PHYSICAL REVIEW B 66, 024429 (2002

Ferromagnetism in oriented graphite samples
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We have studied the magnetization of various well characterized samples of highly oriented pyrolitic graph-
ite (HOPGQ), Kish graphite, and natural graphite to investigate the recently reported ferromagneticlike signal
and its possible relation to ferromagnetic impurities. The magnetization results obtained for HOPG samples for
applied fields parallel to the graphene layers—to minimize the diamagnetic background—show no correlation
with the magnetic impurity concentration. Our overall results suggest an intrinsic origin for the ferromagnetism
found in graphite. We discuss possible origins of the ferromagnetic signal.
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[. INTRODUCTION that the magnetization of HOPG samples shows ferromag-
neticlike hysteresis loops up to 800 K. The details of the
We find in the literature reports on ferromagnetism inhysteresis depend on the sample, sample heat treatment and
carbon-based compounds which apparently did not attraain the direction of the applied field. There has been a con-
the necessary attention in the community. For example thergoversy between the opinion of the referees on the possible
are reports on ferromagneticlike signals in pyrolytic cafbon influence of impurities on the observatichherefore, more
and in HOPG: In the first study pyrolytic carbon with higher systematic work on the observed signal was necessary.
crystallinity than usual was prepared from adamantane by As clearly stated by Millétfor magnetic polymers, it ap-
chemical vapor depositioh.The metal impurities were pears that most of the claimed high-temperature ferromag-
claimed to be<25 ppm and the ferromagneticlike loop was netism in nominally magnetic-ion free compounds in the past
reported to persist up to 400 K. In another wotke main  turned out to be of extrinsic origin. To establish that the low
study was the magnetization of Pd nanoparticles encapsaturation magnetization of a material, as in the case of the
lated in a graphite host. In the inset of their Fig. 2 the authorseported HOPG <3 mG=3x10 % emu/cni), might
show a ferromagneticlike hysteresis loop for graphite with-be of intrinsic origin, reproducibility and a quantification of
out Pd nanoparticles at a temperature of 300 K. We note thaixtrinsic contributions must be achieved. Therefore and in
the saturation magnetizatioM,~10 2 emu/g is much order to clarify whether the observed ferromagnetism found
larger than the one measured in this work and by Kopeleviclin Ref. 3 reflects an intrinsic property of graphite or is due to
et al® Because the impurity concentration of that sample wagerromagnetic impurities, we have measured different ori-
not reported the origin of this signal remains, however, un-ented graphite samples with different magnetic impurity con-
clear. Amorphouslike carbon prepared by direct pyrolysiscentrationgmainly Fe.
was found to be a stable strong magnet with a saturation Both ferromagnetism and superconductivity have been
magnetization comparable to magnefit€he effect of the predicted to arise in graphene layers in regions of certain
pyrolysis temperature on similar materials was alsotopological defect structurdsOn the other hand, ferrimag-
reportec® Ferromagnetism in pure C-60 induced by photoas-etic behavior due to edge states is also expected in graphene
sisted oxidation was reported to remain up to a critical temJayers'® Taking into account all the experimental and theo-
perature of 800 K, although the authors stated that only aetical work cited above we feel that a systematic study of
small part of the sample contributes to the ferromagnetism.the ferromagneticlike hysteresis loops found in HOR®.
More recently, ferromagnetism in pure rhombohedral poly-3) as a function of magnetic impurities is necessary before
merized C-60 samples was reported to remain up to 500 K speculating on its origin. Only a careful analysis of the data
The recent report of ferromagneticlike and super-accompanied by a complete impurity concentration study on
conductingliké magnetization hysteresis loops in HOPG in athe same samples may provide an answer on the origin of the
broad temperature range opens several questions about tfegromagnetism found in HOPG.
origin of the observed anomalies. Kopeleviehal® found The reported ferromagneticlike signal was measured
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TABLE |. Characteristics of the investigated samples. The samples AC1, AC2, UC3, UC4, HOPG-2, and HOPG-3 are highly oriented
pyrolytic graphite(see text, NG is a natural graphite crystal from Ticondera@SA) (Ref. 13.

Sample AC1 AC2 uC3/uc4 HOPG-2 HOPG-3 Kish NG
mass(mg): 26.5 18.9 15.5/9.9 23.7 55.1 2.9 21.7
FWHM (6,002) 0.78° 0.401° 0.237° 1.33° 0.6090.05° ~1.6° 5.05°
FWHM (26,002) 0.124° 0.116° 0.119° 0.118° 0.22° 0.13°

FWHM (26,110) n.d. 0.966° n.d. 2.08° 1.174° n.d. n.d.
D (nm) n.d. 11 n.d. 5 9 n.d. n.d.
M(2 kOe,10 K)?2 n.d. 2.7%0.2 5.6:0.4/12+2 9.7t1 25 10:2 7.8+0.2
M(2 kOe,300 K) 13.9 3304 8.3t0.3/11+2 9.3+1 25 6+2

M,(0,300 K) 3.58 0.50.1 2.2/2.8 1.20.2 1.77 0.20.2

H.(10 K) (O¢ n.d. 170+ 30 100+ 10/94+5 10510 85+2 170+ 20 <50
H.(300 K)(Oe 98 70+10 70+5/65+10 58+4 602 80+2

Fe® 131 <0.3 16:2 8+2 7.8+2 0.7£0.3 b

Ni 1.3+0.5 <0.4 2.1+0.7 0.8:0.5 <0.2 <0.4 3+2
Mn <0.3 <0.3 <0.2 <0.2 <0.2 <0.3 10t5
Cu 16:2 <0.5 735 1.2£0.5 1.3:0.5 <0.5 3+2
Ca <0.7 <0.7 56£6 2.620.8 9.7+2.5 <0.7 10G:30
Ti 9+2 7+1 331 0.8+0.5 1.6:0.7 <0.5 <1

aAll magnetization values are in units of 10 emu/g. The magnetization values in the table were obtained after subtraction of a linear
background contribution.

®The Fe concentration in this sample is not homogeneous. In four different positions of the sample, the Fe concentration was found to be
between 0.10 and 0.38 %wt), in two other positions the values were between 13 and L6%g.

CAll impurity concentration values are ing/g. For all samples the MDE2 ug/g. n.d.: not determined.

mostly for an applied field in direction parallel to the planes,batch 25672 Furthermore, we have characterized a Kish
whereas superconductinglike loops in HOPG were mainlyand a natural graphite crystal, this last obtained from Ticon-
observed with the magnetic field applied perpendicular to theleroga(USA).*3
planes after subtraction of the diamagnetic background. The magnetization measurements were done with a super-
This diamagnetic contribution depends strongly on the angleonducting quantum interference devidSQUID) from
between applied field and the graphene layers reaching @Quantum Design with a 7 T superconducting solenoid. In
minimum for the parallel orientation. Therefore, and in ordergeneral we have selected three cm scan length for the mag-
to minimize any possible error due to the subtraction of thenetization measurements. The SQUID response enables mea-
diamagnetic contribution, all the results reported in the cursurements of samples with a minimum magnetic moment
rent study were obtained with the field parallel to them~3x10 ° Am?(3x10 7 emu).
graphene layers. With respect to the superconductinglike be- Because the magnetization signals of the samples are
havior observed in graphiteve would like to note that clear rather small we have checked the background signal from the
evidence for superconductivity in simple mixtures of graph-sample holders in the SQUID. This contribution turned out to
ite powder with sulphur has been reported recetitly. be non-negligible, and special care has been applied in the
The paper is organized as follows. In the next section theelection of the holder as well as with the sample handling
samples characteristics and experimental details are given. procedure in order to prevent contamination of the holders
Sec. Il we describe the results and in Sec. IV we discuss thand/or samples. For measurements below 350 K we have
observed behavior and its possible origin. A short summarysed a plastic tube with a small window and an adhesive tape
is given in Sec. V. (Tesa AG, Hamburg The background signal of this sample
holder with tape but without sample is shown in Fig. 1.
Small but measurable hysteresis is observed which lies close
to the resolution limit of our SQUID magnetometer. For
measurements above 350 K the samples were fixed in a
Table | shows the magnetization characteristics, the impuguartz tube between two quartz spacers and enclosed under a
rity concentrations, the masses as well as the full width apressure of X10°% Torr. The background signal in this
half maximum(FWHM) of x-ray rocking curves in9 (A 6) case was negligible in comparison with the sample response.
and in 29 [A(26)] of the measured graphite samples. In general, a diamagnetic background which depends lin-
Samples HOPG-2 and -3 were prepared at the Research Iaarly on the applied field is superimposed onto the ferromag-
stitute “Graphite” (Moscow as described in Ref. 12. Two netic hysteresis. As noted above, this diamagnetic signal de-
commercial HOPG samples were from Union Carbidepends on the misalignment of the sample with respect to the
(samples UC3 and UC4, cut from the same batoid Ad-  field as well as on the intrinsic misalignment of the graphene
vanced Ceramicgsamples AC1, batch 10158, and AC2, planes in the sample. The diamagnetic contribution for each

Il. SAMPLE CHARACTERISTICS AND EXPERIMENTAL
DETAILS
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FIG. 1. (a) Magnetic moment of the sample holdgtastic tube
with a small window and an adhesive tapes a function of applied Applied field H (Oe)

field at T=10 K. (b) The results from(a) after subtraction of the o . o
linear paramagnetic background. 1 emsafy Am%kg,1 Oe FIG. 2. (8) Magnetization as a function of applied field &t
=10%47 A/m. =300 K for sample AC1. No background subtraction has been

performed.(b) The same for sample AC2 at 10 K after subtraction

. . . of a diamagnetic backgroungy=—1.32x 1076 emu/g Oe. The
sample has been determiniedsitu and in a straightforward = gample holder backgrourigee Fig. 1was not subtracted from the
way: Using a linear regression through the data points obgatg.
tained for magnetic fields up to 5 T we obtained the diamag-
netic slopey;=M(H)/H. We note that the magnetization <2 ug/g (for some elements, much smajlewith excep-
due to the superimposed ferromagnetic signal saturates tion of the natural graphite sample, the impurity concentra-
fields larger than 2 kOe and therefore it does not influencdion was distributed homogeneously in the samples. The con-
the linear field dependence of the diamagnetic backgroundﬁ_entraﬁon of all other magnetic elements not listed in Table |
The obtained susceptibility ranges between)3(10 K)=  was less than luglg.
~5.3x10"® emu/gOe for the studied samples. The ferro- _Scanning tunelling microscopySTM) was performed
magnetic loop is then obtained from the measured magnetgﬂét;'nahggdﬁlnggggﬁgrE Dlir(; Ift:;nljrl]isntfﬂ%ne r\xgh ;aigag ;ﬁgﬁge
i/lazllfl);]—MX(Hll:I'? subtracting the diamagnetic background asCA). Pt/Ir (80:20 tunneling tips(wire diameter: 0.25 min

The crystallinity of the graphite samples was investigated’vere from PIanc(Wet;!ar, Ge.rman)y. Imqges Were.obtamed
by high resolution x-ray diffraction with a Philips X'pert unde_r ambient conditions with a tip bias of typmaHPﬁO.
diffractometer.# and 20 scans around the symmetri¢@D?2) mVin the constant .current mod(escan' ratef=3-6 Hz;
reflection were carried out using the ux1 radiation. Fur- currentlo~2 nA) or m_the constant height mocﬂecan_ rat_e .
thermore, for three samples we have determined the averacrie: .20_60 Hz). Wh'l(.a In b(.)th modes, a clear—qut discrimi-
in-plane correlation lengt from the 29 scans around the ation of topology(height differences from density-of-state
symmetrical(110) reflection. As expected) correlates with

(curren} differences cannot be afforded, the first scanning
the FWHM obtained from the (002 scans. Table | shows mode emphasizes the topological structure whereas the latter
the FWHM of the 110 reflection as well &for the samples

accentuates local variations of the density of states.

AC2, HOPG-2, and HOPG-3. _ _ _ Il RESULTS
The measurements of the impurity concentration were
carried out with particle induced x-ray emissi@PIXE) us- Figures 2 to 4 show examples of the measured magneti-

ing a 2 MeV proton beam. For the samples studied here theation loops obtained in some of the samples at 300 and 10
typical minimum detection limifMDL ) of this method was K. All HOPG samples show ferromagneticlike hysteresis of
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FIG. 3. (a) Magnetization as a function of applied field &t FIG. 4. (a) Magnetization as a function of applied field &t

=300 K for sample UC3Union Carbid¢. A diamagnetic back- =10 K for sample HOPG-2(b) Similar plot for a different piece
ground y=—2.58x 10" % emu/g Oe has been subtractéo) The  Of the same sample at 300 K after annealing in vacuum at a tem-

same for sample UC4 at 300 K after subtraction of a diamagneti@€rature of 700 K for 16 h@®) and after 19 h at 800 K&). The
backgroundy= —1.74x 10"® emu/g Oe. bold line represents the hysteresis at the same temperature before

annealing. A diamagnetic background has been subtracted.

the same c_)rder of magnitude. Figure 2 shows the hyst_erestsd"y with Fe concentration since it depends primarily on the
loops obtained for the samples from Advanced Ceramics glinning of magnetic domains. Rather, a correlation of the
two different temperatures. Whereas the loop showibins ga4ration magnetization with the impurity content would be
obtained after subtraction of a diamagnetic background siggignificant. Figure 6 shows that such a correlation is not ob-

= —6 i L . o . .
nal yj=—1.32<10 > emu/g Oe, the loop ina) was ob-  gared within experimental error. A similar result is obtained
tained directly from the measurements without subtraction o}, the coercive field, see Fig. 7.

any diamagnetic background. This result and the range of
values obtained fop suggest that the diamagnetic signal ————

measured at high fields applied nominally parallel to the _ ® 10K
planes of HOPG samples is strongly influenced by the mis- § axdo{ X 300K . vos -
alignment of the sample. § F+_._H
Figure 3 shows the loops obtained for two Union Carbide <
samples of different masses cut from the same batch. These  § HOPG-3 —x—
results provide a measure of the typical scatter of the main g o] Tkish $ —%— |
values of the hysteresis loops in similar samples. £ 210 % i oPa2 iucs
In order to check if there is any correlation of the hyster- g — %
esis values with the measured Fe concentration we plot in § ACE%T_, g
Figs. 5, 6, and 7 the remanent magnetizatfibp, the mag-

netization at 2 kOevi(2 kOe), and the coercive field ., 0
respectively, as a function of impurity content. From Fig. 5

one would tend to infer a weak increaseMf with Fe con-

centration. However, the remanent magnetization is not the FIG. 5. Remanent magnetization as a function of Fe concentra-
characteristic quantity that one expects to change systematien at two temperatures of all HOPG and Kish graphite samples.

0 2 4 6 8 10 12 14 16 18 20
Fe Concentration {ug/g)
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solid line represents the expected magnetization if Fe contained ir & ]
the samples was in a ferromagnetic state. The dashed line represer § .
o : 2 2.0x10°1 .
a similar relation for FgO,. Py
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The FWHM obtained ird and 29 scans provides a mea- © ] -
sure of the variation in the orientation of a particular set of £ 1 ox10°- a m i
lattice planes(mosaic spreadand in the spacing of the £ ]
graphene plane®.g., inferred by dislocationsrespectively. 5 5.0x10™ - . 4
Figure 8 shows the magnetization at saturation as a functior = | = (b)
of A# (a) andA(26) (b). We find no systematic dependence 0.0 , , . . . . ,
of M(2 kOe) onA#. A clear increase oM (2 kOe) with 0.10 0.12 0.14 0.16 0.18 020 022 0.24
A(26) can be recognized in Fig(18. FWHM in 26 (degree)

It has been reportédthat annealing of HOPG samples
leads to the disappearance of the superconductinglike hysteth—e full width at half maximum(FWHM) in 6 for all HOPG and

esis lo.Op and t“fns It into a ferromagneticlike loop. .A!SO’ Kish graphite samplegb) Similar plot as a function of the FWHM
short time annealing{2 h) increases the ferromagneticlike ;, 5 o

signal® In the current work we have measured the hysteresis
as a function of the annealing time and temperature. An in- o .
crease of the ferromagnetic signal at the beginning of thggre wads t?wo??n S'ttL.' in the S(%UIDhunder va(l:(upr;?. It is i
annealing procedure was also observed in this work. Longe? serveth ha tong 'Imed?r?ne?j Itrllqg af at\(vea N u?.nci.’ :

time annealing reduces however the ferromagnetic signal ar|fy> on the hysteresis width and the saturation magnetization.

reaches similar values as before the annealing. In Rig. 4

we show the data obtained at 300 K after annealing a differ- IV. DISCUSSION

ent piece of the HOPG-2 sample for 16 h at 700&)(and

additionally after 19 h at 800 K&). The annealing proce-  The origin of the ferromagneticlike signal in HOPG
samples is controversial. Therefore, we will discuss below
different possible origins in view of the existing evidence.

FIG. 8. (a) Magnetization at 2kOeT(=10 K) as a function of

200+ 1 (@) Magnetic impurities The possibility of a significant
180 i ?80KK ] contribution of magnetic impurities to the measured mag-
. AC2 pg Kish netic properties is taken serious and carefully analyzed be-
S 1604 1 fore we discuss possible intrinsic origins of the hysteresis
T° 140 _ loops measured in graphite. In spite of the fact that no cor-
5 1 relation between the observed magnetization and the Fe con-
L 1201 HopG.2 ) centration exists, one might still believe that those impurities
5 100+ % " mAC iggg - are sufficient to produce the measured signals. A typical ar-
§ 80 - @ HOPG-3 1 gument used to attribute a ferromagnetic signal to impurities
] ) ,_§_. would be as follows: Let us assume that all Fe impurities
604 1L —— 1 would form iron or magnetite (R®,) clusters and that all
0 2 4 6 8 10 12 14 16 18 clusters are large enough to behave ferromagnetically or fer-

rimagnetically. An impurity content of lug Fe per gram

graphite would then contribute=2.2x10"* emu/g to the
FIG. 7. Coercive field at two temperatures of the HOPG andmagnetization in the case of Fe clusters efl.4

Kish graphite samples as a function of Fe concentration. x10~* emu/g in the case of §®, clusters assuming that

Fe Concentration (ug/g)
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these clusters behave as bulk materials. Considering a linear  4x10*® —

increase of the magnetic moment with the Fe concentration, o .4
for most of the samples the possible contribution of the Fe 2 o01 f,g” /q/a/g
impurities exceeds clearly the measured magnetization val- _ 2x10%{ £.o0l 7 -4
ues at saturation or are on the same order of magnitude, see’ & e A g
Fig. 6. In the case of the Kish sample, AC2 and for HOPG-3 £ ool —
the measured values are larger than the maximum possible~_ VN ST
contribution from Fe clusters. Thus, for these three samples <~ ,gﬂﬂ
the values of magnetization cannot be explained by Fe im- < E;Jf —&—T= 10K
purities. 3 ] b —8—T=300k
, -2x10 .
Moreover, the assumption that such a low Fe concentra- 7

tion behaves ferromagnetically and produces a hysteresis v

e A e (a)
loop with finite remanent moment and coercive fields at -4x10° . .
room temperature or even higﬁeis rather unlikely taking ) - 0 1 2
into account that the Fe concentration measured in the H (kOe)
HOPG samples was found to be homogeneously distributed. 0.20 5=
To quantify the magnetization behavior of Fe impurities in “ T
graphite we have measured a natural graphite bulk sample 0'15'@ 0.04, /D
that has an inhomogeneous Fe distribution through the 0,10_5 0.02\,'
sample between 13:.g/g and 3,790uxg/g; most of the B o0o0s = i T=10K
sample shows a concentration larger than 50§/g Fe. All = 000
other magnetic impurities are below 10g/g and may there- g 0.00 0 100 200 300 éﬁ'—{
fore be neglected. Figure(@ shows the hysteresis loop of ™~ T
the natural graphite crystal for fields parallel to its main S piy
plane after subtracting the paramagnéfi® K) or diamag- E' -0.10-
netic (300 K) contributions(proportional to the applied field

. . L -0.154
shown in the inset. The measured hysteresis is very small 0 (b)
with a remanent magnetizatioll, <2x 10 ° emu/g. The ) ) S ———————
magnetization at 2 kOe isc4Xx 10 2 emu/g. Naively, one -50 -40 -30 -20 -10 0 10 20 30 40 50
would argue that such a magnetization can be produced by H (kOe)

~18 ugl/g ferromagnetic Fe. Such a comparison is, how-
ever, misleading. If the magnetic signal is due to Fe impuri- FIG. 9. (a) Magnetization as a function of applied field at 10 and
ties, the nearly negligible hysteresis width and the lack o800 K for the natural graphite crystal with an average Fe-
saturation at 2 kOe indicate that Fe impurities do not behavéoncentration of more than 50.g/g. A linear background contri-
ferromagnetically but rather superparamagnetically. To bettgpution was subtracted. These are shown in the iiseSimilar plot
understand this point we measured the magnetization up to® 10 K and up t0=50 kOe applied field. The inset shows the
T and we obtained a ferromagneticlike curve of negligiblet®mperature dependence of the magnetization at 2 kOe.
width, see Fig. &), after subtracting the paramagnetic back-
ground contribution. We estimate that the saturation magnehagnetization(Fig. 10 to zero we estimate that the Curie
tization observed at 5 T is produced by 84y/g Fe, a con- temperature is of the order of 900 K. The small change ob-
centration comparable to the average impurity content of thé€rved in the hysteresis upon annealing the sample at 700 or
sample. 800 K in vacuum, shown in Fig.(8), appears to be difficult

A typical response of superparamagnetic Fe in graphite i§0 €xplain by arguing in terms of a magnetic contribution of
also recognized in the strong temperature dependence of th@Tocene. From all the evidence presented here we believe
magnetization at 0.2 T below 150 K, see inset in Figp)9 that magnetic impurities can be excluded as the origin of the
This behavior is in clear contrast to that obtained in theweak ferromagnetism observed in HOPG .
HOPG samples. As an example we show the temperature (P) Topological defects: Grain boundaries and edge
dependence of the magnetization measured at 2 kOe in tfﬁates The tOpOlOgical and electronic structure of atomica”y
HOPG-2 sampléafter subtracting the diamagnetic contribu- flat graphite surfaces has been extensively studied by scan-
tion) in Fig. 10. It is recognized that the magnetization isNiNg tunneling microscopySTM).**~*" More recently, the
practically temperature independent, in clear contrast to thelectronic properties of carbon nanotubes, and particularly
expected behavior if the 4g/g of Fe would behave super- €dge states of nanometer-sized graphite ribbons, have at-
paramagnetically. This result agrees with that reported ifracted much interest® It is expected that the electronic
Ref. 3 that the saturation magnetization in annealed HOPG@tructure of the graphiter system may differ considerably
samples remains practically temperature independent up @ carbons located within a graphite sheet and those at its
800 K. In line with that, the measured hysteresis loops foredge "~ Moreover, such localized edge states have been
the HOPG-2 sample at 800 Kvhich is the highest possible Shown to depend sensitively on the geometry of the efige:
in our equipment indicate that the Curie temperature is While “zigzag” edges perpendicular to tHel,0,1,0] lattice
larger than that. From a linear extrapolation of the remanendirection show such states, “armchair” edgg@rpendicular
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25x10° ; . ; — samples studied in this work, a systematic STM investigation
b Ny g B ] of these samples would be desireable. Unfortunately, such a
5 Em study is beyond the scope of our current experimental capa-
_2.0x1071 B 1 bpilities. In order to obtain at least a feeling whether or not
g edge states that might exist at grain boundaries within the
€ 1.5x10°- i graphite samples contribute to their observed anomalous
£ O magnetic properties we have conducted a limited study of
£ O o ] some of the samples in air. We note that we are currently not
E 1.0x10° 1 = . capable of performing the spectroscopic stutfielsat were
© O 0 4 ] required to assess quantitatively putative differences in the
g N o m(o) 0 o | density of states at the Fermi level as a function of the atom
= 5.0x10 r positions with respect to grain boundaries.
m  m (2kOe) Figure 11 gives exemplary STM results obtained at a
0.0 EEN—— freshly cleaved surface of the HOPG-2 sample in air. The
0 100 200 300 400 500 images have been flattened, but no filtering was applied to

the raw data. Panéb) shows a 125125 nnt surface to-
pology overview observed in constant-current mode. Two
FIG. 10. Temperature dependence of the saturatlij and  types of linear defects are observed within the planar surface:

remanence [{l) magnetic moment for the sample HOPG-2 after A Step line, oriented roughly along the scan directibori-
annealing 16 h at 700 K. In the present work and due to technica#ontal direction within the imageand an apparent elevation

reasons we were not able to measwKT) continuously up line that runs along the step defect at an oblique angle. Both
to 800 K. line defects are much longer than the width of the image and

. are characterized in the section profile shown on the right. In
to[1,1,2,0]) do not. Thus, “zigzag” edge states may lead to other micrographs than the one shown in Fig. 11 we do not
an increase of the density of states at the Fermi level. Thifind indications that the two type of line defects are coupled
has been experimentally confirmed in STM work on HOPGto each other. By inspection of a large number of similar
samples? If such edge states occur at high density, a ferri-micrographs, we conclude that such defects are characteristic
magnetic spin polarization may result. Experimental findingsof the sample surface. On the surface of the HOPG-2 sample,
on graphitized nanodiamoffdand activated carbon fibéfs  they have a typical distance of a few 100 nm. Inspection of
support this expectation. Similarly, a strong enhancement dhe unit cell orientations on both sides of the two types of
the Curie-like paramagnetic contribution was predicted atlefects at higher resolutiavide infra) reveals that both are
low temperatures, see Ref. 10, and references therein, amgsociated with grain boundaries.
this has been experimentally confirm@dRecently, the The section profile indicates that the step height of the
mechanisms of magnetism in stacked nanographite werkrst line defect is~0.65 nm, which corresponds to the
theoretically studied® This work obtained an antiferromag- length of one unit cell along the crystallograpkiaxis, i.e.,
netic solution forA-B-type stacking only. the height of two graphite sheets. In fact, an additional fea-

One may doubt that the edge states could be the origin faure along the defect line at mid-level of the step is recog-
the ferromagnetism found in our macroscopic graphitenized. Since two stackea rings in the unit cell are dis-
samples, since in nanographites these states provide an gylaced sideways with respect to each other in the graphite
hanced paramagnetism and their siz2 nm is smaller than crystal, this half step may correspond to an individual graph-
the in-plane correlation length of our graphite samglee ite layer that protrudes laterally underneath the top layer. At
influence of the edge states to the electronic properties of a distance of a few nm from the step line, the profile is
graphene layer should decrease wil. However, small- essentially flat. This is expected as the two planes correspond
size effects and the thermal energy could also preclude theresumably to equivalent crystal surfaces that differ by one
formation of a stable ferromagnetic ordering in nanographiteunit cell in height. However, as the trace on the higher level
It is also unclear whether correlation effects between edgapproaches the step, a pronounced steepening of the slope is
states in macroscopic graphite samples with an in-plane copbserved. Since the scan direction was chosen to be parallel
relation length not more than five times the size of the reto the step line, it cannot be argued that this feature is due to
ported nanographite samplésee Table )l would not be tip overshoot. Rather, because the experiment is inherently
enough to stabilize a ferromagnetic order. Theoretical studieicapable of discriminating between topological features and
suggest that the presence of strong topological disorder wilthanges of the density of states, the observed steepening of
stabilize ferromagnetism and frustate antiferromagneti¢he contour line may more likely be associated with an in-
order® No prediction was made, however, on the minimumcrease of the local density of states on the carbon atoms as
density of the disorder necessary for this situation. Thereforghe topology approaches the grain boundary.
and because the theoretical results are not yet conclusive we The apparent topology of the second line defect is dis-
should not neglect a possible contribution of edge states ttnctly different. The section profile registers a sharp, sym-
stabilize the FM in bulk graphite. metric peak that has an apparent heiglz=0.25 nm, and

In order to assess the role of edge states and their potean apparent width ok~2 nm. At higher resolutior{Fig.
tial contribution to the magnetic properties of the graphitell(b), showing a constant-height scan of a similar defect on

Temperature T(K)
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FIG. 11. STM images of a freshly cleaved surface of the sample
HOPG-2 in air(left) and their analysis using section profilgght).
The ordinate scales ife) — (c) apply to both the section profiles
and the grey scalesa) Overview scan in constant-current mode
(Vy=32 mV,13=1.25 nAf=6 Hz). In the section profile deter-
mined along the dashed lingight), a linear ramp has been sub-
tracted to emphasize the flatness of the plate@uws, the profile
levels do not entirely faithfully correspond to the grey levels shown
in the micrograph.Close to the step line that is recognized in the
lower third of the image, an increase of the slope of the section
profile is observed. Correcting for this overshoot, a step height of
~0.6 nm is determinedb) High-resolution constant-height image
and cross section;=33.5 mV, 1,=1.0 nA, f=27.5 Hz) of a
surface region incorporating a line defect similar to the one shown
in panel (@) “north” of the step defect. Atomic resolution is
achieved within the planar sections of the sample surface and indi-
cates that the line defect corresponds to a boundary between differ-
ently oriented grains. The inset in the micrograph shows a constant-
current (/,4=33.5 mV, [,=1.0 nA, f=2.0 Hz) overview of the
same surface feature. Scan size here is}28%4 nnt. The grey
scale of the overview is distinct from that of the main image and
ranges from 0 to 1.0 nnfblack to whitg. (c) and (d) Constant-
current /=20 mV, 1,=2.0 nA, f=2.9 Hz) and constant-
height V;=20 mV,1,=2.0 nA, f=55 Hz) images, respectively,
of the step defect shown in pan@). The scan direction has been
rotated by 90° with respect to that in the overview scan. The sec-
tion profile in(c) has been determined in the rectangle bounded by
thin dashed lines. Fat dashed lines indicate the grain boundary as
well as the prevalent lattice directions within the grains near the
boundary. In paneld), the image is dominated by giant corruga-
tions at atom sites immediately at the boundary. The relative pro-
portions of these corrugations with respect to the amplitudes ob-
served further away from the defect line is more clearly revealed in
the pseudo-3D plot shown on the right.

the same sample surfdcie defect structure is disclosed in fects is presented in the lower half of Fig. 11. Parie)sand
more detail. As recognized in the overvigimsed the defect (d) show the vicinity of the defect shown in Fig. (&L at high
line appears as three collinear stripes. These are no tip artiesolution in constant-current and constant-height modes, re-
facts since they do not depend on the relative orientatiospectively. The scan direction has been rotatee-I9p° with
between the defect line and the scan direction. The high resgespect to that in the overview scan. Similar to Figbl1the
lution micrograph reveals that the corrugation is associatetmages show the surface at atomic resolution. The funda-
with individual surface atoms and that the lattice orientationmental corrugation is due to a carbon site asymmeétry
differs on both sides of the central spine. The apparent heiglgiving rise to a hexagonal lattice. Again, the constant-current
of the features with the highest elevations—truncated in thénicrograph—Fig. 1dc)—indicates a step height oAz
gray level scale which was chosen to better visualize the=0.6 nm (section profile on the right Both micrographs
atomic lattice on the surrounding crystal faces—is about deveal clearly a misorientation of the lattices on both sides of
factor of 2 larger than an atomic diameter. It is thus likely the defect line of 42%5°. On the higher level—to the left—
that an increase in the density of states on atoms near thbe main lattice direction meets the grain boundary at 65°
grain boundary contributes to the appearance of these corru=5°, characteristic of a “zigzag” edge. By contrast, one
gations. Without a clean discrimination of topological andwould expect this angle to be 90° for an “armchair” edge. In
density-of-state features, however, it cannot in this case beistinction from an earlier repotf, where “zigzag” edges
decided with confidence whether or not the observed defectsere observed to extend only for short lengths, the defects
correspond simply to lines of atoms that decorate the graimbserved here may extend forl00 nm, as demonstrated in
boundary. Fig. 11(a) where the step defect runs along the same general
A high-resolution characterization of step-type line de-direction over the entire, 125 nm, width of the micrograph.
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In the close vicinity of the grain boundary itself, the =2x10"® cm™3 with an effective massm*~0.05 m,
constant-height image, Fig. @), appears distinctly different wherem, is the free electron mass. For the minority carriers,
from the constant-current image. It is characterized by a vasi;p=6x10'® cm™3 with an effective mass m*
overshooting of the section profile at the locations of the~0.004 m,.>° Substituting these values in E@) we obtain
edge carbon atoms, pseudo-3D representation on the right of~5 and ~ 10 for the majority and minority carriers, re-
Fig. 11(d). While we reiterate that a clean distinction of to- spectively. A value of ¢ larger than 1 implies that the poten-
pological and density-of-state features is not afforded in outial energy per electron is larger than the Fermi energy, hence
measurements, we may note that the observed effect canneffects due to the electron-electron interaction must be taken
easily be accounted for by the sample topology or elasticitynto account.
effects'® For example, we consider it unrealistic that a deco-  If we assume that Dirac fermions are responsible for the
ration of the grain boundary with atonisef an ordinary—  magnetic field driven metal-insulatorlike transition in graph-
low—density of states at the Fermi leyshould be respon- ite (for fields parallel to thes axis), the strength of the Cou-
sible for the observed giant corrugations. Rather, a largéomb coupling is characterized by the massless and dimen-
increase of the local density of states at the atom positionsionless paramefév32
near the edge must be invoked to explain the observations.

This is also hinted by the deviation of the section profile in e?

the overview scan, Fig. 14), from a planar topology near 9= P 2

the step. The conjectured enhancement of the density of ovF

states on edge atoms may indicate the existence of a locajheree is the electronic charges, the dielectric constant,
ized state as demonstrated in simulatié® Therefore, one and ve~2x10° m/s the Fermi velocity for graphite. As
may argue that topological defects such as the “zigzag” edge,gted recently® for graphite,g>10 holds which suggests
characterized in Fig. 11 affect the electronic properties of thgnat the strong Coulomb interaction can open an excitonic
bulk graphite crystal and might also be responsible, at leagjap in the spectrum of Dirac fermions. Interestingly, the oc-
partially, for the measured ferromagnetic behavior. Clearly, &rrence of the gap is accompanied by the appearance of a
more definite conclusion on the importance of such localizedy 4| magnetic moment as the result of band anisottbpy.
states requires much more systematic STM work. In the fuzgreement with this theory, conduction electron spin reso-
ture, we are also planning to vary systematically the ”Umbeﬁance(CESR experiments performed in HOPG and Kish
of topological defects and thus quantify their influence on theyraphite samples reveal a ferromagneticlike internal fi¢ld.
magnetization. Prellmlnary. regults |nd|cate. |_ndeed an inqt js expected that this doped excitonic FM would disappear
crease of the ferromagnetic signal upon milling of a bulkapove a certain level of doping of the order of the chemical
sample. _ _ potential®* We note that within this picture the excitonic gap

Finally, we note that recent theoretical work points out thegnd the nonzero spin polarization is driven by the Coulomb
effects of the electron-electron interactions in a graphengteraction even at zero magnetic field. On the other hand, a
layer suggesting the existence of both ferromagnetism and a{|q applied normal to the graphene layers can induce the
anisotropicp-wave superconducting stateThis work also  formation of a gap even when the Coulomb interaction is
suggests that topological disorder in the graphene plan&geak3! a model used to interpret the recently found metal-
may enhance the electronic density of states and induce ifsg|ator transition in HOPE?
stabilities in the electronic system, thereby giving rise to the |t is also interesting to compare the magnetism found in
behavior reported here and in earlier wrk. ~ graphite with that in the high-temperature itinerant

(c) Itinerant ferromagnetismSince the carrier density in Ca_,LaBg ferromagnet’ where either quantum localiza-
graphite is low, the magnetic properties may be connected tgy, effects® or an excitonic mechanisih are invoked to
itinerant ferromagnetism of dilute two-dimensional electrongypain the observed weak ferromagnetism with a Curie tem-
gas systems when the electron-electron interaction is larg@erature of 60 K . In graphite the low-temperature ferro-
Indirect evidence for the importance of the electron-eIectror}mgnetiC magnetization at saturation-sl X103 emu/g.
interaction in graphite has been recently obtained by magnerpis vajue can be translated in terms of the magnetic mo-
toresistance measurements that showed a field i”duc‘?ﬁenho.luB per majority carrier similar to 0.Q7g found in

metal-insulator-like transition with a scaling quantitatively Ca,_,LaBs. According to Ref. 31 the ferromagnetism in
similar to those found in MOSFET's and amorphous thingraphite and hexaborides can have the same origin. Direct

: 29

films. ) . experimental evidence supporting an excitonic mechanism
In general, the strength of the electron-electron interactioRy; he EM found in HOPG is. however. still lacking.

can be estimated through the Coulomb coupling constant ' ’

1 V. SUMMARY
.Y

' We have studied the magnetization of several HOPG,

Kish graphite and natural graphite samples with different
where the 2D carrier density is given byp=nzpd with the  content of magnetic impurities. Our results rule out that fer-
interplane distancel=0.335 nm, the effective Bohr radius romagnetic impurities can be responsible for the observed
ag=eh?/e’m*, and the dielectric constant for graphiee magnetic effects in HOPG and Kish graphite. The magneti-
=2.8. The 3D carrier density of the majority bandrigp zation at saturation remains practically temperature indepen-

s™ 2%
(mnyp)ag
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dent up to 500 K. This behavior is in clear contrast to thatcates that carbon-based materials can be ferromagnetic with-
found in natural graphite samples with at least two orders obut metallic components at high temperatures. Therefore, it
magnitude larger concentration of Fe impurities. The resultshould be no surprise if graphite itself shows weak ferromag-
of natural graphite reveal the superparamagnetic behavior afetic signals. Future work should try {e) enhance the fer-
Fe impurities in the carbon matrix. Long-time annealing atromagnetic signals by an appropriate mixing of graphite with
700 and 800 K in vacuum of the HOPG samples affects th@ther elementgan enhancement of the superconducting sig-
hysteresis loops only weakly. nal has been recently achieved mixing graphite with
The origin of the FM in HOPG is not yet clear. We have sulfur!*®) (b) increase the defect concentration, as well as
discussed two possible origins in this work. Topological de-(c) prove experimentally the existence of an excitonic gap.
fects can contribute to the peculiarities of the graphite elec-
tronic properties and may give rise to ferromagnetic correla-
tions. Also, the strong Coulomb interaction between
electrons in graphitddue to the small electronic density We thank J. G. Rodrigo for the comments on our STM
should play an important role in all the observed magneticstudies. This work is supported by the Deutsche Forschungs-
properties of graphite. However, details of the long-rangegemeinschaft within Grant No. DFG Es 86/7-1. Y.K. was
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