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Approaching the Dirac Point in High-Mobility Multilayer Epitaxial Graphene
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Multilayer epitaxial graphene is investigated using far infrared transmission experiments in the different
limits of low magnetic fields and high temperatures. The cyclotron-resonance-like absorption is observed
at low temperature in magnetic fields below 50 mT, probing the nearest vicinity of the Dirac point. The
carrier mobility is found to exceed 250 000 cm?/(V - s). In the limit of high temperatures, the well-defined
Landau level quantization is observed up to room temperature at magnetic fields below 1 T, a phenomenon
unusual in solid state systems. A negligible increase in the width of the cyclotron resonance lines with
increasing temperature indicates that no important scattering mechanism is thermally activated.
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The quality of electronic systems, measured in terms of
the carrier mobility, and determined by carrier scattering
processes, is a major issue in material science both from a
fundamental physics and an applications point of view.
This issue is now critical for further progress in the re-
search on 2D allotropes of carbon [1-5]. In exfoliated
graphene, charged impurities are recognized as the domi-
nant source of scattering in transport experiments [6—8].
The presence of charged impurities even prevents experi-
ments in the vicinity of Dirac point, due to the electron and
hole puddles which inevitably emerge in these samples
when lowering density [9]. Recently, the first experiments
on suspended graphene [10,11], showed a promising way
to come closer to Dirac point, but nevertheless, the exact
role of individual scattering mechanisms, especially close
to Dirac point, together with the nature of the minimum
conductivity remains unclear [12-16].

In a parallel track to the exfoliated-graphene research,
equivalent problems arise in the study of epitaxial gra-
phene. Multilayer epitaxial graphene (MEG) can be rela-
tively easily thermally decomposed from SiC on the
C-terminated surface and consists of electrically decoupled
graphene layers [17,18]. It is highly conducting in the very
close vicinity of the interface with SiC, as a result of charge
transfer from SiC [4,19]. The subsequent layers are practi-
cally neutral [20]. Electrical measurements on epitaxial
graphene samples probe mostly the low resistance inter-
face layers. However, the quasineutral part of the MEG can
be investigated by far infrared (FIR) optical absorption
technique in an applied magnetic field [20].

By analogy with room-temperature ballistic transport in
carbon nanotubes [21], very high mobilities are expected
for graphene at room temperature. This is indeed suggested
by the investigation of the temperature dependence of the
extrinsic and intrinsic scattering mechanisms in exfoliated
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graphene [22] and in the weak temperature dependence of
the resistance in epitaxial graphene [4].

In this Letter, we focus on carrier scattering processes in
the majority graphene layers with a low carrier concentra-
tion and show their extraordinary quality, expressed by the
temperature independent carrier mobility in excess of
250000 cm?/(V -s). This information is extracted from
the analysis of inter-Landau level (LL) transitions which
are investigated in the relevant limits of high temperatures
and low magnetic fields.

The investigated sample was prepared by thermal de-
composition from a 4H-SiC substrate [1] and contains
around ~100 graphene layers. Its micro-Raman scattering
characteristics are similar to those reported in Ref. [23].
The measured 2D band with the linewidth of ~20 cm™!
(laser spot of diameter ~3 wm) is exceptionally narrow
compared to observations on exfoliated graphene [24]. To
measure the FIR transmittance of the sample, the macro-
scopic area of the sample (~4 mm?) was exposed to the
radiation of a globar or mercury lamp, which was analyzed
by a Fourier transform spectrometer and delivered to the
sample via light-pipe optics. In experiments performed at
T = 2.0 K, the light was detected by a composite bolome-
ter placed directly below the sample, while at higher
temperatures an external bolometer was used. All pre-
sented transmission spectra are normalized by the sample
transmission at B = 0.

The low temperature FIR transmission spectra,
shown in Fig. 1, are typical of the optical response of
MEG [20]. Considering the LL spectrum in graphene:
E, = sgn(n)¢«/2ehB|n|, four absorption lines, denoted
by arrows in the inset of Fig. 1(a) and showing a
\/E—scaled blueshift, can be identified as inter-LL transi-
tions L_,, — L,y and L_(,,41) — L,, with m =0, 1, 2
and 3. The corresponding Fermi velocity was evaluated as
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FIG. 1 (color online). Part (a) The FIR transmission T plotted
as — InT as a function of the magnetic field at 7 = 2.0 K. The
dashed lines denote the expected transitions for ¢ =
1.02 X 10° m - s~!. The inset shows the transmission spectrum
at B = 0.3 T. Part (b): FIR transmission taken at 7 = 2 K in low
magnetic fields. Successive spectra are shifted vertically by 0.05.
The part (c) shows the peak position, width and area for the
L_ ) — Lo transition. The dashed line in part (c) is a least
squares fit to the peak positions.

¢=(1.02%20.01) X 10°m-s~!. No deviations from the
single particle model due to many-body effects are found
in MEG in contrast to recent experiments performed on
exfoliated samples [25,26]. Notably, the spectra of this
~100 layer sample present no transitions symmetric
around Dirac point (L_,, — L,,) which are characteristic
of bulk graphite [27].

Henceforward, we focus on the main line in the spectra,
Lo—1) — Ly, which necessarily corresponds to transi-
tions from or to the vicinity of the Fermi level. Following
this transition with the magnetic field, we find no deviation
from the \/E scaling down to B ~ 40 mT when the line is
centered at an energy of = 7 meV. The FIR experiment
thus allows to probe the very close vicinity of Dirac point,
hardly accessible in the current transport experiments
[4,10,11], and also shows that the linearity of the density
of states is preserved down to a few meV from the Dirac
point. The disappearance of the line below B ~ 40 mT
gives an estimate of the LL filling factor v = 6 at this

field with the corresponding carrier density of ny = 5 X
10° cm™2. The possible remanent field of the solenoid of
=5 mT limits the accuracy of this estimation to 10%. Note
that this density is about 3 orders of magnitude smaller
than the density measured in transport for equivalent
samples [1,4,28], but electrical conductance is governed
by highly doped graphene layer(s) close to the SiC sub-
strate. While the FIR experiment probes all layers in the
sample, the strongly doped layer(s) give no contribution to
the spectra in the presented region of energies and mag-
netic fields.

The shape of the main line can be well reproduced by a
simple Lorentzian curve. The results of the fitting proce-
dure are shown in Fig. 1(c), where the peak position, area
and width are plotted as a function of VB. Both the peak
position and the area show a linear increase with VB, in
agreement with expectations for a single graphene layer
[20]. The latter also suggests a relatively good homoge-
neity of the carrier density, as the significant presence of
more doped regions would result in a superlinear rise. An
interesting evolution with magnetic field is seen for the
linewidth SFE. Starting from 6F ~ 4 meV at the lowest
magnetic field B = 60 mT, where the line-shape analysis
is possible, the width increases nearly linearly with VB up
to almost 8 meV at 1 T. At higher magnetic fields, the
increase continues but as a sublinear function of \/E The
observed broadening cannot result from the electron-hole
asymmetry, where a broadening which varies linearly with
B is expected [29]. The \/E—dependent broadening of LLs
was suggested by Shon and Ando [12] for the case of both
short- and long-range scatterers, whose strength is inde-
pendent of carrier density. Whereas the short-range scat-
terers should induce an identical broadening of all LLs, the
n = 0 LL should be broadened by a factor of /2 more than
other LLs for long-range scatterers. As the width of the
main line is not enhanced compared to the other transi-
tions, short-range scattering is probably dominant here.

To compare our results with the recent transport experi-
ments, a simple estimation of the scattering time, mobility
and conductivity are presented. From the width of the main
transition 8, the carrier scattering time can be estimated
using 7 = 2h/8E [25,30]. The scattering time, obtained
for our macroscopic sample, is 7 ~ 300 fs at low magnetic
fields (0F =~ 4 meV) and decreases with increasing B to
7~150fs at B=1T (6E = 8 meV). Equivalent scat-
tering times 7~ 200 fs are nowadays reported for
single-flake graphene on a Si/SiO, substrate at densities
around 10'> cm™?2 but this time decreases rapidly with
decreasing carrier density [13]. The scattering time of
T~ 260 fs was also reported in charged graphene layer
(4 X 10" cm™~?) at SiC/graphene interface [28]. Recently,
scattering times 7 ~ 100 fs were achieved at density down
to ~10'° cm~? in suspended graphene [10,11].

The lowest field of B =40 mT for which the well-
defined absorption line is observed at iw. = 7 meV al-
lows an independent estimation of the lower bound for 7,
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and the mobility w. The semiclassical condition w,.7 > 1
gives a minimum relaxation time 7> /7 meV = 100 fs
independent of but in a good agreement with the previous
estimation based on the linewidth S6E. The condition
w,.7 > 1 can be rewritten as uB > 1, which leads to the
mobility x> 0.25 X 10° cm?/(V - s). Note that this value
represents only the lowest bound, as the main absorption
line disappears from the spectrum due to the complete
filling (depopulation) of n = 1 (n = —1) LL and not due
to the LL broadening. It remains an open question how this
mobility would evolve with increasing carrier density,
since the scattering mechanisms are different from those
in exfoliated graphene, where ionized impurities dominate
and the mobility remains nearly constant [10,11,13,16].
To estimate the conductivity, we can use the relation
o(g) = (¢?/2)D(e)é*r from Boltzmann transport theory.
This formula is applicable for graphene systems with a
homogeneous density of carriers [7,8], fulfilled in our case,
but distinctive deviations from a presumably more precise
self-consistent Born approximation are predicted in the
immediate vicinity of Dirac point [12]. To calculate the
density of states D(g), we recall that no deviation from the
VB scaling of the position of the main line is observed, and
thus the expression D(e) = g,g,lel/(2mé*h?) remains
valid down to a few meV from Dirac point, where g, =
g, = 2 denote the spin and valley degeneracy, respec-
tively. Finally, we obtain the conductivity in the form
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FIG. 2 (color online). Temperature dependence of the trans-
mission spectra taken at B = 0.8 and 1.0 T in parts (a) and (b),
respectively, showing the L_ ;) — L) transition up to room
temperature. The blue curves represent the Lorentzian fits whose
parameters are plotted in Fig. 3. Successive spectra in both parts
are shifted vertically by 0.15.

o(e) = (2¢?/h)|e|(t/h). At very low magnetic field,
when the LL quantization energy is comparable to the
LL broadening, we find E = 2h/7 —= 3 meV and the
Fermi level |e| — ¢h./mn; = 8 meV which implies a
zero-field conductivity o = (4e?/h)(|e|/SE) = 10e?/h,
slightly larger than the minimum conductivity reported in
Refs. [2,3,13], but corresponding to conclusions for rela-
tively clean samples [14,16].

Having discussed the spectra taken at 7 = 2.0 K, we
turn our attention to measurements at elevated tempera-
tures in Fig. 2, where we can follow the L_;g — Lo
transitions at B = 0.8 and 1.0 T in the temperature interval
T = 15-275 K. Apart from an apparent decrease in the
absorption line intensity, no other effects are noticeable.
Hence, the well-defined LLs are unusually observed in
graphene at room temperature and for magnetic fields
below 1 T [31], much lower than reported up to now
[32]. The blue curves in Fig. 2 are Lorentzian fits to the
data, and the obtained parameters, the peak position, width
and area are plotted in Fig. 3. The constant position of the
absorption line shows that the Fermi velocity is indepen-
dent of temperature. The extremely weak increase of the
linewidth shows that no important scattering mechanism is
thermally-activated, indicating that the mobility u >
0.25 X 10° cm?/(V - s) remains practically unchanged up
to room temperature. For comparison, the mobility in
standard 2D GaAs systems at room temperature does not
exceed 10* cm?/(V -s), being intrinsically limited by
electron scattering on optical phonons [33]. Scattering on
neutral centers is likely the predominant scattering mecha-
nisms in the investigated graphene layers which are well
separated from the substrate and screened by highly con-
ducting interface graphene sheets. Such mechanism is
consistent with the above discussed observation of the
nearly VB dependence of the linewidth. For comparison,
the scattering on ionized impurities determines carrier
mobility in exfoliated graphene, which in contrast may
lead to a temperature dependent mobility at high tempera-
ture, in case of a nondegenerate gas.

The decrease in the strength of the transition can be
understood by considering the influence of the thermal
population and depopulation of LLs on the probability of
the absorption process. The probabilities for the transitions
Ly— L;and L_; — L are expressed as Py_,; < (fo— f1)
and P_;_g o (f_; — fo), respectively, yielding the total
probability P o (f_; — f;), where f, is the occupation of
the n-th LL. Assuming undoped graphene (E = 0), the
relative decrease in the intensity of the main absorp-
tion line can be written as I(T) = 1-2f, which repro-
duces the data in Fig. 3(c) extremely well. To calculate
f1, the optically determined Fermi velocity ¢=1.02 X
10°m-s~! was used. Hence, the only pronounced effect
observed in our FIR spectra with increasing temperature is
a population effect due to the thermal excitation of carriers.

In summary, MEG has been investigated using LL spec-
troscopy in low magnetic fields and at temperatures rang-
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FIG. 3 (color online). Parameters of the Lorentzian fits to the
transmission spectra in Fig. 2. Red and blue color represent data
for B = 0.8 and 1.0 T, respectively. Whereas position and width
of absorption lines in parts (a) and (b) show none or a very weak
temperature dependence, the peak area in the part (c) decreases
with 7', nearly following the theoretical expectation 1-2f; shown
by solid lines. The inset schematically shows the LL occupation
and dipole-allowed transitions between adjacent LLs at finite
temperature in undoped graphene.

ing from 2 to 275 K. Well-defined inter-LL transitions are
observed at low temperatures down to magnetic fields of
40 mT. The LL spectroscopy thus probes the electronic
states in the immediate vicinity of Dirac point, which are
hardly accessible in experiments on exfoliated graphene
[10,11,13,16] due to the inevitable presence of electron-
hole puddles. The conductivity of nearly neutral MEG
deduced from our optical data is found to be consistent
with recent theory [8,14]. The temperature-independent
width of the spectral lines, which arises from the
temperature-independent LI broadening, indicate very
weak thermally activated scattering processes. Therefore,
the carrier mobility in excess of 250000 cm?/(V - s), eval-
uated from low temperature data, remains practically con-
stant with increasing temperature, confirming the recent
expectations of record room-temperature mobilities in gra-
phene [22]. MEG is an interesting material to probe the
properties of Dirac particles in the immediate vicinity of
Dirac point and has a potential as a platform for high
performance graphene-based electronics. However, real-

ization of any electric transport experiments on nearly
neutral MEG will require passivation of the highly con-
ducting graphene interface layers. Encouraging research
along these lines is already underway [34].
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