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Weak Antilocalization in Epitaxial Graphene: Evidence for Chiral Electrons
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Transport in ultrathin graphite grown on silicon carbide is dominated by the electron-doped epitaxial
layer at the interface. Weak antilocalization in 2D samples manifests itself as a broad cusplike depression
in the longitudinal resistance for magnetic fields 10 mT < B <5 T. An extremely sharp weak-
localization resistance peak at B = 0 is also observed. These features quantitatively agree with graphene
weak-(anti)localization theory implying the chiral electronic character of the samples. Scattering con-
tributions from the trapped charges in the substrate and from trigonal warping due to the graphite layer on
top are tentatively identified. The Shubnikov—de Haas oscillations are remarkably small and show an

anomalous Berry’s phase.
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The extraordinary transport properties of carbon nano-
tubes [1], graphene [2—4], and graphene ribbons [5] make
this an exciting and promising new material for nanoelec-
tronics. Epitaxial graphene (EG) grown on silicon carbide
substrates can be patterned using standard lithography
methods and is robust and reproducible. Their transport
properties reflect those previously observed in deposited
microscopic single graphene sheets from exfoliated graph-
ite. In both cases, the special transport properties have their
origin in the chiral nature of the charge carriers, causing
reduced backscattering [6] and an anomalous quantum
Hall effect [7,8]. Chirality is due to the equivalence of
the A and B sublattices of graphene, which produces two
inequivalent Dirac cones at opposite corners of the
Brillouin zone at K and K’. Consequently, the wave func-
tions have an additional isospin quantum label. On a
specific cone, the isospins of oppositely directed electrons
are also reversed. Hence, isospin conserving (IC) scattering
processes (i.e., long-range scatterers that do not distinguish
between A and B atoms) cannot backscatter the charge
carriers, reducing the resistance caused by those scatterers.
The effect diminishes in a magnetic field, resulting in a
positive magnetoresistance. This weak antilocalization
(WAL) effect is a signature of the isospin. It stands in
contrast to the usual the weak-localization (WL) effect,
characterized by a negative magnetoresistance, which oc-
curs in these materials at point defects that locally break
the sublattice degeneracy, thereby causing intervalley scat-
tering (from one Dirac cone to the other). Note that due to
the A-B stacking in graphite, the sublattice degeneracy is
lifted so that WAL is neither expected nor observed.

We show here evidence for WAL in two-dimensional
thin graphitic layers grown on single-crystal silicon car-
bide. The effect is quantitatively in agreement with recent
graphene WAL theory demonstrating the isospin character
of the charge carriers in epitaxial graphene [9]. In pat-
terned, quasi one-dimensional epitaxial graphene struc-
tures, we recently demonstrated quantum confinement
effects, exceptionally high mobilities, and evidence for
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an anomalous Berry’s phase [5]. Transport is dominated
by the interface layer, which due to the built-in electric
field, is charged with an electron density n = 3.4 X
10'?2 cm™2,

In two-dimensional graphene, depending on the relative
magnitude of the intervalley scattering time 7;, and the
phase coherence time T4 either WL or WAL has been
predicted [6]. The phase interference correction to the
resistance depends on the nature of the disorder [9,10]. In
Ref. [9], McCann et al. point out that WAL is suppressed
by any scattering mechanism that changes isospin, as well
as the warping term in the Hamiltonian.

For epitaxial graphene samples in this study, elastic
scattering favorable for WAL can be caused by remote
charges like the counterions in the substrate. On the other
hand, atomically sharp disorder (i.e., local defects and
edges) causes intervalley scattering and gives rise to WL.
Finally, trigonal warping tends to suppress the WAL.
Trigonal warping can be caused by the interlayer interac-
tions of a graphene sheet on top of the EG layer. Hence,
scattering from each of the three components of the EG
system is expected to contribute to the MR.

In the case that IC scattering dominates, the correction to
the sheet magnetoresistance can be expressed as [9]
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In contrast, the correction to the magnetoresistance in
conventional 2D metals due to the weak-localization is
given by [11]
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Here, V¥ is the digamma function, 7 is the transport time
[9], 7, is the warping-induced relaxation time, 75 =
h/2eDB, where D is the diffusion constant. Equation (1)
shows that the amplitude of the WL peak at B = 0 depends
on ;. Another important implication is that WAL can
manifest itself in relatively high magnetic fields (i.e.,
where mainly short return trajectories contribute to the
interference correction), even in the presence of significant
intervalley scattering. Qualitatively, in that case the long
tail of the negative, MR will ultimately give way to a
positive MR at high fields. In other words, the MR will
have a sharp peak at B = 0 and a positive slope at higher
fields. All of these interference corrections to the resistance
diminish with increasing temperature due to the reduction
of the phase coherence time.

An earlier study of a quasi-1D EG ribbon shows a high
mobility and a long coherence length [5]. In that case, edge
scattering was shown to dominate the electron transport.
Also, a sharp MR peak near B = 0, consistent with 1D
WL, was observed. This is consistent with intervalley
scattering from the graphene edges which is favorable for
producing a WL peak.

In this Letter, we report evidence for WAL in 2D EG.
Because of the epitaxial growth, the EG layer is of high
crystalline quality [12] and protected from the environment
by the graphite over layer. Ultrathin graphite layers were
made by thermal decomposition of single-crystal silicon
carbide on the 0001 face. Unlike graphite, which consists
of A-B stacked graphene planes, our samples show evi-
dence for azimuthal orientational disorder as seen in low
energy electron diffraction and grazing incidence x-ray
diffraction [13]. The graphene symmetry is preserved.
Graphite layers were patterned to produce a standard
Hall bar 100 wm X 1000 pm in size. The wired samples
were placed into a He* cryostat providing temperatures
down to 1.4 K. Standard four-point measurements were
carried out using a lock-in amplifier. A magnetic field was
applied perpendicular to the graphene layer. Applying a
magnetic field parallel to the graphene layer diminished the
magnetoresistance to 1.5% of its perpendicular-field value.
This establishes an upper limit to the angular dispersion of
the normal EG layer of 60 = 0.015. A detailed analysis on
the WL peak in a perpendicular and parallel magnetic
fields gives a smaller upper limit: 66 = 0.006. The trans-
port electron density 3.8 X 1012 cm™2 was determined
from the Shubnikov—de Haas (SdH) oscillations. The
low-field Hall slope is 137 /T, corresponding to a Hall
electron density of ny = 4.6 X 1012 cm™2, which agrees
with the density from SdH oscillations.

In contrast to 1D samples, in 2D films, edge scattering is
significantly reduced, and universal conductance fluctua-
tions are absent. The WL is strongly suppressed, and a
positive MR in the intermediate field region is observed.
These properties are reflected in the model developed by
McCann et al. (Eq. (1)).

We have studied two samples, and both displayed simi-
lar behavior. Figure 1 shows the low-field resistance (B <

35 mT) of one sample for temperatures ranging from 1.4 K
to 50 K, which consists of a temperature dependent peak
around zero field and a temperature independent parabolic
component. As conventional, to bring out the temperature
dependent part of the MR, the 50 K data (for which the
peak is absent) is subtracted from the lower temperature
data R*(B,T) = R(B, T) — R(B, 50 K), and then the tem-
perature dependent MR is calculated by AR" =
R*(B,T) — R*(0, T). An extremely sharp WL peak at B =
0 (upper-right inset of Fig. 2) indicates a long phase
coherence length (see below). As expected, the amplitude
of the WL peak decreases while its width increases with
increasing temperature as a result of the reduction of the
phase coherence length. An attempt to fit the WL peak
using conventional WL theory is shown in Fig. 2. Here a
scaling factor @ ~ 0.3 was introduced to obtain a reason-
able fit about B = 0. This factor suggests that the WL is
suppressed [14].

However, an important deviation in AR* from conven-
tional WL theory is observed at fields above 20 mT where
AR* increases with increasing field up to B =4 T. This
temperature dependent positive MR is a clear signature of
WAL as discussed above [15]. Moreover, the entire MR
behavior is described very well by Eq. (1). Both the high-
field behavior of the MR, which is dominated by WAL for
B >20 mT, and the low-field behavior for B <20 mT,
which is dominated by WL [9], are convincingly repro-
duced (the fits are shown in Fig. 2 and the left inset). To
produce this fit, we reasonably assumed that 7;, and 7,, are
temperature independent, while 7, is temperature depen-
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FIG. 1. Low-field magnetoresistance for a sample of 100 um
by 1000 wm at various temperatures. The inset: the magnetore-
sistance peak near B = 0 can be seen when sweeping the field
from —20 mT to 20 mT at 1.4 K. The electron mobility is
11600 cm?/V's. The transport time 7~ 0.26 ps is inferred
from the resistivity.
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FIG. 2. Fit of low-field AR* at 4.2 K to two models. AR" is the
magnetoresistance after subtracting a background as described in
the main text. Open circles are the data. Dashed line is a fit to the
WL theory for a normal 2D metal (Eq. (3)). A scaling factor a ~
0.3 is introduced in order to fit data,; nevertheless, an acceptable
fit can only be obtained below 20 mT. Solid line is a fit to the
model by McCann et al. (Eq. (1)). The fit shows a good
agreement for the entire range of field. Right inset: dash-dotted
line, AR* for T=14K,42 K, 7K, 10K, 15K, 20 K, 30 K
from bottom to top, solid line, fits to Eq. (1). Left inset: plot of
the main panel extended to 4 T.

dent. We find that 7;, and 7, are 1.0 ps and 0.28 ps,
respectively. The temperature dependence of the phase
coherence time 74 is plotted in Fig. 3. The coherence
time is proportional to the inverse temperature, which in
2D is an indication that the dominant phase-breaking
mechanism is e-e scattering. This is consistent with our
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FIG. 3. Phase coherence time 7, as a function of inverse
temperature 1/7. 7, is obtained by a best fit to Eq. (1) for
each temperature while 7;, and 7,, are the same for all tempera-
tures. Solid line is a guide to the eye.

previous results [5] and provides additional support for
Eq. (1). (The deviation from linearity at the lowest tem-
perature suggests a saturation of the coherence time. This
is seen not only in our samples [5] but in 2D electron gases
in general [16]. There is still no consensus on its origin). To
the best of our knowledge, this constitutes the first experi-
mental evidence for WAL in graphene [17]. We reiterate
that graphite shows normal WL [14,18] so that the WAL
relates to the epitaxial graphene layer, and consequently
these layers can be used to study the intriguing properties
of chiral electrons.

The temperature dependence of the e-e scattering time
can be expressed as [19]

_ 2EFT l
ks I(T/T;) T

where E is the Fermi energy, kg T; = n’D3k*€?/e*, € and
k are the dielectric constant and screening constant, re-
spectively. At low temperatures, the In7 dependence is
usually negligible and 7,, =~ C/T. The screening constant
in 2D is given by k = 87Ne? /€, where N is the density of
states per spin per valley. For graphene, N = ky/hvy and
€ =~ 3.28. So, we estimated x = 9.2 X 10° cm™!. We find
that T}, =~ 2.7 X 10'° K so that C = 63 psK, which is of
the same order as the value of 20 ps K obtained from the
plot in Fig. 3. Considering the complexity of Eq. (3), this is
a remarkable agreement, which, again, supports the fit to
Eq. (1).

Apparently, IC scattering is the dominant elastic scatter-
ing mechanism in 2D epitaxial graphene giving rise to the
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FIG. 4. Landau plot (Landau index n vs 1/B) of the peaks of
the SdH oscillations up to 9 T at 4.2 K (solid square). The solid
line corresponds to a linear fit, which gives a magnetic frequency
of 39 T and an intercept of 0.03 £ 0.17 on the n axis, indicating
the anomalous Berry’s phase. Right inset: resistance as a func-
tion of the magnetic field at 7 = 4.2 K. Left inset: small SAH
oscillations revealed after subtracting a quadratic background
from the measured resistance that is plotted in the right inset.
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extended WAL depression. It is likely to be caused by the
long-range interactions with the counterions (‘“holes’”) in
the substrate. The isospin symmetry breaking, intervalley
scattering events are apparently relatively rare (i.e., scat-
tering times are long) since WL effects are only observed at
weak fields indicating that only long return trajectories
involve such a scattering events. This is consistent with
the high crystalline purity and the absence of edges in the
2D material. In contrast, in 1D samples edge scattering
dominates. On the other hand, it should be expected that
the IC scattering becomes ineffective in quasi-1D ribbons
due to forbidden backscattering [6] (which is why carbon
nanotubes tend to be ballistic conductors [1]). In fact, we
were not able to detect WAL in 1D ribbons (e.g., Ref. [5]).

After subtracting a quadratic background, extremely
small but well-defined SdH oscillations (less than 0.2%)
are observed in the high-field resistance at 4.2 K (insets of
Fig. 4). The Landau plot for the maxima of the resistance
SdH oscillations (Fig. 4) shows a linear trend yielding a
magnetic frequency By = 39 T, from which we have de-
duced the carrier density. The almost zero intercept on the
n axis indicates a Berry phase of 7, consistent with gra-
phene (see also Ref. [5]). In this case, the small amplitude
of SdH oscillations cannot be caused by a short scattering
time 7 because 7 ~ 0.26 ps, is longer than those in Ref. [3],
where SdH oscillations even evolved into a quantum Hall
effect. More striking is that the SdH amplitudes in 2D
samples are much smaller than the SdH amplitudes in 1D
samples (c.f. Ref. [5]). We find that the amplitudes are
approximately inversely proportional to the sample width.
This observation leads to the interesting speculation that in
graphene scattering from atomically sharp defects enhan-
ces the SdH oscillation amplitudes, and consequently, that
such local defects are also required to produce the integer
quantum Hall effect. Apparently, in our 2D samples, the
defect density of intervalley scatterers in the bulk is too low
to produce large SdH oscillations or an integer quantum
Hall effect.

In summary, epitaxial graphene exhibits a number of
graphene properties. The isospin degeneracy that causes
both weak antilocalization as well as the anomalous
Berry’s phase is a graphene property that is not present
in graphite. It appears that the 2D bulk scattering in EG
causes WAL and is dominated by valley symmetry con-
serving processes, consistent with scattering from long-
range potentials arising from charges in the substrate.
WL appears to be primarily caused by isospin symmetry
breaking scattering, for example, from edges. Trigonal
warping scattering due to the graphite layer on top of the
EG could explain the reduction of the WAL. The extremely
small SdH amplitudes (which preclude the quantum Hall
effect) may be directly related to the scattering processes in
the 2D bulk EG.
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