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he peculiar electronic properties of

graphene (G) come from the s-band

and result from the overlap of p,
orbitals on neighboring carbon atoms. A
simple tight-binding (TB) model of G shows
that energy dispersion of the z-band is
described by E = & v¢ |p|, where the carrier
momentum p = Ak and the Fermi velocity
Ve = 10° m/s.” 3 When carriers in G are
confined, their properties depend on the
confinement geometry. Previous studies
showed how confinement of carriers in a
G nanostructure affects the physical proper-
ties such as an electrical conductivity,”~” a
size-dependent energy gap opening near
the Dirac energy Ep® ' and electronic
edge states dependent on the edge atomic
orientations."’

Surface inhomogeneities, such as defects
or step edges, scatter the electrons and
result in standing waves, so-called Friedel
oscillation,'? which provide crucial informa-
tion, such as screening effect and electron—
electron interaction, of an electron system.
Experimental observation of such wave
patterns in the metallic surface states has
been done by scanning tunneling spec-
troscopy (STS)*'*'* since the technique
measures the differential conductance (d//dV)
signal, which is proportional to the local
density of states (LDOS) of the sample sur-
face, with the spatial resolution down to
the atomic scale.

The pseudospins and chirality of the G
honeycomb structure are known to give rise
to different scattering behaviors from those
of two-dimensional (2D) Fermi electron
gas,”> "7 for example, faster decay in the
coherency of Friedel oscillation. Neverthe-
less, from the dimensional similarity, the same
experimental approach with STS has been
done and successfully obtained the G elec-
tronic properties such as energy dispersion
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ABSTRACT One leading question for the application of graphene in nanoelectronics is how
electronic properties depend on the size at the nanoscale. Direct observation of the quantized
electronic states is central to conveying the relationship between electronic structures and local
geometry. Scanning tunneling spectroscopy was used to measure differential conductance d//dV/
patterns of nanometer-size graphene islands on an Ir(111) surface. Energy-resolved d//dV maps
clearly show a spatial modulation, indicating a modulated local density of states due to quantum
confinement, which is unaffected by the edge configuration. We establish the energy dispersion
relation with the quantized electron wave vector obtained from a Fourier analysis of d/dV maps. The

nanoislands preserve the Dirac Fermion properties with a reduced Fermi velocity.

KEYWORDS: scanning tunneling spectroscopy (STS) - quantum confinement -
standing wave - epitaxial graphene - Dirac Fermion - electron dispersion relation

relations.'® 2° Recent theoretical calcula-
tions on the nanometer-size free-standing
G flakes?'*? predicted that quantization of
wave vector k and energy E clearly depend
on the size and symmetry of the flake geo-
metry, as is true for the 2D Fermi electrons
confined in a conventional metallic nano-
structure. However, the shape and symme-
try of the confined wave function are fairly
different from those found in a conventional
metallic nanostructure with the same geome-
try, due to the peculiar edge states.”*** Those
results motivate the experimental studies on
the confinement of Dirac electrons in a G
nanostructure and the effects of the edge
construction on it. However, there has been
no report for the direct observation on the
quantization of electronic states in an indivi-
dual G nanostructure.

Here we show the STS measurements on
regular and isogonal hexagonal G nano-
islands on anIr(111) surface. The di//dV spectra
and maps clearly show a spatial modulation,
indicating a modulated local density of states,
which is ascribed to quantum confine-
ment. We find a quantized electron wave
vector from a Fourier analysis of d//dV maps.
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Figure 1. (A) STM image (70 x 70 nm?) of G islands grown
on Ir(111). (B,C) STM images of G nanoislands where elec-
tron confinement was investigated. See Figure 3.

(D) Atomically resolved STM image in the edge region
marked by the red rectangular box in C. G honeycomb lattice
model is superimposed. Note that edges of the G nanoislands
in our experiments showed zigzag-type arrangements of
carbon atoms. Imaging parameters: V,, = —0.05V, [, = 1 nA
(AB); Vp=—0.05V, Iset=2nA (C); V, = —0.03V, /st =2 nA (D).

The energy dispersion relation is described by the
equation E = Ep £ Avglk| with Ep = —0.09 + 0.02 eV
and v = (6.0 = 0.4) x 10° m/s.

RESULTS AND DISCUSSION

Figure 1A shows G islands grown on an Ir(111)
surface. Constant current scanning tunneling micro-
scopy (STM) images reveal that all islands have a
uniform apparent height of ~0.2 nm. The surface of
the islands shows a pattern with a periodicity of 2.52 +
0.03 nm, regardless of size and shape of the G islands
(see Supporting Information I). This pattern is known as
moiré structure. It is ascribed to a spatial pattern of the
electronic properties due to the G—substrate interac-
tion. The periodicity of the modulation arises from the
superposition of the G and Ir(111) lattices.”® The
monatomic apparent height and the moiré patterns
identify the formation of epitaxially ordered G islands.
Figure 1B,C shows two G nanoislands on which we
performed STS measurements. Figure 1D shows an
atomic resolution image near an island edge showing
the zigzag arrangement of the outermost carbon
atoms.

Figure 2A,B shows dI/dV curves measured at differ-
ent positions along the most symmetric directions
of the islands shown in Figure 1B,C, respectively. As
the measurement position moves from the center to
the border, the curves clearly show a decrease in
the amplitudes of the first peak at a bias voltage
Vp &~ —0.27 V and an increase in the amplitudes of
the second peak at V, & —0.41 V. These V,,-depen-
dent and spatially modulated di/dV signals are
ascribed to electron confinement, which induces a
corresponding spatial modulation of LDOS.2%%’

To provide clear evidence for electron confinement,
we measure the maps of the di/dV signal at differ-
ent V}. Figure 3A—E (Figure 3K—0) and Figure 3F—J
(Figure 3P—T) show the dI/dV maps and their Fourier
transform (FT) intensities of the patterns inside the
islands of Figure 1B (Figure 1C). As we lower V}, from
zero bias, the first modulation pattern (Figure 3A) is
observed at V}, = —0.27 V. Here, the dI/dV signal shows
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Figure 2. (A) dl/dV curves measured from the center toward
a corner of theisland in Figure 1B. (B) dI//dV curves measured
from the center toward a side of the island in Figure 1C. The
inset in each plot shows the STM image with the positions
where the dI/dV curves were taken. Measurement para-
meters: Viap = 0.5V, litap = 1 NA, Vg = 20 mV (A,B); V, =
—0.05V, I,e: = 1 nA (insets of A and B).

a maximum at the center and a monotonic decrease
toward the border of the islands. For larger negative V,,,
we identify four more distinct modulation patterns
(Figure 3B—E). The patterns at lower V,, show an
increasing number of modulations over the area of the
island. The modulation can be understood as a stand-
ing wave pattern resulting from the interference of
electron waves. Our findings suggest a decrease in the
electron wavelength (increase in the electron wave
vector) toward larger negative energy, as shown in
Figure 4. For theisland in Figure 1C, we also observed a
similar tendency in both di/dV and FT maps, as shown
in Figure 3K—T. To compare the observed d//dV maps
to the LDOS of confined electrons, we employ the
multiple-scattering method.?®?° We extract the geome-
try from the STM images and use it for the calculation.
The calculation reproduced very similar LDOS patterns
with the same sequence of di/dV modulation patterns
(see Supporting Information I).

Interestingly, the energy intervals between any two
neighboring patterns in Figure 3 are identical within
our experimental accuracy, with an average separation
of 0.16 eV. This marks a distinct difference between the
energy dependence of d//dV modulation patterns of G
nanoislands as compared to those of metallic nano-
structures,'>273°

We obtain the wave vectors from the FT maps in
Figure 3F—J (Figure 3P—T), which give rise to the
modulation patterns of the di/dV maps in Figure 3A—E
(Figure 3K—0). The patterns of Figure 3 are selected to
show the largest intensity of the respective k-point. We
observed that the intensity of a given k-point of the FT
map varies with energy. Also, the position does not
vary continuously with energy but changes in a discrete
manner. In 2D electron systems, the radial average of
the FT map has been used to determine the in-plane
wave vector kj of a standing wave pattern.**>? Under
the same strategy, we take the average of the k for the
sixfold symmetric pattern in each FT map as the
magnitude of wave vector for each modulation pattern
in Figure 3A—E (Figure 3K—0). The obtained values
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Figure 3. (A—J) dI/dV maps (A—E) and corresponding FT intensity maps (F—J) obtained from the island in Figure 1B. (K—T)
dI/dV maps (K—0) and corresponding FT intensity maps (P—T) obtained from the island in Figure 1C. The bias voltage of each
d//dV map is denoted at the bottom-right side of the corresponding FT map. Dotted polygons in A—E and K—O indicate the
boundaries of the nanoislands, as determined from the STM images in Figure 1B,C, respectively. Measurement parameters:

Vstab =05V, Istab =1nA, Vmod =20 mV.
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Figure 4. Dispersion relation E(k) extracted from the d//dV
maps of the islands in Figure 1B (Figure 3A—E) and Figure 1C
(Figure 3K—0), named “triangle” and “hexagon”, respec-
tively. Ep and v are extracted from the fit of the plots for
each island with the equation E = Ep — Aivgk. The inset shows
the k,(n) plots extracted by applying 1D “particle-in-a-box”
model to the wave vectors obtained from the FT maps in
Figure 3. The slope of the fit gives the effective size of the
confinement L.

appear to be quantitatively very close to k for an
intensity maximum of each FT map.

We obtain the dispersion relation from the extracted
k and corresponding energy. Figure 4A shows a plot of
(E,k) pairs obtained from the d//dV modulation patterns
shown in Figure 3. The discrete nature of k is apparent,
which is a signature of the confinement. The plots
clearly show a linear dependence of E on k, which is
expected from the electronic dispersion relation pre-
dicted by the TB model of G.'? Also, k increases mono-
tonically as the electron energy gets more negative. This
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implies that we observe quantized electron states
of a filled 7-band (hole states), which are identified
by the dispersion relation E = Ep — Avlk|. A linear fit
with the equation results in Ep = —0.088 + 0.022 eV
(—0.086 & 0.021 eV) and v¢ = (6.3 + 0.40) x 10° m/s
((6.0 & 0.38) x 10° m/s) for the island in Figure 1B
(Figure 1Q).

The Ep offset of ~0.1 eV with respect to the Fermi
energy (Eg) reflects a small substrate-induced charge
doping in our nanoislands, similar to the infinitely large
G/Ir(111) systems.>*~3> However, it is surprising that v¢
values extracted from the plots in Figure 4A are smaller
by 30—40% than the Fermi velocity of free-standing
G (Vgo).

The G—substrate interaction is known to affect
the graphene band structure. Angle-resolved photo-
emission spectroscopy (ARPES) has been employed
to measure the band structure of G/Ir(111). Those
experiments revealed the creation of minigaps>**® in
the G m-band due to the moiré interaction and the
hybridization of Ir surface states*® with the G z-band
at Er. Nevertheless, the measured band structures
showed the preservation of a linear z-band with the
deviation of v from vgy by only a few percent. There-
fore, the G—substrate interaction itself appears to be
not the only origin to explain the large reduction of
Vg in our experiment.

We suggest another mechanism for the v¢ reduction
which could stem from the nanometer-size of the G
islands in this study. In a TB model, v¢ is described
by Ave = 3ta/2, where a is the nearest carbon—carbon
atomic distance and t is the nearest-neighbor hopping
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amplitude through the 7 orbitals of carbon atoms. This
expression with v¢ extracted from our study gives a
hopping amplitude t ~ 1.7 eV ~ 0.6t,, where t, = 2.8 eV
is the carbon—carbon hopping amplitude of free-
standing G. It has been predicted that the modification
in the hopping amplitude between carbon and impur-
ity sites can locally reduce vg due to the s orbital
suppression at the defect sites.>” Recent STM and STS
measurements near the defects in G corroborated this
view and reported a considerable reduction of v down
to ~0.3vg.'??° Furthermore, these studies showed
that the reduction of v¢ extends over several nanome-
ters around the defect sites. The edge atoms of G
grown on Ir(111) are known to have a much stronger
interaction with the substrate than those in the central
region of the island.>**° The sharp decrease of the
di/dV signal near the island edge (see Supporting
Information Ill) supports this view. This strongly sug-
gests the suppression of the z-band in the near-edge
regions. The edges of the islands, therefore, could act
as extended lattice defects. Since the islands in this
study have radii of 4—5 nm, one could expect a
reduction of vg over the whole area of the islands.

The noticeable difference between our work and
the previous ARPES studies is the size of G. Thus,
besides the G—substrate interaction, the smallisland
sizes with the suppressed m-band near the edges
provide one plausible scenario as a mechanism to
induce the considerably small v¢ in the nanometer-size
G islands.

The survey of the effective size of the confinement
Lesr would be an additional interesting aspect of the
confinement phenomena in G as it is in the 2D Fermi
electron confinement system. An effective way to
obtain the confinement size along the symmetry axis
of a threefold symmetric 2D structure by using a one-
dimensional (1D) particle-in-a-box model has been
introduced by Rodary et al.'®> We applied the same
analogy to the G islands in Figure 3. We take the
magnitude of the wave vector k, along one of the sym-
metric direction, as indicated in Figure 3H,R, where n is
the integer index determined from the sequence of
dl/dV patterns shown in Figure 3A—E (Figure 3K—O0).

METHODS

The experiments are performed in an ultrahigh vacuum
(UHV) chamber equipped with a scanning tunneling micro-
scope (STM) operating at 8 K and a chamber for sample
preparation. The STM chamber is equipped with “He bath
cryostat operating at a base pressure (Pp) of 2 x 107" mbar.
The preparation chamber is connected to the STM chamber
by a gate valve and operates at P, = 2 x 10 '° mbar. The
Ir(111) single crystal (MaTeck GmbH) was Ar'-sputtered at
room temperature (RT) (1 keV, 0.75 uA, 15 min) and sub-
sequently heated 10 times to 1200 K in an O, pressure of
1 x 10" 8 mbar. Finally, it was annealed at 1370 Kat P, = 2 x
107'° mbar. In order to grow monolayer graphene, the
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The inset of Figure 4 shows the plots of k,, as a function
of n. Each data set is fitted well by a linear function k,, =
nzt/Leg intersecting the origin. The slope of the k,(n)
relation gives Leg = 8.4 nm (8.0 nm) for the island in
Figure 1B (Figure 1C), which is approximately 0.5
(0.7) nm smaller than the geometric size as indicated
in Figure 1B (Figure 1C). The above-mentioned strong
interaction of the edge carbon atom is expected to
deplete the electronic DOS near the island edge. It is
plausible that such an effect extends to 2—3 unit cells
(0.5—0.7 nm) from the island edge (see Supporting
Information Ill). This may indicate that the sharp transi-
tion of the electronic properties near the island edge
serves as the potential barrier for confinement, leading
to a smaller Less as compared to the geometric size.

CONCLUSIONS

In conclusion, we perform STM and STS measure-
ments of G islands on Ir(111). We observe a pro-
nounced spatial modulation of the differential con-
ductance d//dV in nanosized monolayer G. We ascribe
this to a spatial modulation of the LDOS, which is
induced by electron confinement. The quantitative
analysis of the modulation patterns using FT maps
gives the electron dispersion, which is well described
by Dirac Fermion dispersion E = Ep — hAvgk with
Ep ~ —0.09 eV and v ~ 6 x 10° m/s. The z-band
modification by the G-substrate interaction itself ap-
pears to be not the only origin to explain the large
reduction of v¢ in the nanoislands. The finite size effect,
where the edge scattering contributes, may contribute
as an other possible mechanism. Additionally, to derive
the confinement size L¢, we apply the 1D partical-in-a-
box model to the symmetry axis of the islands. The
extracted Leg is smaller by 2—3 G unit cells than the
geometric size. This difference may stem from the
strong carbon—substrate interaction at the island
edges, giving rise to the depletion of G DOS in the
near-edge regions. Our results show clear electron
confinement effects in G nanostructures unperturbed
by the zigzag edge configuration. G nanoislands on
Ir(111) provide a new good platform to understand the
pure quantum confinement effect in G.

cleaned Ir(111) surface was exposed to C,H, at RT and a
pressure of 2 x 10~° mbar for 2 min and subsequently
heated to 1320 K for 2 min under the same partial pressure
of C,Hy. The sample was then transferred to the STM
chamber. STM images show that ~60% of the substrate
surface is covered by G islands. Their sizes ranges from 6 to
50 nm in diameter. We perform STM and STS measurement
onthe Gislands at 8 Kand 2 x 10" mbar. The STM images
are obtained in constant-current mode. For STS, we em-
ployed a standard lock-in technique with modulation fre-
quency v = 4 kHz and root-mean-squared amplitude of
20 mV. Before each STS measurement, the tunneling con-
dition was stabilized at Vgiap = 0.5V, lsap = 1 NA.
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material is composed of three sections, sequentially labeled
I, 1, and IlII. The first section shows typical properties of the
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This material is available free of charge via the Internet at
http://pubs.acs.org.
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