First Direct Observation of a Nearly Ideal &raphene Band Structure
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Angle-resolved pholoemission and x-vay diffrclion experiments show thal moltilayer epitesial
graphans grown on the SHO(000]Y gurfaee is 3 new Form of carbon that is composed of effectively
italuled graphene sheets. The unique rotmtional stacking of these Alms causes wljacent graphens layers ¢
electonically decouple leading 16 a el of neardy independent lingady dispersing bands (Dire cones) al
Ihe graphens K point. Bach cone comesponds to an individual macroscale graphene sheet in a multilayer

sack where AB-stacked sheets can be considerad as 1ow Jepgily faolis.

In an 1deal praphene sheet (near the Dirac point, Eg) tha
ar and #° bands disperse linearly E(A &) = hu Ak, whare
t'x 15 the Fermi velocity and Ak is the momentum celative
to the & points of the hexagonal reciprocal unit cell |1}
The two-dimensional dispersion is soteopic and defines a
cone with an apex a1 Ex {!]. For undeped graphene the
Fermi energy Er coincides with Ep 3o that the Termi
surface consists of six points [see Fig. 1{a)]. This specific
glecteonic structure of graphens 15 relevant for graphens
based eiecironics for several reasons. For example, elec-
tronic energies above (or below) B, of the order of ~1 eV
cotrespond to wavelengths of ordet ~1 nm. Consequently,
quantum confinemenl enecgies in nanoscopic grapheng
gtraciures will be of the order of ~1 a¥, which s comsid-
erably greatar than the thermal energy ac 300 K [2]. This
graphene propenly is essential for room enporaloes gra-
phene nanoelectromics,

Epitaxial graphenc {EG) grown dircetly on bath the
SHC{O0D 1) Si facc and (000) C face has cxceplional flm
quality [3.4]. It is atomically flat and the EG shests are
cotltinwous over macroscopic distances {if nol Lhe entire

crystal surface). In Si-face few layer BG filme, subsirate’

inleraclions causs chargs doping, zignificant electron-
phonon coupling, and distorions in the linear dispecsion
of the firsl graphene layer near £y [5-7). These are similar
1o the more substantial substrate induced distorlions ob-
served in cxfoliatcd graphene [8,%). Beyond the first gra-
phene Tayer, the graphitic AR stacking of Jew layer Si-face
graphene cavses the band steucture to converge o praphile
when (he number of layers becomes large [6,10).

In contrasl to other forme of praphene, mullilayer epi-
taxial praphene (MEG] grown on the C fape of SiC exhibits

all the transport propeclies of an isolated graphens sheet
L11=17]. Moreover, landao level speclroscopy from
C-face films has demonstrated unprecedentsd praphenc
properties including axceglinnal]}' high ro0m temperatore
mebilities (=200 000 cm® /Y 8) and resolved Landan ley-
els in magnelic fields uz low as 40 mT[17]. MEG has been
shown 19 have a unique crystal stmocturc, Rather than AR
stacked like graphite, MEG films have successive layers
that are lypically rodated by angles other than the 60°
rolation of praphite. This rotational siacking has been
thepratically pradicted to cause the layers 1o elecironically
decouple [18-20].

Here we provide direct experimental evidence for this
effecl wsing anple-tesolved photoeinission Spectroscopy
{ARFES). [n particular we show that the elecirenic band
stucture of the individual graphene layers in the MEG
stack iwkeed are sssentially unperlucbed Dirac cones as
cxpocted For isolated graphene shoots. We further show that
thesc Almz have cxcepuonally lomg slectron relaxalion
times and a remarkable absence of distortions in the
Dirac cone, The measuremenis expenmentally confirm
thal the electronic structure of each individwal sheet in
MEG is essentially that of an igolated graphene sheet as
predicied [18-20] and indicated in prior experiments f11-
17]). Our results clearly demonstrate that a guasipenodic
{nol random) rotational slacking arder is responsible for
MEG"s exquisile 2D} properlies.

The substrales used in these studics were both r-doped
=25 104 ¢m™? 6 and insulating 45 SiC. The gra-
phene layers wers prown in a closed of induction furnace at
a temperalure of 1550°C {see Bef. [2] for details). The
graphenz film thicknesses mnged from 11-12 layers as
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FIG. 1 (color onling). (%) 203 Brillouin zone of graphene near
Er showing the six Dicac concy. The praphen: reciprocal Laltice
voctor g (and thecofore 1he cones) are shown rotated by ¢
relative to the Bl {2130 dirsction. (b} A schematic dilfraction
panern of graphene grown on SiC(000T). The SiC7 (O and the
graphene patterns (@) from a ¢ = 307 motaed Alm are shown.
Diffuse grapliens arcs also seenon C face are centered at ¢ —0°.

delemmined by ellipsomery [3]. Graphitized samples were
teansported in air and thermally annealed at 800-110G°C
in UHY prior o measurement, The fumace-goown MEG
samples have excepticnally large sizes. In fact, STM stud-
ics have nol yot found a single cxample of a discontinuous
top layer in a MEG sample, indicating thal at least tha
topmost layer is a conlinuows graphene sheet spanning the
entire macroscopic surface. Recent STM sludies have
demonstrated Lhe spectacular simictural and electronic
propertias of tha topmast layer [17]. (Note that in conleast,
graphene grown in UHY has sheets thal are ~30-10K nm
in size [3,21,22].)

ARPES messurements were made on different samples
at both the Cassiopée beam line at the SOLEIL synchrotoon

in Gif sur Yvette and at the 12001 beam line a the-

Advanced Light Source [ALS) at Lawrence Berkeley
Matiopal Lab with base pressures <107'" Torr. The
high-resclution Cassiopée beam hne is equipped with a
modifisd Peterson PGB monochromator with a esolution
EfAE « OO at 100 eV and 25000 for lower energies.
The detector is a 115" acceptance Scients RA003 detlector
with a base reselution of AF <2 | meY (for signal-to-noise
concerns the experimental resclution was sel at 7 meV).
The high-resolntion ARPES at the ALS were 1aken with a
idal energy resolution of 25 meV ysing an SESIO0
electron  spectremelcr. The surface x-ray  diffraction
(SXRD) experdroends were performed at the Advanced

Photon Source, Arpoime Mational Laboratory, on the
G1DB- 1 CAT UHY beam line with ho = 162 keV.

The primary result of this work is shown in Fig. 2(a),
where we display the band structure of an fl-layer gra-
phene Olm grown on the C face of 684 SiC. Data are Laken
near the K point (k, = 1.704 A~ &, ~ 0.02¢°, where
et = 2a/6.67 A = 0941 A7) and nat at the H point
of graphite {k, ~ 0.5¢*). The figure shows two bright
intersecting Divac cones; a third faint cone is more easily
visible in the momenum dispersion corve (MDC) in
Fig. 2(b). The Dirac cones m Fig. 2(a} are (he lirsl mea-
sured nearly wnpecturbed = band: expocted from an ise-
Jated graphens sheet, Band naps on differcnl samples and
different parts of the samplc show similar results: multiple
rotated linearly dispersing Dirac concs. Beeause ARPES is
sensitive to 3-4 surface layers at 30 &V, therz i no influ-
ence on e measored bands from Lhe grapherne-5iC intet-
face. The difference £ — Ep from the praphene sordace
layers varied from sample to sample. The doping was
measured Lo be ag high az ~33 meV p-doped on some
sampies and r-dopad az low a2 = 14 me¥ on others, This
pives a charge density that remges between ~ 101" and
10" =2, comparable 1o IR measuremants from similar
films {5 X 10" cm™%) [11). The doping Nuctnation is mast
likely due w surface adsorbates at these low sample
temperalurzs.,

Two poinks must be siressed, First, these films arme net
graphitic. Whilzs the band splitting from AB stacking, seen
in bilayer or multilayer graphenc ilms grown on the Si Face
of SiC, is observed, they are a fraction of the measured
cones [5,6,23]. In facl, AR plines are so few they can be
viewed as stacking Faulis in thase films. The second point
that musl be kepl in mind is that fumace-grown and UHY-
arvan graphene are very different, both structucally and
electronically. In addition 10 1he poor siruciural order of
UHV-grown praphene, ARPES measurements on LITHV-
grown C-face graphene show a large electron doping of
Ep — Ep = 0.2 ¢¥ wilh pourly developed 7 and « bands
[24]. The doping level dilference is likely due to charge
coupling between the 51T and (he thinner URY films,
while the broad -« bands are due to film disorder. The
remarkable result of mulliple Encar bands chamscleristic
of rotated but jsolated single graphene sheets confirms
predictions thal the unique slacking of MEG flms grown
on the C face of SiC preserves the symmetry of isolated
graphene [18—20]. To demonsleale this we Azl poinl out 4
few structural debxils of C-face films.

We have plotted SXRIY azimuthal scans near ¢ =@
and 30° in Fig. 3. Mote thal, while the exact disiribofion of
graphene rotation angles is sample dependent, the proba-
bilzy of rolakion angles near 4+ = 30° iz naarly equal to the
probability of angles near 0, regardless of sample or film
thickness (i.e., the area woder the x-ray curves is oeardy
equal: figdep/ [ Bod ~ 1.1 £ 0.3 This, along with
SXRD refleclivity measocements, implies thal approxi-
malely every other sheet is volated 30 insicad of the
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graphitic 60° [3,20]. This is not the “occasional” small
angle rotalions propoted by STM messursments [25]. The
distribution of rotation angles 12 determined by an entropy
tzrm that selects from & nomber of 5iC-graphene commien-
surate angles with small energy diffecences [3]. Thers are
more commensurate angles per radian of arc at ¢ = 0%,
which explaing 1he observed broader distribution
Fig. 3ta) [3]1. Also nowe that the angular width of each dis-
crele rotalion is very narow (A g = (045" [see the insel
in Fig. 3(a)], comespording o a distance of ~1 gem. The
roational domaing are smaller than the macroscopic gra-
phens for iwo reazons, Firs, the x-ray coherence js limited
by the distance belween SiC steps (~@ pm for these
samples). Second, as graphene fows over sleps o pleals
it the filtn, stadl rorations are introduced in the coninuons
sheet.

To show the correlalion between praphena rolation angle
¢ and the TK rodalion direction @, note that the K
direction in ARPES iz rofaied 30” from the graphene
reciprocal space diection, e7; [see Fig. 1(a}. This means
that the T'K direction for a graphene sheet rotaled ¢ (rom
the SiC {2130} direction is at an angle & = ¢ + 3" (sec
Fig. 1). We have marked (in red solid lines} the discrete
rotation angles of the ARPES Dicac cones {near ¢ = 30°)
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FIG. 2 {cokor onling). (2 ARPLS measured band stoociure of
an 11-layer C-Face praphene film geown on the 68 SiC The
ARPES resolution was set at 7 me'y &t ko = 30 &%, The sample
ternperature is 6 K. The scan in K, iz perpendicular to Ihe
SiC {1070k, direction at the & point (see Fig. 1) Two linear
Dirae concs ave vizible (b A MDC a0 858 = E, — 0675 2V
ghows a (bard Faint cone. Heavy solid Tise iy o Gt to the sum of gix
lLoentzians (thin sobid lines}.

Ik} (arb. nnits)

02 03

agpinst the anpular distribution measured by SXED in
Fig. 3{a) [o = 30° + tan™ 'k, k), where &, is taken
from ARPES scans Lilee the one shown in Fig. 2], Ivis clear
that the rotated cones correlate well with the data with
many more redalions bebween 2° and 107, Note that the
SXRD beam size is ~3 nun while the ARPES beam size is
=A% pm; this is why ARPES seex a small number of
discreie rolated cones and SXRD shows a more conlinuous
distnibution averaged over a large beam footprint. In the
a = 0* azimulh, discrete cones are not resolved [sec insst
in Fig. 3{b}]. The reason discrete congs ace not observed is
a combinalion of the nanow distribution of commenserate
rotations at ¢ = 30° [nate thal angularseale in Fip, 3(b) is
expancdad by a factor of 2 compared 1o 3(a)) and Lthe wide
anguiar acceptance wsed for this ARFPES data sef.
Monethelezgs, the ARPES distribution of cones again co-
incides with Ihe SXED angular distribution [Fig. (b)),
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FIG. 3 {calor online). (2} SXRD angular distribuiion of the
diffuge arcs arcnd ¢ — 0. [nset in (A} shows o magnifed view of
A single ronation gngle. ¥ertical red lines mark the angular
position o (wpper scale) of measuwred ARPES Dirac concs
relative 1o the {2130 direction. (b} SXRD angular distribution
mear f -~ 3. Inset i (b) ks constant encrgy cul at the Dirac
point shiowing the distiibution of cores. Solid red line in (B} is
the measursd dighibotion of IHrac cones versus o (opper
scale), Rectongle in {b) shows the ARPES angular reselulion
{~10.34° Forthis duta). ARPHS da im (b)) waz (aken ax 15 K with
froe = 50 £¥.
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FIG 4 {eolor online). £ — £v vs 8k, =4y — K. &, is the
Lorentzistt center from fts to ARPES WMTKCs and &y is the
position of the Dirac cone center, Solid line is a linear 1
Insel is & plot of the MDC HWHM ¥ as a function of binding
energy &t & K (@) and 300 K {C), Dwta wene tzken with an
energy and & resolution of AE — 7 meV and Ak, —0.01 A7" at
froo = 30 eV, Dazhed line in the inzet iz the ARPES esolution
vzed For this data set.

Using high energy and f resoluticn dizpersion curves
allows us to maasure two important effects. Fiesl, the bands
are linear. This is demonsicaled more clearly in Fig. 4
where we plol the position of one branch of a Dirac cone
(determinied by filling the ARPES MDCs (0 Lorentzian
peaks). Within the error bars of the experimeni, there are
o significant deviations from hoeatity. The averags Ferou
velocily, derived from the slope of E{AK), was found ko be
ey — 1LOZ 005 X 10° m/sec for cnergies down to
~{L5 ¥ below E;. This valoe is larger than ¥ for bulk
graphite (v o 086 X 10% m/ sec) [26] but within ertor
bars of valuez oblained from both IR measurements
(1.02 + 0,01 3 10% m/fsy [11] and scamning  toaneling
spectroscopy (1.07 = 0.0 x 10° m/s) [17).

The second point o nole is the narrow Lorentzian half
width al hall maximuwm () of 2 MDC [inset of Fig. 4]. v is
tnversely proporlional to the carcies scauering time r =
1/(2yvg) [27], Because ¥ is within error bars of the
instrument resolution, we arg only able 1o place a lower
bound of + =20 f5 This iz consistent with + from IR
measurements (100300 £z} [11]. Also pote that there is
no measucable change in r between & and 300 K.

ARPES measuremenis show that the band suctore of
MEG graphene grown on the C face of SiC consists of
multiple undistoited, lingarly dispersing graphene bands
originating frem individual rotated layers in the mulhilayex
lilm. The observed Dirae cones definitively demonstrae
that most of the graphene sheats in the MEG films cam be
considered as clecionically ideal isolated graphenc sheeds,
The erigin of this umique behavior is a result of MEG's
unique stacking order. All that is required to preserve
grapbene's linsat dispersion in a multilayer stack is
break the A8-stacking symmetry of graphate. This #s real-
ized by introducing a relative rotation angle between two
adjacent sheegs that s nal 80° {i.e., graphite stacking) [ 13—

20). As C-face praphenc Alms prow, the subsirate appa-
ently forces relative rotation of ~30 £ 7* making graph-
ihe AB-stacked paics low density Faults in the film. The
significance of this resultis (hat vniform single- or double-
layer graphene films ate nol necessanily a requircment for
graphens elecironcs, since even imulilayer films have the
reguired electronic properties.
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