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Local ferromagnetism in microporous carbon with the structural regularity of zeolite Y
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MagnetizationM (H,T) measurements have been performed on microporous c&Gn with a three-
dimensional nanoarray structure corresponding to that of a zeolite Y supercage. The obtained results unam-
biguously demonstrate the occurrence of high-temperature ferromagnetism in MC, probably originating from a
topological disorder associated with curved graphene sheets. The results provide evidence that the ferromag-
netic behavior of MC is governed by isolated clusters in a broad temperature range, and suggest the occurrence
of percolative-type transition with the temperature lowering. A comparative analysis of the results obtained on
MC and related materials is given.
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During the past approximately 15 years, various researchr SC instabilities. Compounds with curved graphene layers
groups have reported on the occurrence of room-temperatuteave been proposed as promising materials for both FM and
ferromagnetism in materials made solely of carbon. ThusSC occurrencé?
high-temperature ferromagne{iEM) behavior has been ob- The aforesaid experimental as well as theoretical results
served in pyrolitic carboh,amorphous-like carbon prepared motivate us to explore magnetic behavior of the microporous
by direct pyrolysis> superhigh surface area carbon with carbon(MC) with a three-dimensiondBD) nanoarray struc-
micro-graphitic  structure$? Cg, under photoassisted ture whose arrangement matches that of supercages of zeolite
oxidation?® highly oriented pyrolitic graphitéHOPG,%” ex- Y. Details of preparation of the MC samples and their char-
traterrestrial graphitB,and polymerized rhombohedréah)-  acterization are given elsewhere'® Briefly, the MC has
Ceo.2 M Certainly, an understanding of mechanisnbehind ~ been prepared by the following template technique. Powder
the magnetic behavior of the carbon-based materials as weteolite Y was impregnated with furfuryl alcoh@A) and FA
as an engineering of novel FM carbon structures should havwwas polymerized inside the zeolite channels by heating the
a wide impact. FA/zeolite composite at 150 °C undesp [low. The resultant

It appears that the largest among reported low-olyfurfuryl alcohol/zeolite composite was heated to 700 °C
temperature values of the spontaneous magnetizatign in N,. As soon as the temperature reached 700 °C, propylene
(~0.05 ...,0.5 emu/y'? take place in nearly graphitized chemical vapor depositiofCVD) was performed for further
materials which contain amorphous and/or fullerene-like carcarbon deposition. After the CVD, the composite was further
bon fragments:®~** Indeed, the high-temperature ferromag- heat-treated at 900 °C under @ Now. The resultant carbon
netism in rh-G, compound¥™** occurs only in samples pre- was liberated from the zeolite framework by acid washing.
pared very close to the temperature at which fullerene cageBhe obtained MC possesses a very high surface area of
collapse and an amorphous carbon forms. The presence 8600 nf/g and consists of a curved 3D graphene network
amorphous carbon in nominally rhggand its possible deci- which may contain randomly distributed pentagons and hep-
sive role in the magnetic behavior of this material has beettagons. The carbon particle size ranges from 1000 A to 4000
pointed out in Ref. 11. On the other hand, experiments pen&-16 Spectrographic analysis of the MC samples reveals
formed on a glassy carbdiGC) (Ref. 13 indicate that fer- magnetic impurity contents of Fg&4 ppm, Co (4.4 ppm),
romagnetism emerges during the graphitization process, arahd Ni (3.5 ppm).

a possibility that topological defects trigger ferromagnetism We performed dc magnetizatidd (H,T) measurements
has been suggestédin fact, the occurrence of FM, antifer- on two MC samples from the same batch with masses m
romagnetic(AFM), and superconductingSC) instabilities =10.82 mg(labeled as MCLand my=8.7 mg (labeled as
due to a topological disorder in graphitic sheets has beeMC2) in the temperature range 2<KT<300 K and applied
predicted theoreticall}# The analysis given in Ref. 14 as- magnetic field up tquoH=5 T using the SQUID magneto-
sumes the formation of pentagons and heptagons, i.e., disclineter MPMS5(Quantum Design

nations in the graphene honeycomb lattice. The low-lying The obtained results unambiguously demonstrate the oc-
electronic states of an isolated graphitic sheet can be wetlurrence of ferromagnetism in our MC samples. The results
approximated by Dirac equations if2+1) dimensions. also provide evidence that the sample FM behavior is gov-
Then, according to Ref. 14, a random distribution of topo-erned by isolated or weakly interacting clustédsoplets in
logical defects described in terms of a random gauge field broad temperature range<T<T*, where T*>300 K

can lead to an enhancement of the density of states of Diraand T,~30 K. Below T., FM magnetization suddenly in-
fermionsN(E) at low energie&, and hence lead to magnetic creases suggesting a percolative-type transition associated
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FIG. 1. Low-field portions ofM(H) obtained for MC1 sample FIG. 2. Remanent magnetizatiohl,.,(T) obtained for MC1
in the field range—50 kOe<sH=<50 kOe andT=2 K (OJ), 5 K and MC2 samples. Dotted and dashed lines correspond to the de-
(O), 30 K (*), and 300 K(M); dotted line corresponds td(H)  pendenceM,qn(T)~(1—T/T*)" with n=1 (1/2) and T* =600
measured for HOPG sample &t5 K. Inset depictdM(H) at T (400 K, respectively. Arrow indicates the temperaturg associ-
=5 K for MC1 sample on a larger field scale. ated with the percolative-like FM transition.

with growing in size and/or interacting FM clusters. At yet S2mPple in both zero-field-coolé@FC) and field-cooledFC)

lower temperatureS<T, ~10 K, a magnetization anomaly on cooling regimes at various applied fields are given; the

seemingly associated with competing AFM order has beeljlagnetization data correspondmg to the ZFC regime,
observed. Mzec(T,H), were taken on heating after the sample cooling

Figure 1 presents low-field portions & (H) isotherms at H=0, and the magnetization n the FC regime,
recorded for the MC1 sample in the field ranges0 koe ~ Mrc(T.H), was measured as a function of decreasing tem-

<H=50 kOe andr <300 K, providing evidence for the FM perature in the applied field. The difference between

i ; T,H) andMgc(T,H) magnetizations, which is appar-
hysteresis loops occurrence at all measuring temperaturelgl.ZFC( / FC .
The inset in Fig. 1 exemplifies thel(H) measured af ent from Fig. 3, suggests that the MC possesses a disordered

—5 K on a larger field scale, which demonstrates M&H) magnetism similar as, for instance, diluted FM semiconduc-

: tors (DFMS),*"*® doped LaMnQ (“manganites’,'® and
becomes reversible 4§=5 kOe, as well as thaM(H)] TDAE-Cq,.%° The salient feature of the data presented in

continuously increases with the field increasing, so tha‘:. . . . )
M(H)=M .+ vH h M K)=0.02 is th ig. 3 is the negative sign of the differenceM (T,H)
(F)=Ms+ yH, where M(S K)=0.02emulg is the co(T.H)—Mro(T,H) observed aH=10 kOe andT

spontaneous magnetization obtained from the extrapolation . o
of the linear M(H) region to H=0, and y(5K)=5.1 <10K [see Flg._Ed)], which is a rare phenomenon oceur-
X 10"% emu/gOe is the paramagnetic susceptibility. Addi-""9: g‘f"lvge"e“ in the presence of metastable magnetic
tionally, in Fig. 1 we have plotted M) obtained for HOPG phases.”

sampl@atT=5 K andH applied parallel to the sample basal
planes. The spontaneous magnetizatioNd°"(5 K) @ ©
=0.0007 emu/g obtained for HOPG sample testifies that FM I H = 10006 XMA FC 0020
is drastically enhanced in the MC as compared to the HOPG %%/ T e T Wi, H=1kOe

We stress that because the MC exhibits a very high surfact FC |

area, the iron impurities should b&) present as very small 0.002f
particles and?2) finely dispersed on the surface of MC. Then,
since the HOPG sample contairsl00 ppm of F&, which
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exceeds the total magnetic impurity contents in our MC, the \ \\ v-v.,vy
inequality MYC>MHOPC cannot be accounted for by the ™[ ooy "7 e b AL I
impurity effect(see also beloyw zFe _\‘\B \\Vv

The remanent magnetizatiovi ;¢,(H=0)=[M " (H=0) 0.008 C— S rr—
—M~(H=0)]/2 versus temperature obtained for both MC1 70 100 m oo 0%
and MC2 samples, wher! *(H=0) andM ~(H=0) are T

zero-field positive and negative magnetizations measured af- |G, 3. (a—d M(T,H) measured for MC2 sample in both ZFC
ter the field cycling is shown in Fig. 2. As Fig. 2 demon- (gpen symbolsand FC(solid symbols regimes at various applied
strates, theM.(T) steeply increases at<T.~30 K. The  magnetic fields; see text for meaning Tf and T (a), dotted lines
steep increase of the magnetization below 30 K can also bgre a guide for the ey ,-(T,H=100 Oe) (*) measured inde-
seen in Fig. Ba—d whereM(H,T) measured for the MC2 pendently for 2 K<T<100 K is included in(a) for completeness.
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We proceed with a discussion of the results noting a cer-

tain similarity between the magnetic behavior of MC and 0-2 B.0s 7
that of DFMS and manganites, where an occurrence of the I rh-C, [10]
percolative-type FM transition has been documenfed:-?’ 0.00 / &
According to the percolation picture, uncorrelated FM clus- g1} MC1 ./,

ters are formed below a temperatufé, leading to finite e

although small values ofMy(T,H), Mn(T,H), and 5 rh-Cool10]

AM(T,H).Y" As the temperature decreases, FM correlations 2 0001500 0 15003000 &=

develop on a larger scale, and eventually a long-range FME 0-0F e Fe 1
order emerges at the critical temperatdig<(<)T*. The
random orientation ofM4 corresponding to different FM
clusters can be stabilized in the presence of quenched disor 5 |
der and/or competing AFM correlations leading to the spin-
glass-like behavio?®?® Note, that the magnetization ;o
anomaly afT=T,~10 K, viz., both the steps iV ygc(T) -30000  -15000 0 15000 30000
and the kink inM(T), see Fig. 8), is consistent with the H (Ce)

occurrence of AFM correlations competing with the FM

30 ; in ; i
prdgr. The applied magnetl_c field aligns FM clusters dimin- samples: dotted lines are obtained from the equaligiH) =M.
|sh|ng AM(T,H), as experimentally found I—(>_500 Oe) +xH, where M.=0.018 emu/g (MC1), M.=0.038 emulg
(Fig. 3. However,AM(T,H)<0 observed at high enough (th-Cag), and y~3x 10 ¢ emu/gOe for both rh-g and MC1
fields andT<T,, see Fig. &), may be associated with co- samples; inset demonstrates thgH) at low fields. Dashed line
existing metastable AFM and FM phases, as well as with &orresponds to the calculated magnetizafibp,(H,T=10 K) for
first-order nature of the percolative transitioh. Fe (64 ppm impurities using a Brillouin function, see text.
Adopting here the percolative-type picture, we tend to
identify T,~30 K with a transition temperature below which betweenM(H) measured in these materials. As follows
an enlargement of preexisting FM clusters takes place. At thbom Fig. 4, the high field portion of the magnetization
same time, because the experimental data indicate a coexistirves measured dt=10 K can be fitted by the equation
ence of different magnetic states, thgshould not be asso- M(H)=M + yH, where M¢=0.018 emu/g (MC1), My
ciated with a global FM phase transition temperature. Fur=0.038 emu/g (rh-§), and y~3x10 ¢ emu/gOe is the
thermore, as Fig. 2 showsM,.(T) can be well paramagnetic susceptibility for both materials. The remanent
approximated by the dependenbk.(T)~(1—T/T*)" at  magnetizations measured in MQ{,.,=0.0034 emu/g and
T=T,, wheren=1 (1/2) and T* =600 (400 K can be as- rh-Csy, M,.,=0.0047 emu/g samples, see inset in Fig. 4,
sociated with the temperature below which isolated FM clusalso practically coincide. To be more specific, we included in
ters are formed. Note, that the linedr..,, vs T dependence Fig. 4 the calculated magnetization due to Fe impurités
has been observed for HOR®ef. 6,7 and graphite-sulfur ppm) Mg.(H)=Nu tanh@uH/kgT), whereT=10 K, N is the
composite¥ in a broad temperature range. number of Fe ions per gram, and=gJug, taking the
Apparently, the above phenomenology describes well théande factolg=2 and the spid=2.5 for F€". It is evident
experimental results. At the same time, the observation ofrom Fig. 4 that magnetic impurities cannot account for the
curved graphene sheets in our MC, presumably containingheasured magnetization.
pentagons and heptagohss consistent with the theoretical On the other hand, larger values oM (10 K)
expectations of the occurrence of both FM and AFM insta-~0.2 . . . 0.4emu/g and “saturated” character of FM hyster-
bilities in topologically disordered graphitic layetsat low  esis loops were reported for rhgCsamples synthesized at
energies, density of states of Dirac fermions diverges age pressure of 6 GPa arit=102Q . . .,1050 K2 This
N(E)~E~1"27 (the dynamical exponerz depends on dis- can be understood assuming a stronger coupling between FM
ordep or N(E)~E~*exp(—|InE?¥),3*% |eading to the ob- clusters in 6 GPa-rh-g sample®'! as compared to that in
served electronic instabilites. It is also possible that a peak iMC and 9 GPa-rh-g, compound<? in a close analogy with
the N(E) at E=0 (Ref. 39 triggers further instabilities. the magnetization behavior in other inhomogeneous
Since HOPG has a small numbéf any) of topological  ferromagnet$’?* Actually, our recent measurements per-
defectst* the experimental observation thet?°"¢<MM®  formed on 6 GPa-rh-g samples synthesized aT
(see abovgis not unexpected. On the other hand, there exists=1073 . ..,1123 K, revealed a magnetic behavior charac-
both experimental and theoretical evidence that fullereneteristic of inhomogeneous ferromagnatssuggesting that
like fragments with positive and/or negative curvature shouldhe sample (rh-g,) preparation conditions control an inter-
be a common feature of microporous carbdhSuch frag-  action strength between FM clusters and/or their size.
ments should naturally appear also in rgyGamples with To summarize, we reported on the observation of high-
partially destroyed g molecules’®9-* temperature ferromagnetism in microporous carbon consist-
A comparative analysis of the data obtained on MC1 andng of curved graphitic layers. The results provide evidence
rh-Cso sample synthesized at the pressure 9 GPa End that FM behavior of MC is governed by isolated clusters in a
=800 K (Ref. 10 (Fig. 4) reveals a striking correspondence broad temperature range, and suggest the occurrence of

FIG. 4. M(H) measured aff=10 K for rh-G,'® and MC1
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