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Magnetic orderemergingin otherwise non-magnetic materials ascarbon is a paradigmatic
example of a novel type o§-p electron magnetismpredicted to beof exceptionalhigh-
temperature stability’. It has been demonstratedhat atomic scale structural defectof
graphene can hostinpaired spins*®. However, it is still unclear under which conditions long-
range magnetic ordercan emerge fromsuch defectbound magnetic momentsHere we
proposethat in contrast to random defect distributions, atomic scale engineering ofraphene
edgeswith specificcrystallographic orientation T comprising edgeatoms only from one sub
lattice of the bipartite graphenelattice 1 cangive rise to arobust magneticorder. We employ
a nanofabrication techniqué based on $anning Tunneling Microscopyto define graphene
nanoribbons with nanomeer precision andwell-defined crystallographic edge orientatiors.
While armchair ribbons display quantum confinementgap, zigzag ribbonsnarrower than 7

nm reveal a bandgap ofabout 0.2- 0.3 eV, which can beidentified asa signature of
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interaction induced spin ordering along thar edges Moreover, a semiconductorto metal
transition is revealedupon increasingthe ribbon width, indicating the switching of the
magnetic coupling between opposite ribbon edgésom antiferromagnetic to ferromagnetic
configuration. We found that the magnetic orderon graphene edges ofontrolled zigzag
orientation can bestableevenat room temperature, raising hope forgraphenebased

spintronic devicesoperating under ambient conditions

The ntrinsic magnetisnof graphite has a long and controversistory*. Theorigin of the
measured magnetic signal is generally attributed to atomic scale structural ldetdbtbreaking
the sublattice balancef thebipartitehexagonalattice*®. However,the unambiguous identification
of the structural sources of the measured magnetic sigsgiroverchallengingas they aréuried
inside the bulk of the materialhe isolation of single graphene layespensnew prospectin this
directior?® as their atomic structure is fully accessibleifoagingandcontrolledmodification.In
particular graphenedges of specifizigzag)crystallographic orientatiocomprisingcarbonatoms
from only one sublattice of the bipartite hexagorattice arepredicted ® host magnetic ord®r in
striking contrast taarmchairedgesncorporatingan equal number afarbonatoms frombothsub
lattices.

Thestronginfluence of edge orientation on tekectronicstructureof graphenaanoribbonsad
been predicted long before grapheneasisoated. However, a systematic pgrimental
verification of this fundamental predictiamstill lacking due to the very limited controlver the
edge orientation of the investigatgraphenebbonrs. Openingof a gapinversely proportionaio
theribbonwidth has been experimentally demontstdby electrical transport measureménts
however, no evidence dhe effect oedge orientatiohas beemevealed Thisis mainlyattributed
to therandom edge orientatisand thepresence of aonsiderablenanometer scakdge

roughnesssuppressingrientation effect. STM study of irregularly shaped grapheitgbons



revealed that structur@gth a higher ratio ofigzag edges display smallesndyaps as compared to
those where armchair edges are in majtifjhisis clearlyindicative of edgepecific physics
however the lack oforientationcontroldid not allow amore systematimsight From the theory
side there is droadconsensuthat gaphene nanoribbons witlimchair edgeare semiconductoys
due to the quantum confinement of the charge carmdnige zigzagribbonshost peculiaflat-band
edge statéd'®. In thenon-interactingpicture these edge statéscalizednearthe Fermi level
renderall zigzaggraphene nantbbons(z-GNR9 metallic Howeversuch 1D metallic edge states
with a highlocal density of stateatthe Fermi levebecome unstable up@ectronelectron
interactions To lower the energy of the system, it is favorable to #pdifflat bandopena gap)by
ordeiing the spinsglongthe two ribbon edgesith antferromagnetic coupling betweepposite
edgesConsequentlytheemergence of magnetic orderclssely linked taalteringthe electronic
structureof the ribbonsthroughopeninga bandyapin the otherwise metallizigzag
nanaibbors™®!*Y’. Thisenableas todetect thesignature obdge magnetisron individual
grapheneanostructureby investigating their electramstructure, as directly measuring magnetic
signals wouldequire a macroscopic amount of such ribbdie edgestatemagnetismand the
associatethandyapopeningin zigzag ribbonss consistentlypredicted by various theoretical
models including first principleDFT*®, meanfield theorybased Hubbarf and Quantum Monte
Carlo calculation®, indicatingthat theedgemagnetsm is arobustproperty ofz-GNRS not
sensitive to the specific details of timdels However, the stabilitpf themagneticorderonreal
graphene edgesnd experimental conditions stronglydebatedExperimental indications that edge
magnetisntan indeeaccurat low temperature&K) havebeen providedby tunneling
spectroscopyneasurements ayraphenaibbonsobtainedby unzippingcarbon nanotubé$
However,the randonorientationof the edges and the influenaka possiblestrang edgesubstrate

hybridizatiorf* did not allowfull access to theature ofedgemagnetism irgrapheneThoughthe



magnetic ordeis expectedo persistto some extendn zigzagsegments ofandonty oriented
graphenesdges, themixing of different edge typesreexpected to substantially weaken the
effect®?%. Therefore thelack of experimental control ovélne edge orientation seemse of the
main reasons that the magnejraphenedge statesonsistetly predicted byarious theoretical
modelsremained experimentally so elusive.

Torealize graphene nanoribbons with precisely controlled crystallographic edge orientations
employ a nanofabrication technique basedcanning tunneling microscdpBy acquiring atomic
resolution images, the crystallographic directions of the graphene lattice can be identified and
matched with the desiremiting directionsThe direct cuttingf grapheneas done by thdbeam
induced chemical etchirggctivated by thesubnanometer widehannebf tunneling electrons
locally breaking the carbenarbon bondsinderneath the atomically sha8pM tip apex. More
details orthe nandthographic process are given in fiethods section

Using the STM nanolithographic techniquee havedefined nanoribbons intthemical vapor
depositiongrowngraphene shegbn gold substratewith large Au(111) terracesAu (111)was
predicted to be one of the fewtstrategreservingedge magnetism in supported graphene
ribbong®. Nanoribbons with prelefined armchair or gzag edge orientaticendwidths ranging
down to 3 nmhave been defing@drig.1). Theasfabricatedribbons display regular edgessub
nanometer roughnesthe brightprotrusionsmear the edgas Fig. laredueto a knownmaging
instability?®, ratherthan edge defects or impuritiéspon optimizingthe STM imaging the edges
defined by STM lithographwere found to be straight and close to atomically smdagk of
detectable impuritieseconstructionsr curvaturg Extended data: Fig)1

Tunneling pectra acquiredn arnchair ribbonglisplayed semiconductind-V characteristican
contrast tespectra takeon grapheneutside the ribbongee Extended data: Fig. 2he measured

bandyap as a function of tr@rrespondingibbon widthis plotted inFig 2a. A cleainverse



proportionalityis revealedin excellenguantitativeagreement witlour calculations based on the
Hubbard mode{Eq. 1)considering hydrogen saturated and relaxed edgesell adirst principles
DFT calculation$®. The theoretical data points correspond to three clagsesohair ribbons
those with 8, 3n+tl and d+2(n= 1, 2rowaof éajbondimersacrosgheir width. The
measurement errandthe eventuallypresentatomic scale edge irregularities dot allowusto
clearly distinguish betweeibbons belaging to the 3n and 3n+1 clag®wever armchair ribbon
segmentsvith nodetectablegap have been observedariewcaseswhich most probablypelongto
the 3n+2class Consequentlypur measurements systematically vetlfg predictedmechanism of
bandyap openinglue tothe lateral confinement of the charge carriemsbbons of precisely
armchair edge orientation

A strikingly differentbehavior has bearvealedn zigzag graphene narbbons(Fig.2b) For z-
GNRS narrower than @m afairly largebandyap of about 200300meV has been observeds
discussed above, theoadlypredicted origin of bandgap opening in zigzag ribbons are electron
electron interactionandso far theonly predictedmanybody groundstateimplies the
magnetization of the edg84®*®.

Howevet in contrast to first principletheoretical predictiorté themeasuredjap suddenly vanishes
for zigzag ribbonswider than8 nm.We attribute thigliscrepancyo the fact thathesecalculations
have been performed at zero temperaturevatitbut doping while the experimental dakeas been
acquired at room tempegture and finite dopin@PEr ~ +507 +100meV, see Extended data: Fig.
20). Without consideringhe effects of temperature and dopitige groum state was found to be
alwayssemiconductingantiferromagneticand no step transition to a metallic stateexpected.
To understadtheorigin of theexperimentdy observedsharpsemiconductemetal transitionwe
have performedalculations baskon themeanfield approximation of thédubbardHamiltonian

that accourgtfor both finite temperature and doping
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where he first term is the neareseighbor tightbinding Hamiltonianwhile the second terstands
for the onsite Coulomb repulsiohhe effecs of temperatur@and dopinghave beeincludedusing
the gand canortdal ensembléthird term) where' is the chemical potentighnd( the particle
number operatoiThe electron densitand the chemicalotential wereletermined sel€onsistently.
(For nore detailson calculationseethe Methods sectign

The mainresultof our extendedheoreticaimodel is thatt reproducethe steep semiconductor
metaltransition quantitatively accouirig for both thecritical ribbon width(w ~ 7 nm)at which
thetransitionoccursandthe magnitudeof themeasuredbandgapsiising the strength of the ite
repulsion U) as thesingleunknownparamete(Fig.2b) From calculating the spin density
distribution for both semiconductgnw < 7 nm) and metallic (w >1®8m) ribbonghe orign of the
observedsemiconductdr metaltransition can be identifiegls atransitionfrom an
antiferromagneticgemiconductingstate where magnetic moments oppositeribbonedges are
alignedantiparallel to a ferromagnetic (metallic) statwith parallel spiralignmenton opposite
edgegqFig.3). The metallic nature of-&NRs with ferromagnetic intexdge coujing has already
been predictedf together with a complemagnetigphase diagram as arfction of doping. Our
results areonsistent withlthese findingsn the TI 0K limit. Here,we note thathe observation of
thegap openin@lonein z-GNRswould not unambiguouslyndicateedgemagnetism, agigzag
edge configuratios(e.g.z»17) leadingto semiconducting but nemagnetic zZGNRshave been
predicted*. However,only magnetizigzagedges caaccount foboth gap opening arttie
observed semiconductanetaltransition.This, together withhe quantitative agreement between
our calcuations and experiments providelirect but compelling evidence that magnetic order

emergson zigzag graphene edges of precisely engateerystallographic orientation. Moreover,
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it is truly remarkable that the signature of edge magnetism carpeeimentallydetected at room
temperature. This is nevertheless in agreement witexpectechigh-temperature stability afp
electron magnetisfi*®, as wél asexperiments reporting room temperature magneitistefective
graphitic samples 2829,

Since the only free parameter usedhe calculationsor zigzag ribbonss themagnitude of the on
site repulsior(U), the best quantitative agreement waitlr experimental findingprovides an
experimentaestimatefor the strength of the electr@bectron interaction in grapheneldf= 3.24

eV. Theoretical workso far havepredicedthe magnitudef U rangingfrom 2eV to 6 e\V*°. The
experimentally estimated value dfis even more reliable as a singlevalue carreproduceboth

the magnitude of the gaps and the semicondunttal transition ribbon width.

The fact thathe experimental results can tpeantitativelyinterpreted bytheoreticalcalculations on
perfectzigzag(armchair)edgesconfirms the experimentally fouridgh edgequality. However,
deviations from the ideal edgéructurecan bepresenpn the atomic scald o estimatethe effectof
atomic scaleedge irregularitiesve haveperformed calculationsn amodel system comprisirg

high densityof suchdefects(Extended data: Fig)3The resultsndicate thatven in the presence of
a high defect densityor overall zigzag oriented edgt®e qualitative picture holds but the strength
of the effect (gap size, spin polarization) decreases. In order to ékgezimentatiatg the value

of electronelectron interactions estimatbdsed onhe ideal zigzag edd®as to be increasdbm
U=3.24eVtoU=4.32¢eV.

Ourfindings demonstratthatgraphene nanoribbons display strongly edge orientapenific
behavior anengineering the crystallographic entation of graphene edgadowsusan
unprecedented control ovieothelectronicand magnetic properties grapheneanostrutures
opening the way towardke realization oflectronic and spintronic devicésased on robust

quantum mechanical effecenablingtheirroom temperatureperation
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Methods

The graphene samples have been grown by Chemical Vapor Deposition on Cu foil, and
transferred to a stripped gold substrate with large, atomically flat Au (111) terraces. The
lithographic process and tunneling microscopy/spectroscopy investigations havedreemed
using a Nanoscope E Scanning Tunneling Microscope operating under ambient conditions. First,
atomic resolution STM images of the graphene lattice were acquirggd,H(8- 50 mV and {innei=
1- 2 nA) to precisely identify theigzag/armchair directions of the graphene lattice. For patterning,

a bias voltage of 2.0 2.3 V (tip negative) is applied between the tip-IfP90% - 10%) and the

sample while the tip is slowly {& nm/s) moved along the desired cutting direction. Ainmidity

of the cutting atmosphere (%) can be precisely controlled inside an atmospheric hood. Before

the tunneling spectroscopy measurements on ribbons, tunneling spectra have been acquired on gold
to ensure about their linearity and confirm a goadliy, contamination free tip. We have acquired
tunneling spectra inside the ribbons to confirm the presence/absence of a bandgap. This method has
proven more efficient and reproducible under ambient than measuring stronghoealged

peaks in the difV spectra. We define the gap of the ribbon as the width of the plateau around zero
bias in tunneling spectra (Extended data: Fig. 2b). These plateaus are not entirely flat, but have a
shallow slope, which we attribute to the presence of gold substragengath the atomically thin
graphene nanostructures. The uncertainty (error bars) in the measured gap values mainly come from
the thermal broadening and the influence of the substrate, while for ribbon widths it is due to the
STM tip convolution effects. # control experiments, both before and after measuring-the |
characteristics of a ribbon, tunneling spectra have been acquired on the graphene sheet outside the
ribbons. The (notinear) spectra measured on the ribbons were only taken as reliable lielioté

and after their measurement, the spectra of the unpatterned graphene displayed the expected closely
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linear FV characteristicsThe tunneling 4V characteristics of grapherend metallic graphene
nanoribbonon gold substrate are closely linear doghe contribution of ahigh local density of

state of the Au substraté/ithin (along) the ribbons the measured spectra were fairly homogeneous
(Extended data: Fig.4), apart from a few exceptions, which we attribute to locally present edge
defects or irpurities.

To interpret the experimental results we considered the following Hamiltonian:

okt Y &gt D
0RO

which was introduced in the main text. We applied the
€ £ & Oa O

identity and neglected the term whicbntains the fluctuations. Quantum Monte Carlo (QMC)
simulations including fluctuations, found the agreement between mean field theory (MFT) and
QMC to be remarkably accurate for moderate Coulomb interactjastifying the application of
MFT for the desidption of realistic ribbon geometrigs We arrived at a single particle problem,
which can be diagonalized by a generalized Bogoliubov transformatiospiace:
= -g Ogom Y &.@.0

Bhn
whereo B 0 g are the transformed operators that destroy (create) a particle with wavenumber
k with spin{ in bandn. The energy bands are given by hwhich depends on the yet unknown
electron densities and chemical potential. The densities are calculatedrsaditently, while the
chemical potential is determined by the conservation of the number of particles. Téensadtent
iteration was stopgewhen the difference between the electron densities was smaller tHait i
known from the theory of Hubbamodel, that the haffilled case shows antiferromagnetic

correlations for U>0, and at a certaig & Motttransition can take place. Howeyan the doped
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case both antiferromagnetic and ferromagnetic ground states can be obtained. The solution which
has the lowest freenergy was accepted as the grostate.

In order to provide accurate band gap values of the graphene nanoribbons, first we
calculated the relaxed edge geometries with hydrogen passivation of narrow (2nm) zigzag and
armchair ribbons. We used density functional theory based molecular dynamics calculahions
the framework of local density approximation (LDA) using the VASBsimulation package. With
the help of the relaxed edge coordinates of the atoms we were ghlatoeterize the tight binding
hopping elements in our Hubbamibdel. These hopping elements were applied to ribbons of
various widths.

In the VASP calculatinsprojector augmented wave @ W)  p-p e t d b*t wéee lused
and the kinetic energy cuff for the plane wave expansion was 400 eV. In all ribbon geometries
the atomic positions were relaxed using the conjligméelient method until the forces biet atoms
wer e r educ e dWetused ®drectalqula Sufieje.l | wi t hxadn0d 2 .i4m6 tjh e( -
i ) i wndirectioe for ZGNR (aGNR). The Brillouin zone was sampled using-foints along
the x axis and approximately @& kpoints along the/ axis @y in nm). Vacuum layers of 2Q in
the ribbon plane and &l in the normal direction were applied in order to avoid interactions
between nanoribbons in different unit cells.

From the relaxed carberarbon distances, we computed the hopping andaguusing the

parameterizatiori’
i
T 5 B
wherer; is the distance between the atonandj, a;=1.42; (the carborcarbon distance in the

bul k91,278 5501883 ,a3490U
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To estimate the maximum possible quantitative effect of edge irregularities on the
magnetism, we have performed the calculations presented here on a model system with edges of
overall zigzag orientation, but containing the maximum amount of atomic saqelefcts that
does not completely destroy edge magnetism (Extended data Fig.3). We found that the qualitative
picture of edge magnetism including the semiconducting (AF) to metallic (FM) transition holds true
for the defective zigzag edges, but the dffiscsubstantially weakened as compared to perfect
edges. Particularly, the calculated gap values are reduced. Therefore, the best fit to the experimental
data occurs for a higher parameter value of the onsite repulsion paramigter4o82 eV. Also the
width dependence of the gap becomes weaker, but this is still in good agreement with the

measurements (Extended data Fig.3b) for the incradagedameter value.
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Figures

Figure 1

Fig.1. Fabrication of graphene nanoribbons with precisely defined crystallographic edge
orientations a) STM image (500 mV, 0.8 né&f a 5 nm wide graphene nanoribbon with armchair
edge orientation, and b) a 6.5 nm wide ribbon with edges of precisely zigzag orientation (300 mV,
2nA) patterned by scanning tunneling lithographyairgraphenesheet depositedn Au(111)
substrate. The wmular insets show the atomic resolution STM images confirming the
crystallographic directions of thedges. The atomic resolution images in the irsshave been
Fourier filtered for clarity. The protrusions on the otherwise highly regular edges are imaging

artefacts.
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Figure 2

Fig.2. Edge specific electronic and magnetic properties of graphene nanoribbd@he bandgap
measured by tunneling spectroscopy as a function of ribbon width in armchair (ajgnad) (b)
ribbons Armchair ribbons display a quantum confinement gapersely proportional to the
width. In zigzag ribbons the band structure is governed by the emerging edge magmedisanm
sharp semiconductor (antiferromagnetit to metal (ferromagnéc) transition is revealed
Theoretical data points have been calculated gishe mean field Hubbard modebfitinuous lines
are only guides to the eyg Error bars of the measured gap values originate from thermal

broadening and substrate effects, wiideribbon width(horizonta) fromtip convolution effects.
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Figure 3

Fig.3. Correlating dectronic and magnetic properties ofigzag graphene nanoribbonsSpin
densitydistribution ( - blue - red) in a 5 and 10 niwide zigzag graphene nanoribboalculated
in the mean field Hubbard model for T = 300 K aflr ~ 100 meV. Lower panels display the
corresponding band strcuture, clearly indicating timairrow zigzag ribbons arantiferromagnetic
semicondcutors, whilevider (w > 8nm) zigzag ribbons display a ferromagneticinter-edge

couplingandno bandjap.
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Extended data: Figure 1

Extended data figure 1: The dructure of graphene edges defined by STM lithography.

a) STM image (5mV, 2nA¥ 15nmlong edgesegments cuty STM lithographyrevealing closéo
atomically smooth edges <A edge roughness) free of detectakleonstructions, contaminations
or curvature b) The incrased local density of states amgzag edges observed under specific
imaging conditions (200 mV, 2nA) can be attribuiethe presence of edge states thees out the
possibility of sp type edgeterminations (e.g., eiydrogenated edges), as no edge states are

expected to occur for such edge configurations.
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Extended data: Figure 2

Extended data figure 2 Scanning tunneling spectroscopy of graphene nanoribbons on Au
(111). Tunnelingcurrentvoltage (-V) characteristic acquired on a 5 nmiale armchair ribbon(a)
displayingnonlinear FV spectra corresponding @gap ofabout250 meV (h)Outside the ribbon
a closely linear characteristic ahe unpatterned graphene is revealér). The insetsshow the
schematics of STNthography (a), andhe differential tunneling conductan¢el/dV) obtained as
numerical derivativesf the measuredV curves(b,c). The~ 70 mV shift of the Dirac point (curve
minimum) from the Fermi level (zero bias) observed on grapfteinset)is due to the doping from

the Au(111) substrate and the ambient atmosphere.
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Extended data: Figure 3

Extended data figure 3 The effect of edge irregularities on edge magnetisn€alculatedspin

density distribution in the unit cell of a 3.3 nm wide zigghgon with a highdensity of atomic
scaledefecs revealing the substantial decreaskthe emergingspin polarization(about 1/3 as
compared to defect free zigzag edges). The expaiameidth dependence can befbtr defective

ribbon edge®y using higher values of than-site repulsion parameter of U = 4.32 eV.
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Extended data figure 4
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Extended data: Figure 4

Individual tunneling |-V spectra. Tunneling currentvoltage

characteristics recorded oariousribbors (the spectra have been shifted along the vertical axis for

clarity). Each individual spectrumvas recorded as the average of 10 voltage sweeps between

+/- 500 mV. The metallic (closely linearpr semiconducting strongly nonlinear) nature of the

ribbons isclearlyapparentrom theindividual tunnelingl-V characteristics
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