RAPID COMMUNICATIONS

Magnetic properties of polymerized G- The influence of defects and hydrogen

PHYSICAL REVIEW B 70, 041403R) (2004

J. A. Chan! B. Montanari*? J. D. Gale? S. M. Benningtor?, J. W. Taylor? and N. M. Harrisok*
IDepartment of Chemistry, Imperial College London, South Kensington campus, London SW7 2AZ, United Kingdom
2CCLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, United Kingdom
SNanochemistry Research Institute, Department of Applied Chemistry, Curtin University of Technology, P.O. Box U1987,
Perth 6845, Western Australia
4CCLRC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom
(Received 30 April 2004; published 15 July 2004

A combination of reactive force field molecular dynamics and hybrid-exchange density functional theory
(DFT) generates a defective structure of Rfy@ossessing an inter-cage link. Hybrid-exchange DFT is used
within periodic boundary conditions to investigate the long-range magnetic coupling between the resulting
defects. Inelastic neutron scattering experiments highlight the presence of hydrogen chemically bonded to
carbon in the magnetic samples. A simple spin model previously applied to studies of planar conjugated
electron systems is used to illustrate the mechanism through which chemically bonded hydrogen leads to a
ferromagnetic ground state for this system.
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The recent observation of high temperature ferromagbensity functional theoryDFT) calculations have been used
netism in carbon materials is of great interest both as it into examine a fullerene molecule during the transition to a
troduces a class of potentially highly tunable materials fomanotube segment via a series of Stone-Wales
use in magnetic devices and because it presents a major chifiansformatior’s and a fragment with negative Gaussian
lenge to our current understanding of magnetism. At elevategurvature} hybrid-exchange DFT theory has been used to
pressures and temperatures cubig @illerenes form well  study a G dimer formed by forcing two fullerene cages
ordered two-dimensional polymerized phases. Below 9 GPagainst each othéf, and complete active space self-
three distinct phases occur, with orthorhombic, tetrag6Ral ~ consistent field CASSCH calculations have been performed
and rhombohedra(Rh) symmetries. Further heating of 0N an isolated €, cage with hydrogen atoms replacing the
these phases beyond900 K results in the collapse of the nearby Go balls!! In all_studles local moment formation has
Ceo cages and the formation of hard “graphitic” phases. Théeen demonstrated. It is clear that there are a large number of
ferromagnetic phases occur C|ose to th|s phase bouﬁamy local defect Stl’uctufes_ Wh|Ch W|” result in S.Uch local mo-
remarkably high Curie temperatu(€,) of ~500 K was re- ments. However, this is insufficient to ex_plaln th_e observed
ported in initial studie$,with recent data indicating an even 9round state which requires ferromagnetic coupling between
higher T, of ~820 K# Magnetic force microscopyMFM) Fhe local moments. Recently, for instance, it was shown that
measurementsand additional experimental evideddmply in the periodic version of _th_e prototype defective structur_e of
that the magnetism is an intrinsic property of carbon and noRh-Geo Proposed by Andriotigt al,” where a carbon atom is
due to metallic impurities such as iron. _removed from each £ cage, the magnetic moments Ioc_al—

The experimental characterization of the magnetic phasd€ed on each cage are not able to couple through the inter-
has proven difficult and currently the detailed atomic struc-@9€ bonds formed during the 2+2 cycloaddition polymer-
ture is not known.In situ x-ray diffraction measurements ization reactior#? If the magnetic ground state is the_ result of
reveal a thermally activated process which converts the ripcal moments present at defects, then it is essential to estab-
phase(Fig. 1) into the highly disordered graphite-like phase,
which displays very broad Bragg pedk$he detailed struc-
ture of the magnetic phase cannot be determined from this
data. Transmission electron microsco@yEM) reveals an
apparently well ordered crystalline structure in which thg C
cages are largely intact and still in a RRydike
arrangememnt.MFM studies established that onty30% of
the material is magnetic with the magnetism occurring in
well defined domains.

As the characterization of the magnetic phase is problem-
atic, theoretical calculations have an important role to play in :
determining possible local geometries. A number of previous /*<$%
theoretical studies have addressed the origins of magnetisr .
in nonplanar carbon systems. Tight-binding molecular dy-
namics and clustesb initio calculations have recently been  FIG. 1. The basal plane of the hexagonal cell of the perfect
used to analyze a singleggcage with a carbon vacanéy. Rh-Cg structure.
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lish which defects actually occur and to determine the
mechanism underpinning the long range magnetic coupling.

The present work represents the first theoretical investiga-
tion of the structural defects which occur spontaneously dur-
ing the high pressure high temperatgHPHT) treatment of
crystalline Rh-G, Calculations of the electronic structure
within periodic boundary conditions allow the long-range
magnetic coupling between the resulting defects to be inves-
tigated. Inelastic neutron scatterigigNS) measurements are
also performed which reveal the presence of hydrogen in the
magnetic samples. The important role of hydrogen in deter-
mining the magnetic ground state of a common predicted
defect structure is examined and rationalized with a simple
model of the coupling mechanism. )

The calculations were confined to a model system consist- /G- 2- (Color onling The open-cage defect structure. Atoms A,
ing of a single, two dimensional periodic, hexagonal layer of>" and C_ are undercoo_rdln_ated, and the atoms shown in white are
the Rh-G, structuré described in(1x 1) and (2X 1) unit involved in two competing inter-cage coupling routes.

cells with no symmetry constraints. Reactive force field mo-  geveral recent studies have looked at the role that hydro-
lecular dynamic¢MD) at high pressures and temperatures isgen might play in magnetic carbon systems. For instance, the
performed to produce defective structures. These simulationspserved saturation magnetization of magnetic amorphous
are carried out with the most recently developed variant otarbon is found to increase with the hydrogen concentration
the bond order potential due to Brenner al!34 which  of the starting materi€C In addition, the proton irradiation
models adequately bond breaking and formation processesf highly orientated pyrolytic graphite induces intrinsic room
The MD calculations were performed within the NVT en- temperature ferromagnetic orderifig,whereas a similar
semble with a time step of 0.1 fs and run until equilibrium treatment with helium ions resulted in reduced magnetic sig-
was reached. To explore potential defect structures, a largeals. Previous DFT simulations have also shown that a
number of MD simulations were performed in which isotro- graphene ribbon with both mono- and dihydrogenated zigzag
pic and anisotropic strains of between 4% and 6% were apedges exhibits a spontaneous magnetiz&tiand tight-
plied for temperatures in the range 800—1000 K. b_inding calculations have predicted spontaneous magnetiza-
The resulting defective structures are subsequently relion on the monohydrogenated zigzag edge of
laxed in hybrid-exchange DFT calculations. Hybrid- nanographlté?’ T_he involvement of hydrogen in the. ferro-
exchange DF®16has recently been shown to provide a Sig_magr}etlc behavior of Rh-may provide an explanation for
nificantly more accurate description of the ground statdN€ disappearance of the magnetism upon annealing for sev-
electronic structure and magnetic coupling in insulators tha/gral Nours at a temperature below the destruction temperature

the generally used generalized gradient approximatiéte- of tlzetﬁgogﬁr%:i work INS measurements have been per-
cent work on organic magnetic systédmdicates that the ! P

. ; . . formed in order to determine the hydrogen concentration in
hybrid functional B3LYP is suitable for the current wolkA Rh-Cy,, A 200 mg sample of Rh-g, confirmed to be ferro-

Iocgl orbital approach was adopted in which th(’? CrySta."in%agnetic through Muon spin rotation and superconducting
orbitals were expanded in atom centered Gaussian basis Sef§antum interference device measurements, was analyzed in
of dguble' valence quality6—21 G for C and 6-31 Gfor  the MARI spectrometer at the ISIS pulsed neutron sotftce.
H).® Reciprocal space sampling on &2 Monkhorst-Pack MAR] is a direct geometry chopper spectrometer with con-
grid'® was sufficient to converge the total energies totinuous detector coverage from 3° to 143°. A clear C-H
~1072 eV per Gy cage. All structures were relaxed in the stretch at 368+1 meV and a broad C-C stretch at
ferromagnetic configuration. By controlling the spin density170+7 meV are present in the INS spectr(fig. 3), show-
of theinitial density matrix, various other spin configurationsing that a significant percentage of hydrogen covalently
were generated allowing intra- and inter-cage spin couplingbonded to carbon is present in the ferromagnetic samples.
to be determined. To the authors’ knowledge, this is the first observation of
An example of a common defect resulting from aniso-the presence of H bonded to C in the magnetic phase of
tropic strain is displayed in Fig. 2. In this structure a carbonRh-Cq,
atom is forced out of the “top” face of the cage, breaking Potential sites for hydrogen intercalation in the structure
bonds to the atoms labeled A and B in Fig. 2. The atom isshown in Fig. 2 were examined using hybrid-DFT calcula-
displaced to position C and forms an additional inter-cagdions. The binding energies, calculated with respect to H
linkage. Analysis of the ground state spin density revealgas, for H at the low coordination sites, A, B, andsee Fig.
local moments in the “dangling bonds” on atoms A, B, and C2), were found to be 3.09, 2.91, and 2.45 eV, respectively.
(Fig. 2. This defect is reminiscent of the vacancy-adatomHydrogen bonded to the A site is therefore preferred. With H
pair, which is often seen in irradiated graphifeand the bonded to this site, the ground state of the system is found to
structure appears to be a natural precursor to the decompbe ferromagneticwith a spin per @ cage of 3.0ug. The
sition of the polymerized fullerenes into the graphitic phasespin density magFig. 4) shows that the spin density is lo-
All stable electronic configurations found for this structure calized predominantly on the B and C sites while that at the
show, however, that this system carries no net magnetizatior site is suppressed by the H.
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FIG. 5. The electronic density of the highest valence states and
lowest conduction states for the ferromagnetic ground state of the
proposed structure with H bonded to A. Positive and negative val-
ues of DOS refer to the spin-up and spin-down electronic popula-

The magnetic interactions leading to this ground state caHons, respectively. The vertical line indicates the Fermi enegy,
be understood in terms of a simple model that has been used . . . .
previously to predict spin configurations in planar conjugate ath 2 ferromagnetic cqupllng. Thg couplmg. energies of
a hydrocarbon systems, such as organic radieéédfsand in hese pathways are of similar magnitude leading to the net
extended bipartite latticés:?” The model, based on the spin cancellation of inter-cage coupl_mg_ and thus the_: overall
polarization effec® requires that the spin direction alter- ground state has no net magnetization. The bonding of hy-

nates on neighboring atoms. This allows maximum spatiafmg.en to tarfozm A ?#er:jche_s th? .mtaln spin centei.r n pathhl,
delocalization, and therefore stabilization, of unpaired elec:€aVINg pa as the dominant inter-cagé coupling mecha-

trons. The predicted ground state spin configurations of th81SM and resulting in the ferromagnetic ground state.

open-cage fullerene structures and nanotube segments gener—The proposed structure retains essentially intagti@lls

ated by Kimet al.2 all of the various defect structures gen- within the rhombohedral symmetry as suggested by FEM.

; . In addition the average magnetization is measured to be
erated by the simulation of HPHT treatment of Ri;€ and -
a recently prepared defect structi#®are consistent with 0.34 ug perl dc?)gé. For tht'.s‘ to t()jetrt]heecias?vll% ?(fj thle Qg
this simple model. This suggests that the model’s range oiaff; V\_llf)hu ('—:‘Hma?ne Ic abn ,[60 t"’(‘j '? WOltJh ?ngdet
applicability extends beyond planar systems. This model i 6. The (o:H ratio can be estimated from the ata.

therefore valuable in anticipating which defect structures Will~'t1t¢(3 t_he data“be'EE\Neen ° andt 15.,{?9316? a ng';' :janz of h
generate magnetic ground states in fullerene systems. o In Excellent agreement wi at predicted. A roug

- : estimate of the extent of the magnetic phase can also be
The model reveals the vital role played by hydrogen in theobtained from MFM images which yield-30% in reason-

ferromagnetic coupling of the defect structure found here. . . .
Analysis of the defective structure without hydrogen showsable agreement with the INS and theoretical estiratae

that there are two competing pathways for inter-cage Spiﬁzlectronic density of :_;tate_:eDOS_) for_ the ferror_nagneti_c
coupling. These pathways are highlighted in white in Fig. 2_ground state, reported in Fig. 5, is typlcal of aspin polarized
The pathways lead to competing inter-cage magnetic intera system and corresponds to a semiconducting ground state.

. X . . . . he upper valence band edge is composed of majority spin
tions with path 1 generating antiferromagnetic coupling andstates in a flatband composed of localized spin orbitals. The

lower conduction band consists of minority spin states result-
ing in an indirect, spin-flip band gap of 1.44 eV. The small-
est direct band gap between states of same spin is 1.74 eV.
The inter-cage magnetic coupling can be determined by re-
versing the spin orientation on the nearby,@age. The
computed energy difference between the ferromagnetic and
antiferromagnetic states is 3 meV per cage. Although this
energy difference is too small to explain room temperature
ferromagnetism in Rh-§, the inter-cage linkage found does
provide a mechanism for ferromagnetic coupling. It is pos-
sible that structures which allow greater spin delocalization
or multiple linkages including interlayer linkages, will give
rise to significantly larger inter-cage couplings.

FIG. 4. The ferromagnetic ground state of the proposed struc- In conclusion, reactive force field molecular dynamics
ture with H bonded to atom A. The light isosurface of the spinSimulations and hybrid DFT B3LYP calculations have lead to
density is of the value +0.008g, and the dark isosurface is of the a defect structure for Rh+g In this structure, long-range
value —0.003ug. spin coupling, essential for the ferromagnetism, has been

FIG. 3. The INS intensityS(E), with an incident energy of
600 meV. The sample was 99.8% puritysCconverted to the mag-
netic Rh phase by quenching from 9 GPa and 800 K.
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considered explicitly through the investigation of an infinite, fullerene polymorphs, it is, to the authors’ knowledge, the
periodic system. The features which appear to favor the ferenly structure considered so far that is obtained by simulat-
romagnetic ground state are the localization of spin densitjng the experimental HPHT treatment that leads to the ferro-
in a carbon vacancy, the formation of an inter-cage bridgénagnetic phase, and is consistent with ferromagnetic inter-
structure(the inter-cage bonds of the ideal RRyGtructure  cage coupling which is essential to the observed magnetic
are magnetically ineytand the quenching of an antiferro- ground state. The full characterization of the magnetic phase
magnetic coupling pathway by chemically bonded H. Theyj| require further experimental and theoretical work.
presence of intercalated H in a suitable concentration is con-
firmed by inelastic neutron scattering experiments. The mag- The support of the EPSRC is gratefully acknowledged for
netic structures resulting from this study can be understoo®.M. under the UKCP Consortium GratGR/N02337/01L
in terms of a simple spin model previously applied to studiesThe authors also thank N. Kitamu®saka National Re-
of planar conjugatedr electron systems. search Institutgfor the preparation of the magnetic samples.
While the exact defect structure proposed here may nal.D.G. acknowledges the support of the Government of
explain the room temperature ferromagnetism in carborWestern Australia.
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