:33Schwarzites are anticlastisaddle-  impurity elements in the samples were Al, Cu, Zn, Pb, Ni,
shaped warped graphite-like layers, in contrast to the syn-and probably Fe. The elemental makeup, in combination

D. Chemical impurities
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FIG. 2. High-resolution TEM image of the carbon nanofoam faaentral imagg with an individual 6 nm cluster clearly seen in the
center. Fourier transformgight) and electron diffraction patterriieft) indicate a “repeat” spacing with characteristic length of 5.6+£0.4 A
typical for schwarzites.

with considerable run-to-run variability of impurity content E. Magnetization measurements

are compatible with the hypothesis that the impurities are | magnetization measurements were performed in a
introduced randomly as metallic dust particfpamarily alu-  commercial extraction magnetometétaglab Exa 200pby
minum, brass, solder, and stainless gteeiginating in the  Oxford Instruments in the temperature range <®B
apparatus. SEM examination of one of the ablation targetsc300 K and in applied magnetic fields up to 70 kOe.
did in fact reveal scattered micron-scale particles of alumiReproducibility of the magnetic properties of the foam
num metal, lending further support to this hypothesis. is demonstrated by the comparable magnetization
(0.36—0.8 emu/g measured in six independently synthe-
sized batches of foam 15 days after synthé&able Il). The
terference at same mass number. Stated uncertainties are Standngggnetlzatlon of the foam in this Stu_cd_9.42_ emu/g af[ 60
deviations for five replicate measurements as an indication of spe lays and 12 months after the synthpsisevidently typical

trometer reproducibility. or the material. .
The nanofoam magnetic response to temperature and ap-

plied field were investigated in detail. Figure 3 presents the

TABLE |. Trace element analysidCP-MS) of carbon foam
samples. Fe determination is a maximum value du&4o'’O in-

Element Atomic ppm .

temperature dependence of the mass magnetizétiosed
Al 125+4 circley of the carbon nanofoam measured at 30 kOe in the
Sc 0.5+0.3 temperature range 1s8T=<200 K. The curve has been cor-
Ti 0.4+7 rected for the diamagnetic background of the gelatine sample
Vv 0244 holder, which was measured independently under the same
cr 1141 conditions(crosses in Fig. B The raw data of the composite

(carbon nanofoam + sample holgere represented by the
Mn 55+0.3
Fe <80 TABLE Il. Magnetization measurements of carbon foam
Co 0.65+0.07 samples 15 days after synthesis. Magnetization measured at
Ni 29.7+15 =5 K, H=60 kOe.
Cu 1107 ) . .
7n 6745 Sample Magnetic condition  Mass magnetizatiemu/g
Ga 0.4£0.2 040602 Paramagnetic 0.446
In 0.12+0.02 050602#1 Paramagnetic 0.366
Sn 5.6£0.5 050602#2 Paramagnetic 0.8
Sh 0.19+0.09 060602#1 Paramagnetic 0.375
Pb 24+1 060602#2 Paramagnetic 0.78
Bi 3.8+0.2 070602 Paramagnetic 0.5
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FIG. 3. Temperature dependence of the mass magnetization of FIG. 5. Corrected mass magnetization of the foam as a function
the composite of carbon nanofoam and sample holggren  of H/T measured aT=1.8 K. Solid line is a fit of the data to the
circles, the carbon nanofoan(filled circley, and the gelatine Brillouin function with S=1/2.
sample holder(crosses measured at 30 kOe in the temperature

range 1.8<T<200 K. well-defined coercive force at low temperatu¢sse inset of

) - ) Fig. 4) as expected for a ferromagn@tM). In Fig. 5 we
open circles in Fig. 3. All data were collected following zero- resent the first quadrant of the magnetization isotherm taken
field cooling of the sample at a heating rate of 0.3 K/min.o 1 g K. The open circles are the magnetization data, while
The observed signal is positive and apparently paramagnetife so|id line represents a fit of the measured magnetization
(PM). However, the expected PM T4dependence was not e to the Brillouin function wittS=1/2, which corre-
observed, which is indicative of a non-Curie-Weiss SyStemsponds only roughly to the observed behavior.

Hence_, magnetization isotherms at low temperatures were M(H) data taken aT=1.8 K, were plotted against H/in
|nve$t|gate<j_. L order to obtain the saturation magnetization of 0.42 emu/g

Figure 4 illustrates the mass magnetization of the foam a

functi £ th lied tic field 't Sfter extrapolation to infinite field. This is equivalent to a
a um; lon 28 € ggp};eA”mdagnehlc Ieb at severa de:cnperr]a'saturation moment value of 2010 “ug per carbon atom
tures from 1.8 to ) ata have been corrected for t & ug is the Bohr magneton equal to 9.272.0°% erg/G). As-

d|amagn§t|c contrlblatlon of thel gelagne iample holde[j.tha uming that our spin system is FM-like rather than BM.,
was again measured separately under the same conditio .z per unpaired spin we estimate that this value corre-
The measured signal is positive and the curves show PM-lik

behavior. N thel b liaht hyst is with onds to about 1 unpaired spin per 1000 carbon atoms, a
ehavior. Nevertheless, we observe a slight nysSteresis wi ct which suggests that several unpaired spins are located in

each of the nanometer-scale spheroidal clusters with

o4 L1 | '..',.:..'..532:;;'. ~10* C atoms/cluster that constitute the fodhand is in
0.3 2 oro oo oo™ aoa ] order-of-magnitude agreement with low temperature ESR
-ggﬁf o °o°°°° ‘..m“‘ 1 measurements that show a large concentration of unpaired
021% 06 oo et ]  spins 1.8<10%°/g (3.6 unpaired spins per 1000 carbon at-
- [ -0.10 . °o°“AA‘ vvvvvvvvvvvv 1 Om$
z\: 0.1 . 015 .::v o vvv::.““'__._..--n'.
qE) 0.0 v.:::nunununnnnunnuﬂuuﬂ
‘% Ill. DISCUSSION OF MAGNETIZATION DATA
=01 Wv‘,vvvvvvv “.A‘:pf.' 2 g'gﬁ ] We have observed a strong positive magnetization signal
02k " ‘A,..A“‘oeeac’..' v 10K i in an all-carbon structure, which seems to have features of
ST Sy m 20K ] both a PM and a FM. It could be hypothesized that our
0.3 -:ooeeeooo:::::.,..-" Sggﬁ . obseryed_sampl_e behavior combines a FM signal from
R chemical impuritiegthe 3 elementy and PM from the car-

“* 70 -60 -50 -40 -30 20 -10 0 10 20 30 40 50 60 70 bon phase{foar_n). HOV\_/e_v_er, the experimental evidence does
Applied Field (kOe) not support this _possmlllty. We now show that the .ob.serve.d
magnetic behavior cannot arise from ferromagnetic impuri-
FIG. 4. Mass magnetization of the foam as a function of theties but rather is an intrinsic property of the nanofoam.
applied magnetic fieldVi(H), at several temperatures from 1.8 to  First, consider the magnitude of the observed signal. Both
92 K. All data are corrected for the diamagnetic contribution of thethe hysteretic behavior as well as the relative failure of the
gelatine sample holder. Inse¥l(H), hysteresis loop aT=1.8 K  Brillouin model might be attributable to the existence of FM
exhibiting a coercive forcél.=420 Oe. impurities(see Table)l. Nonlanthanide FM compounds have
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FIG. 6. Magnetic moment as a function of the applied magnetic  FIG. 7. Corrected mass magnetization as a functioki 6F at
field for the gelatin sample holder measuredTat5 K (crossey T=1.8 K (closed circleg 3 K (open circleg and 5 K(triangles.
and the composite of carbon nanofoam and sample holder measurggte that the curves do not scale as it is expected for a PM and have
atT=>5 K (closed circlepand T=110 K (open circleg the opposite behavior from that expected for a FM.

saturation magnetizations corresponding to effective Bohr .
magneton numbers of 0.5— 35 per magnetic atorf? If we sample holder. The open circles represeht as H measure-

assume an absolute worst-case scenario in which all the FE1ent atT=5 K of the gelatine sample holder and is plotted
Co, and Ni were in their ferromagnetic elemental forms, thefor clarity on the same graptFig. 6). The strong applied
impurity magnetization would be at most 0.09 emu/g in ourfield dependence of the total signal is clear. These data indi-
sample, which is only 20% of the measured total. We notecate that the observed magnetic behavior is extremely un-
that even Fe-Ni are likely to be present as non-FM steel. Thékely to arise from ferromagnetic impurities.
3d elements Sc-Cu make up only half of the impurity total, We now turn to the “PM”-like signal of Figs. 4 and 5. Itis
and the elements Fe-Ni are less than half again of that fracvell known that the magnetization of a PM, when plotted
tion. Many of the impurity elements are most likely to be against normalizedd/T for several different temperatures,
present in nonferromagnetic phases such as Al metal, brasshould collapse onto a single curve. Figure 7 shows a plot of
and solder. the magnetization of the foam versdgT. Data for different
Furthermore, the observed response of sample magnetisindo not scale similarly, a clear indication that the sample is
to temperature and applied magnetic field is not what wouldot simply paramagnetior superparamagnejicAlthough,
be expected from transition metal bearing ferromagnetic imthe “FM-impurities” argument could account for such an ef-
purities. A ferromagnetic contribution from impurity ele- fect, this conclusion is contra-indicated by the observation
ments should remain constafsaturateyl at a specific tem- that the magnetization is higher at higher temperatures, i.e.,
perature for sufficiently high magnetic field valugs few  theM(H/T) curve at 5 K is above that of the curve extracted
kilo-oersted for normal FM elementsand should also at 3 K. The same is true for the curve at 3 K and so on. If the
change only slightly with temperature given the fact thatmagnetization were dominated by “impurity” FM interac-
normal 3-FM elements exhibit a critical Curie temperature tions then the situation would be reversed. A similar effect to
T, of the order of~1000 K (T,=1043,1388, and 627 K for that in our sample has recently been observed in amorphous
Fe, Co, and Ni metals, respectivglyas do many of their magnetic rare earth silicon alld{fswhere the formation of
intermetallic compounds with B-group semimetdals.g., ferromagnetic polarons where found to play a crucial role.
MnBi, T,=630 K; CuMnAl, T,=710 K).*3 The authors of Ref. 44 have speculated that competition of
Because of the relative temperature insensitivity, weintrapolaron FM interactions and interpolaron antiferromag-
would expect an “impurity” signal to persist at high tempera-netic interactions due to significant polaron overlapping can
tures. However, the magnetism of our sample does not bexplain their data.
have in that way, as is evident from Fig. 6, where we have Another possible source of positive susceptibility is mo-
plotted the total measured signal of the compogibam +  lecular oxygen. Molecular oxygen—one of the most abun-
gelatine holderat T=5 K andT=110 K as well as the mea- dant nonmetallic paramagnets in nature—is a possible source
sured signal of the sample holder alone as a function of thef contamination since it can potentially be trapped as an
applied magnetic field. If the total measured signal was preadsorbate on a high surface area material such as our foam.
dominantly due to FM impurities, then the same patternHowever, intercalation into the 5-6 A gaps between sheets
should have been observed at quite elevated temperaturés.unlikely, since the sum of two carbon Van der Waals radii
Nevertheless, above 100 K the remaining signal from the (1.7 A each and two oxygen radii1.5 A eachis 6.4 A. We
composite is comprised almost entirely of the nearlynote that the data reported in the current study were collected
temperature-independent diamagnetic signal of the gelatinikkom samples that were handled in pure helium atmosphere
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' ' ' ' ' ' ' ' which allows a substantial part of the initial magnetization to

persist indefinitely. This behavior is consistent with the idea

that some spins are sterically protected from attack by gas
molecules, and also that the spins occur in finite regions of
sp’ bonding, which are isolated by “walls” afp® bonding,

and in which single and double bonds can be rearranged. An
initial odd number of spins in such a region would leave a

persistent single spin after any bonding rearrangement, pro-
vided that attack by gaseous molecules was prevented.
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1.31x10°

9.80x10™

6.54x10™

Moment (emu)

327510
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IV. CONCLUSIONS

-3.27x10°

The magnetic behavior exhibited by the new phase of
carbon is different from the weak positive magnetization
Temperature (K) found at very low temperatures in single-walled nanohorns

FIG. 8. Temperature dependence of the magnetic moment of ¢ and activated carbon fibers, mentiongd in the Sec. I. In thgse

L hEvo cases, the occurrence of magnetism has been associated

composite of carbon nanofoam and sample holder measureld at with exposed graphitic edges. Our observations point to a
Bri%fc?gh 10? t?]aeyggfnﬁé.cuw and 60 dayglower curv after different origin for the magn_etism in t.he foam. We believe

that the remarkable magnetic properties of the foam, unex-

in a glove box. Nevertheless, it was deemed prudent to pefected for an all-carbon material, are an intrinsic conse-
form the following independent experiment to determine arfduence of its equally remarkable nanostructure.
upper bound on the contribution of oxygen to our measure- HRTEM shows convoluted graphite-like layers inside the
ment. We filled a gelatin capsule, same as used in our me&anospherulitic building blocks of the foam, the contrast be-
surements, with pure oxygen gas and then meastiyatle ~ ing consistent with hyperbolic schwarzite curvature of the
magnetic moment versus magnetic fieldTat5 K and (ii) sheets$! This requires rings of 7 or more carbons inter-
the magnetic moment versus temperaturelaB T. We ob-  spersed with normal graphitic 6 ring3The sheet curvature
served a negative total magnetic moment due to the diamadPcalizes unpaired spins by breaking the continuity of the
netism of the capsule, exactly as observed for our backdelocalizedm-electron clouds of graphite, and tight curvature
ground measurements. Any paramagnetic contribution off the sheets provides a mechanism for sterically protecting
oxygen was too small to be observed and, hence, cannéf€ unpaired spins which would otherwise be too chemically
have significantly perturbed our data. reactive to persist

Finally, we note another experimental observation that is A possible mechanism for magnetic moment generation
incompatible with conventional FM impurities. The pro- would be a simple indirect exchange interaction through con-
duced carbon nanofoam was found to exhibit a strong magduction electrons located on the hexagons. This, however,
netic relaxation in time, i.e., the measured magnetic momerftas to be in agreement with electrical resistivity measure-
decreased over a period of a few days. Surprisingly, immements that show a semiconducting behavior with a band gap
diately after production the foam is attracted to a permaner@f 0.5—0.7 e\2! A plausible scenario would be that the mag-
4 kOe NdFe B magnet at room temperature, thus demon-netism of our nanofoam is an effect that actually occurs in
strating the existence of a substantial permanent magnetféanosized metalli¢sp’) segments of the structure that are
moment. However, the magnetization decreases sufficientligolated by nonconductingsp®) regions, and hence, do not
fast so that the magnet attraction effect can no longer beontribute to the overall conductivity of the sample.
observed a few hours after synthesis. The filled circles in Fig. The origin of magnetism in the cluster-assembled carbon
8 shows the magnetization of the nanofoam 15 days aftenanofoam has recently been investigated theoretically using
production and the open circles is the same measurement @ geometry which contains hyperbolic, negatively curved,
days after production. As is evident from earlier, the magnesurfaces’® The suggested basic structural unit is a hyperbolic
tization exhibited by the sample relaxes to lower values as sheet folded into a “tetrapod” that exhibits many of the struc-
function of time, achieving a magnetic steady state severdural features observed in experiments. The core structure
weeks after production. We continued measuring the sameonsists of warpedp? bonded carbon segments terminated
sample at various intervals over the next 12 months, withouby sp* carbon atoms at the hydrogen-passivated edges of the
any additional relaxation becoming apparent. Thereforefour extremities. The model tetrapod contains tubular do-
Figs. 3—7 represent equilibrated magnetization values. mains of zero Gaussian curvature with domains of hyper-

The decrease of magnetization with time implies thatbolic, saddle-like regions. The smoothed tetrapod unit is nec-
some initially unpaired spins become paired. This may aris@ssarily hyperbolic, of negative Gaussian curvature. The
either by reaction of the spin centers with atmospheric gasesdius of curvature in this basic unit is close to 6 A, which is
such as oxygen, hydrogen, or nitrogen, or alternatively byconsistent with the superstructure found in the diffraction
rearrangement of localized single and double C-C bonds tpattern(though we note that this coincidence is unnecessary,
eliminate pairs of spins. Whichever mechanism is operativeas the radius is dependent only on the ring sizes in a more
it is clear that the spins cannot be eliminated completelygeneral hyperbolic unif® The tetrapod-like building blocks

(] 25 50 s 100 125 150 175 200
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can be assembled into a rigid foam structure with a very lowreactivity and/or steric protection. Some unpaired spins are
density that compares to the measured bulk density ofost on a time scale of minutes to weeks, while others appear
2—-10 mg/cm. The threefold coordinated carbon atoms into be essentially permanent.
the sp? regions of the model tetrapod form a network of The ferromagnetism found in these complex nanoclusters
hexagons and heptagons only. These trivalent carbons a@gcurs as a consequence of nanometer-scale conducting re-
sterically protected within the system of single and doublegions being separated by regions of a quite different elec-
bonds imposed by thep’-terminated tetrapod, and occur in tronic structure. Careful selection of laser ablation synthesis
groups of three. The number of unpaired spins was found teonditions may allow controlled adjustment of the properties
be robust with respect to size and boundary shape variatior®f the product, and may allow synthesis of products with
within the tetrapod. However, this number depends sensisimilarly unusual properties from different starting materials.
tively on the bonding topology in the regions of the negative In summary, we have observed unique magnetic behavior
Gaussian curvature. Subclustétstrapod$ containing 264 in an all-carbon nanostructured material, whose unusual
and 336 carbon atoms have been considered, and the prgiructure provides a plausible mechanism for a generation of
dicted magnetic moment in a,g; tetrapod agrees well with strong magnetism. Our experimental results leads us to reject
the experimental observation. ferromagnetic impurities as the origin of the observed mag-

The steric protection mechanism postulated here as wefietism: the combined weight of our datd,vs H/T scaling,
as the calculations by Paset al*® depend on a topological magnitude and temperature dependence of the moment of
feature of thesp? carbon framework, namely the presence offerromagnetic impurities, and strong time-dependent magne-
rings in the framework with more than six carbon atdths. tization relaxation, lead us to conclude that the observed be-
That topological property induces the hyperbolic geometryhavior is an intrinsic property of the foam itself. The mag-
of the carbon framework. The calculations of Patlal*>are  netic phenomena do not conform with those of conventional
for the simplest example only, containing isolated heptagonparamagnetism or superparamagnetighe data do not fit
and building a four-armed “tetrapod” building node. Many the Brillouin function withS=1/2, andM vs H/T curves do
distinct assemblies of such nodes are possible, leading taot collapse onto one anothewe have observed small hys-
crystalline or random arrays, with varying amounts of strainteresis and remnant magnetization in ¥éH) curve of our
in the network, expected to be accommodated by the introfoam which are usually observed in organic ferromagfets
duction of rings other than hexagons and heptagons. Crysta#nd, hence, do not exclude the case of weak soft ferromag-
line “polybenzene® and the “random schwarzite” of netism. Nevertheless, we have no clear signs of an ordering
Townsendet al?” and those observed in the laser-ablatedtemperature.
nanofoam®—32 are examples of ordered and disordered hy- This new form of carbon clearly warrants further theoret-
perbolic frameworks. ical and experimental investigations.

Stabilization of trivalent carbon radicals by steric protec-
tion has been known since the synthesis of triphenylmethyl ACKNOWLEDGMENTS
by Gomberg in 19088 It has recently been shown by To-  The authors are grateful to Professor D. Tomanek of
mioka et al® that even the very reactive divalent carbon Michigan State University, for many encouraging discus-
radicals(“carbenes) can be stabilized to show half-lives of sions, followed by exchange of, in total, 272 e-mail mes-
several minutes if the two spins can be separated onto disages. E.G.G. acknowledges the assistance of the Australian
tinct sites that are sterically protected in this way. We noteResearch Council under the ARC Centres of Excellence pro-
that the magnetic relaxation behavior of our samples impliegram through the Centre for Ultrahigh bandwidth Devices
that there are spin centers which show differing degrees dfor Optical SystemgCUDOS.

* Authors to whom correspondence should be addressed. 8R. B. Heimann, Diamond Relat. Mate®, 1151(1994).
TElectronic address: avrllli@rsphyl.anu.edu.au 9Yu. P. Kudryatsev, R. B. Heimann, and S. E. Evsyukov, J. Mater.
*Electronic address: giapintz@iesl.forth.gr Sci. 31, 5557(1996.
1F. Laves and Y. Baskin, Z. Kristallogil07, 337 (1956). 10p, Fraundorf and M. Wackenhut, Astrophys 578, L153(2002.
2C. Frondel and U. B. Martin, Naturg.ondon) 214, 587 (1967). 1H, W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, and R. E.
SA. El Goresy and G. Donnay, Sciends1, 363(1968). Smalley, NaturgLondon 318 162(1985.
4C. T. Pillinger, Philos. Trans. R. Soc. London, Ser.343 73 12\, Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huff-
(1993. mann, NaturgLondon 347, 354(1990.
5K. Yamada, Y. Tanabe, and A. B. Sawaoka, Philos. Mag8@®  13S. lijima, Nature(Londor) 354, 56 (1991).
1811(2000. 143 lijima and T. Ichihashi, Naturé_ondor) 363 603(1993.
6J. B. Donnet, E. Fousson, M. Samirant, T. K. Wang, M. Pontier-15C. N. R. Rao, R. Seshadri, A. Govindaraj, and R. Sen, Mater. Sci.
Johnson, and A. Eckhardt, C.R. Acad. Sci., Ser. llc: CH8m Eng., R. 15, 209(1995.
359(2000. 16T, L. Makarova, B. Sundqvist, R. Héhne, P. Esquinazi, Y. Ko-
V. V. Milyavskiy, T. I. Borodina, A. Z. Zhuk, and V. E. Fortov, pelevich, P. Scharff, V. A. Davydov, L. S. Kashevarova, and A.
Mol. Mater. 13, 361 (2000. V. Rakhmanina, Naturé.ondon 413 716(2001.

054407-8



UNCONVENTIONAL MAGNETISM IN ALL-CARBON.... PHYSICAL REVIEW B 70, 054407(2004)

173-C. Charlier, P. Lambin, and T. W. Ebbesen, Phys. Re%43 Christy, S. T. Hyde, and B. Luther-Davies, Appl. Surf. SEQ7—
R8377(1996. 198 644 (2002,
!8R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, Phy$4p. Vanderbilt and J. Tersoff, Phys. Rev. Le@8, 511 (1991).
Rev. B 46, 1804(1993-. ) 35S, T. Hyde and M. O’Keeffe, Philos. Trans. R. Soc. London, Ser.
9L. C. Venema, V. Meunier, Ph. Lambin, and C. Dekker, Phys. 5 35,4 1999(1996.
Rev. B 61, 2991(2000. S6A. L. Mackay and H. Terrones, Natur@.ondor) 352 762

20R. H. Baughman, A. A. Zakhidov, and W. A. de Heer, Science (1991)

297, 787 (2002. 37 . . . .
. . S. T. Hyde, inDefects and Processes in the Solid Stattited by
21
Y. Shibayama, H. Sato, T. Enoki, and M. Enda, Phys. Rev. Lett, J. D. Fitz Gerald and J. N. Bolar{&lsevier, Amsterdam, 1993

84, 1744(2000. 38E. G. Gamaly, A. V. Rod d B. Luther-Davies, Appl. Phys. A:
225, Bandow, F. Kokai, K. Takahashi, M. Yudasaka, and S. lijjima, — = amaly, A. V. Rode, and B. Luther-Davies, Appl. Phys. A:

Appl. Phys. A: Mater. Sci. Proces#73, 281 (2001). 5o ater. Sci. Process69, 5121(1999.
23 Liu, G. Y. Guo, C. S. Jayanthi, and S. Y. Wu, Phys. Rev. Lett. M- S. Dresselhaus, Annu. Rev. Mater. S, 1 (1997).

88, 217206(2002). 40A. W. P. Fung, Z. H. Wang, K. Lu, M. S. Dresselhaus, and R. W.
24K Tanaka, M. Kobashi, H. Sanekata, A. Takata, T. Yamabe, S. Pekala, J. Mater. Res3, 1875(1993.

Mizogami, and K. Kawabata, J. Appl. Phy#1, 836 (1992. 4IA.W. P. Fung, Z. H. Wang, M. S. Dresselhaus, G. Dresselhaus, R.
25K, Murata and H. Ushijima, J. Appl. Phyg9, 978(1996. W. Pekala, and M. Endo, Phys. Rev.49, 17 325(1994).
267, A. Ovchinnikov and V. N. Spector, Synth. Me27, 615  “°D. R. McKenzie, Rep. Prog. Phy&9, 1611(1996.

(1988. 43C. Kittel, Introduction to Solid State Physicéth ed.(Wiley, New
27K, Murata, H. Ueda, and K. Kawaguchi, Synth. Met4, 357 York, 1971).

(1992). 44F, Hellman, M. Q. Tran, A. E. Gebala, E. M. Wilcox, and R. C.
28K. Murata, H. Ushijima, H. Ueda, and K. Kawaguchi, J. Chem.  Dynes, Phys. Rev. Lett77, 4652(1996).

Soc., Chem. Communl8, 1265(1991). 45N, Park, M. Yoon, S. Berber, J. lhm, E. Osawa, and D. Tomanek,
29p, Esquinazi, D. Spemann, R. Héhne, A. Setzer, K.-H. Han, and Phys. Rev. Lett.91, 237204(2003.

T. Butz, Phys. Rev. Lett91, 227201(2003. 46M. O'Keeffe, G. B. Adams, and O. F. Sankey, Phys. Rev. Lett.
30K, Kusakabe and M. Maruyama, Phys. Rev. &, 092406 68, 2325(1992.

(2003). 47s. J. Townsend, T. J. Lenosky, D. A. Muller, C. S. Nichols, and V.

81IA. V. Rode, S. T. Hyde, E. G. Gamaly, R. G. Elliman, D. R. Elser, Phys. Rev. Lett69, 921 (1992.
McKenzie, and S. Bulcock, Appl. Phys. A: Mater. Sci. Process.*®M. Gomberg, J. Am. Chem. So@2, 757 (1900.

A69, S755(1999. 49H. Tomioka, E. lwamoto, H. Itakura, and K. Hirai, Natufieon-
32A. V. Rode, E. G. Gamaly, and B. Luther-Davies, Appl. Phys. A:  don) 412, 626(2001).
Mater. Sci. ProcessA70, 135(2000. 50A. Mrzel, A. Omerzu, P. Umek, D. Mihailovic, Z. Jaglicic, and Z.

33A. V. Rode, R. G. Elliman, E. G. Gamaly, A. |. Veinger, A. G. Trontelj, Chem. Phys. Lett298, 329 (1999.

054407-9



