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We show that the manifestation of quantum interference in graphene is very different from that in
conventional two-dimensional systems. Because of the chiral nature of charge carriers, it is not only
sensitive to inelastic, phase-breaking scattering, but also to a number of elastic scattering processes. We
study weak localization in different samples and at different carrier densities, including the Dirac region,
and find the characteristic rates that determine it. We show how the shape and quality of graphene flakes
affect the values of the elastic and inelastic rates and discuss their physical origin.
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The quantum correction to the conductivity of two-
dimensional systems due to electron interference has
been studied for more than 20 years [1,2]. This phenome-
non of weak localization (WL) has become a tool to
determine the processes responsible for electron dephasing
due to inelastic electron scattering or scattering by mag-
netic impurities [2,3]. In this well-established field of
research it comes as a surprise to discover that in a new
two-dimensional system, graphene [4], WL does not fol-
low the standard convention that it is only controlled by
inelastic and spin-flip processes. First attempts to measure
WL in graphene have produced contradictory results that
tentatively point towards this unusual behavior [5–7].
Measurements on graphene flakes fabricated by mechani-
cal exfoliation [5] have shown that in the majority of
samples WL is totally suppressed. In contrast, in a sample
fabricated by an alternative, epitaxial method, WL has
been distinctly seen, albeit at a single (high) carrier density
[7].

The theory of WL in graphene [8] predicts a remarkable
feature: it should be sensitive not only to inelastic, phase-
breaking processes, but also to different elastic scattering
mechanisms [8–10]. The reason for this is that charge
carriers in graphene are chiral, that is, they have an addi-
tional quantum number (pseudospin) [11]. Elastic scatter-
ing that breaks the chirality will destroy the interference
within each of the two graphene valleys in k space. Such
defects, characterized by the scattering rate ��1

s , include
surface ripples, dislocations and atomically sharp defects
[5,10]. Intravalley WL can also be destroyed by anisotropy
of the Fermi surface in k space, so called ‘‘trigonal warp-
ing‘‘ [8], characterized by the rate ��1

w . There is one elastic
process, however, which acts to restore the suppressed
interference. This is intervalley scattering, which occurs
at a rate ��1

i on defects with size of the order of the lattice
spacing a. As the two valleys have opposite chirality and
warping, intervalley scattering is expected to negate the
chirality breaking and warping effects by allowing inter-
ference of carriers from different valleys.

In this work we aim to examine what factors are respon-
sible for the manifestation of WL in graphene fabricated by

mechanical exfoliation [4]. We study the magnetoconduc-
tivity (MC) in perpendicular fields of several samples with
different quality and dimensions, with the aim to control
the relation between the scattering rates of carriers. These
studies are performed at different carrier densities con-
trolled by a gate voltage Vg, which include densities around
the Dirac point at Vg � 0. This point is special as about it
there is a change of the type of carrier from electrons to
holes and therefore the net carrier density is zero. The
conductivity, however, is seen to remain at a finite value
and not drop to zero [12].

Figure 1 shows the resistivity as a function of Vg of four
samples with different shapes and mobilities: D, F1, F2,
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FIG. 1 (color). Resistivity of graphene flakes as a function of
Vg at T � 0:25 K. The mobilities (in cm2 V�1 s�1) of the
samples outside the Dirac region: 5100 (D), 7500 (F1), 10 000
(F2), and 8000 (B). The insets show the first quantum Hall
plateau, where filling factor � � nh=4eB. The right panel shows
scanning electron micrograph images of the samples, where the
positions of the contacts are shown as outlines. The diagram at
the foot of this panel shows the graphene sample on n�Si
substrate (purple), covered by 300 nm SiO2 (blue) and contacted
by Au=Cr (yellow). Control of the carrier density n is achieved
by Vg.
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and B, each with a typical peak around the Dirac point.
Sample D is a square flake; F1 and F2 are rectangular with
similar width to, but length larger than D; B is a narrow
strip of similar length to F1 and F2 but with much smaller
width, Fig. 1 (right). Insets in Fig. 1 demonstrate measure-
ments of the first quantum Hall plateau, which shows a
half-integer step �0:5� 4e2=h�—a clear indication that the
samples are single-layer graphene [12]. We wanted to see
what difference the shape of the samples will make to the
WL—e.g., the narrowest sample B is expected to have the
largest scattering rate ��1

i , as the edges could produce
strong intervalley scattering. To understand the relation
between the scattering and the details of the graphene
surface, the electrical measurements have been com-
plemented by atomic force microscope (AFM) imaging
of the sample topography, which have shown the presence
of ripples, and additional rapid folds (ridges) across
sample B [13].

In order to study the conductivity correction caused by
WL we must first account for the reproducible conductance
fluctuations clearly seen in Fig. 1. They are also present as
a function of magnetic field B and are caused by the fact
that the graphene flakes are small (comparable to the
dephasing length L�), so that the average effect of WL is
of the same order as the fluctuations which have the same,
quantum interference origin [2]. We use the procedure
developed in [14] in the study of WL in bilayer graphene:
R�Vg� is measured at different B and the results are aver-
aged over a range �Vg � 2 V shown in Fig. 1 by boxes
which contain a large number of fluctuations [13]. Ex-
amples of the obtained average MC,4��B�� h��Vg;B��
��Vg;0�i�Vg , are shown in Fig. 2 for different samples. For
the analysis of the results we use the theory [8] which
predicts that the MC is controlled by several scattering
rates, both inelastic (��1

� ) and elastic (��1
i , ��1

s , ��1
w ):
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Here F�z� � lnz�  �0:5� z�1�,  �x� is the digamma
function, ��1

B � 4eDB=@, ��1
� is the phase-breaking rate

and ��1
� � ��1

s � �
�1
w . (The theory assumes that the mo-

mentum relaxation rate ��1
p is the highest in the system and

comes from the Coulomb charges in the SiO2 substrate and
not atomically sharp defects, so that it does not affect the
carrier chirality.) The first term in Eq. (1) is responsible for
weak localization, while the terms with negative sign can
result in ‘‘antilocalization.’’

We have found that among the different possible rela-
tions between the scattering rates, the following holds in all
studied samples: the intravalley WL is strongly suppressed
due to a large rate ��1

� , which approaches ��1
p ; however,

WL is clearly seen in all regions of the carrier density, due

to significant intravalley scattering, ��1
i 	 �

�1
� . At the

same time, the shape of the MC curves can be very differ-
ent as it is controlled by the interplay between all scattering
rates involved, Fig. 2. Comparing two regions of carrier
densities for square sample D [Dirac region (a) and elec-
tron region (b)] one can see that in (a) the curves have a
much stronger downturn, indicating greater importance of
the third (antilocalizing) term in Eq. (1) due to smaller rate
��1
� . For two geometrically similar samples F1 and F2 in

Fig. 2(c), it is seen that sample F2 (with largest mobility)
has a more rapid increase of the conductivity in smaller
field (due to smaller ��1

� ) and more rapid downward turn of
the curves at larger fields (due to smaller ��1

i ). For the
narrow sample B, Fig. 2(d), the MC curves do not turn
down at all, indicating a very fast intervalley rate ��1

i and
therefore unimportance of all terms in Eq. (1) apart from
the first.

Figure 3 shows the temperature dependence of the char-
acteristic lengths found from the analysis of the MC by the
best fit with Eq. (1). Figures 3(a) and 3(b) compare the
results for the Dirac and electron regions for sample D,
where it is seen that L� is temperature dependent at high T
(
3 K) but saturates at a value Lsat

� at low temperatures.
Figures 3(b) and 3(d) compare the results for samples D
and F2 at close values of carrier densities outside the Dirac
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FIG. 2 (color online). Magnetoconductivity observed in gra-
phene flakes. (a) Dirac region of sample D, jVgj & 1 V, n &

7� 1010 cm�2; (b) sample D, Vg ’ 14 V, n ’ 1012 cm�2 (the
legends of (a) and (b) are the same); (c) samples F1 and F2 at
T � 1 K, Vg ’ 10 V, n ’ 7� 1011 cm�2; (d) sample B, Vg ’
11 V, n ’ 8� 1011 cm�2. Lines are best fits to Eq. (1).
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region. Sample F2 is about 3 times longer, and one can see
that Lsat

� is larger in the longer sample F2. (In sample B,
Lsat
� has also been found to be larger than in sample D.)

This clearly implies that the reason for the saturation is a
limitation imposed by the sample size, and not by scatter-
ing from a small, uncontrolled number of magnetic impu-
rities [3].

In the Dirac region Lsat
� has been found to have a smaller

value than at larger carrier densities. (It is interesting to
note that the narrow sample, B, shows the biggest decrease
of Lsat

� in the Dirac region, while the square sample, D, the
smallest.) This decrease can be related to the inhomoge-
neity of the sample at low carrier densities. It can result in
formation of electron-hole puddles, so that at Vg � 0 there
are equal densities of electrons and holes and not zero
density of each type of carrier. Inhomogeneity can modify
the geometry of conducting paths and decrease the effec-
tive dimensions of the sample, resulting in a smaller value
of Lsat

� .
The temperature dependence of L� contains information

about the inelastic mechanism responsible for the dephas-

ing of charge carriers. There are suggestions that electron-
electron (e-e) interaction, the main mechanism of dephas-
ing at low T, is different in graphene compared with other
systems [15]. To examine this we have analyzed the
T-dependence of the dephasing rates found from analysis
of the WL. Figure 3(c) shows the phase-breaking rate in
different density regions of sample D. (To find ��1

� we use

the relation L� � �D���1=2, where the diffusion coeffi-
cient D � vFl=2 is determined from the mean free path
l � h=2e2kF�. For the Dirac region, where the puddles can
be formed, the value of the Fermi wave number kF (inside
the puddle) is simply estimated at the boundary of the
region where the MC is studied, jVgj � 1 V, Fig. 1). Our
results show that electron dephasing rate obeys the usual,
linear T-dependence for e-e scattering in the ‘‘dirty limit’’,
T�p < 1 [1]: ��1

’ � �kBT lng=@g, where g � �h=e2. (In
our samples the parameter T�p varies from 0.002 to 0.4 in
the studied temperature range 0.25–25 K.) The empirical
coefficient � is found to be between 1 and 2 in all studied
regions and all samples. Therefore, we can conclude that
while electron interference in graphene is significantly
different from other systems, e-e interaction does not
show unconventional behavior.

In addition to the analysis of the WL, we have also
analyzed conductance fluctuations as a function of B and
Vg using standard relations in terms of L� [2]. This analy-
sis has given values of L� close to those found from the
analysis of WL [13].

Now let us discuss the behavior of the elastic, intervalley
length Li which we have verified to be essentially T
independent in all samples. In samples D, F1, and F2 the
found Li is comparable to the width of the samples (ap-
proximately half the width). This means that, indeed, the
sample edges make significant contributions to intervalley
scattering. This is consistent with the fact that the narrow-
est sample B has shown the smallest value of Li. However,
the value of Li for sample B is about 3 times smaller than
the sample width. This can be due to the presence of rapid
ridges of height	1:5 nm observed in this sample by AFM,
Fig. 4(a). They are separated by a distance smaller than the
sample width and can be another source of intervalley
scattering. This suggests that the intervalley scattering is
controlled not only by the edges but also by the defects in
the inner part of the sample.

We have found that the intravalley scattering length L� is
much smaller than the intervalley length Li, Fig. 3, and
approaches the mean free path. There are several possible
mechanisms that can be responsible for the observed large
intravalley scattering rate and resulting strong suppression
of WL in one valley [13]. Scattering by atomically sharp
defects cannot explain this: such scattering is also a source
of strong intervalley scattering, so that Li and L� would be
comparable if this mechanism was dominant. The smaller
value of L� in experiment must therefore be due to an
additional scattering rate which affects L� but not Li:
from warping [8], or from the defects of the crystal struc-

0.1

1

1 10 0 8 16 24

0.0

0.5

1.0

1.5

0.1

1

0.1

1

L

Li
L*

a)
L

K' K

Dirac region
n=0.7·1012 cm-2

n=1·1012 cm-2

n=1.5·1012 cm-2

T (K)

c)

T (K)

b)

1 10 1 10
T (K) T (K)

d)

L
(

m
)

L
(

m
) L

(
m

)
-1

(ps -1)

FIG. 3 (color online). Characteristic lengths responsible for
weak localization; dotted lines are guides to the eye.
Sample D: (a) the Dirac region (n & 7� 1010 cm�2) and
(b) electron region (n ’ 1012 cm�2); (c) Phase-breaking rate
��1
� � D=L2

� as a function of T for different n. Inset to (a)
illustrates the saturation of L� at low T due to the sample size.
Inset to (b) shows the scattering process behind the length Li.
Sample F2: (d) Temperature dependence of the characteristic
lengths in the electron region (n ’ 1012 cm�2).

PRL 100, 056802 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
8 FEBRUARY 2008

056802-3



ture that are large on the atomic scale [5,10]. Estimation of
the expected ��1

w using theory [8] gives a value of ��1
w �

0:3 ps�1 which is much smaller than the experimental
��1
� 	 10 ps�1. Therefore, the reason for small L� could

lie in the defects of the crystal structure of graphene flakes:
ripples and dislocations. (The strain in the lattice induced
by such defects acts as a source of effective magnetic field
that can destroy WL.) As the dislocation core is also a
source of intervalley scattering, their separation can be
estimated from the known value of Li. This value is
much larger than the dislocation separation �	 50 nm
required to explain the small value of L�. (This value of
� is obtained using the relation ��1

s � vF=kF�2 [10].) The
effect of ripples on the graphene surface is also negligible
in our samples, if we use the estimation of this effect from
[5]. The roughness of our samples found from AFM mea-
surements, Figs. 4(b) and 4(c), is of height h ’ 0:3 nm and
lateral size d ’ 10 nm (in agreement with [16]), which
gives for a typical L� � 1 	m an effective magnetic field
Beff 	 1 mT. This is a small correction to the real fields
used in experiment, Fig. 2. There is one more mechanism
that can introduce an asymmetry in the crystal structure
and hence break the chirality of carriers: a potential gra-
dient coming from charged impurities in the substrate. Our
estimation of its effect using the approach of [10] has also
given a negligible result [13]. Therefore, the obtained
values of the scattering rate ��1

� are much higher than those
predicted by existing models, and more detailed theories of

the mechanisms of intravalley suppression of WL in gra-
phene are required.

In summary, we have shown that the weak localization
correction in graphene exists at all studied carrier densities,
including the Dirac region. Its manifestation is determined
by the interplay of inelastic and elastic scattering mecha-
nisms, which makes WL a sensitive tool to detect the
defects responsible for intervalley scattering and chirality
breaking. We show that, in spite of a strong intravalley
suppression of WL, the quantum interference correction to
the conductivity is clearly seen due to significant interval-
ley scattering. Total suppression of WL is only possible in
experiments where intervalley scattering is negligible, i.e.,
in very large samples without sharp defects in the bulk.
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FIG. 4 (color). Atomic force microscope images of graphene
surfaces. Below the image of sample B (a) is the surface profile
averaged over the width of the sample. Below the images of the
topography of samples D (b) and F2 (c) are the corresponding
autocorrelation functions of the surface roughness.
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