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Quantum hall effect in inhomogeneous trilayer graphene
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We have performed magneto-transport experiments in trilayer graphene, at temperatures between
2 and 190 K and magnetic fields up to 22 T. Here we report the integer quantum Hall effect in trilayer
graphene, showing the quantum Hall plateau at v=6 and studying its temperature dependence. The
symmetry properties of the resistance in the quantum Hall regime and at low magnetic fields are also
investigated. The measurements obey the reciprocity relation, and reveal new symmetries that relate

the resistances measured with different contact configurations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene is the subject of numerous investigations due to its
unique electronic and lattice properties, which are interesting
both conceptually and for several applications [1-5]. The unique
electronic band structure of graphene leads to fascinating phe-
nomena, exemplified by the massless Dirac fermion physics and
the anomalous quantum Hall effect (QHE) [1-8]. In graphene a
pseudospin quantum number plays the role of spin, and the
pseudospin splitting is exactly equal to the orbital splitting;
Accordingly, we can see the nth LL as composed of the degenerate
pseudospin-up and pseudospin-down states of the LL n and n—1,
respectively, and the resulting series of the quantum Hall plateaus
is v=+2, +6, +10, +14, ... for monolayer graphene and
v=+4, +8, +12, +16, ... for bilayer graphene [9]. The experi-
mental observation of these unconventional series for the QHE in
monolayer [6,7] and bilayer [8] graphene provided the milestone
that paved the way for the subsequent investigations of the
electronic properties of graphene and graphene multilayers.
Furthermore, the presence of the QHE in trilayer graphene (TLG)
is a subject of great fundamental interest since the band structure
of TLG strongly depends on the interlayer stacking sequence
[10-18].

In this paper we show the presence of the v=6 integer
quantum Hall plateau in trilayer graphene. The symmetries of
the resistance measured with the four-terminal configuration in
the quantum Hall regime reveal a rather intriguing behavior.
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Upon the reversal of the magnetic field, we observe the non-
parity of the longitudinal resistivities, which partially reproduces
the behavior previously observed in a mesoscopic 2D electron gas
[19] and more recently in graphene [20,21]. Our results are
explained taking into account the inhomogeneities observed in
the sample.

2. Material and methods

The TLG flake investigated here has been fabricated by means
of mechanical exfoliation of natural graphite before being placed
onto a Si wafer with a 300 nm SiO, top layer. The TLG was
identified using optical microscopy and micro-Raman spectro-
scopy. Fig. 1 (top panel) shows an optical image of the selected
TLG flake, together with the outline of the Hall bar to be
fabricated. The selected flake was processed to form a Hall bar
geometry using photo-lithography (LaserWriter, 405 nm wave-
length) with a “lift-off” process, and a bilayer stack of PMGI and
S1805 was used for the resist. The contacts (50 Anm of Ti
followed by 500A of Au) were deposited via electron-beam
evaporation while the undesired parts of the flake were removed
using oxygen/argon plasma etching. The remaining TLG was
protected with PMMA. The aspect ratio (W/L) of the fabricated
Hall bar was 0.62.

We measured the Raman scattering spectrum of the TLG Hall
bar at room temperature, using a micro-Raman set-up with laser
light excitation at 1.96 eV with ~1 mW/um? power density. We
used 50 x and 100 x objectives, with a corresponding laser spot
area of approximately 4 pm? and 1 pm?, respectively; the spatial
resolution of the setup in the xy plane was approximately 0.5 pm.
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Fig. 1. Top panel: optical image of the TLG flake; the region where the Hall bar is
to be processed is outlined. Bottom panel: Raman spectrum of the TLG device used
in this work (3L), together with for comparison, the Raman spectra of monolayer
(1L) and bilayer (2L); Red curves represent the (multi)-Lorentzian fitting. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 1 (bottom panel) shows the characteristic Raman scatter-
ing “2D” band of the sample under study, and of monolayer (1L)
and bilayer (2L) graphene for comparison. Lui et al. [22] recently
showed that the peculiar shape of the 2D Raman band provides a
powerful tool for the analysis of the stacking in TLG. The Raman
spectrum of our graphene device reported in Fig. 1 exhibits the
multi-component feature characteristic of TLG, and according to
Ref. [22] suggests the presence of a Bernal-stacking ABA.

The sample was placed into a “He cryostat with a variable
temperature insert with an operating range of 2-300 K. Four
probe measurements were carried out using standard ac lock-in
techniques. A voltage of 5V with frequencies below 15 Hz was
applied to a 100 MQ in-series resistance, providing an excitation
current I=50 nA from contact S to D (see inset in Fig. 2). We
employed different pre-amplifiers with a gain of ~100 measuring
simultaneously the voltage drop V;_3, Vi_» and V5_4 between the
contact pairs 1-3, 1-2 and 3-4 as labeled in the inset of Fig. 2.
A 10 MW magnet was used to apply magnetic fields up to 22 T
perpendicularly to the TLG.

3. Results and discussion
To facilitate the discussion, we define the “left” Hall resistivity

as pky,=Vi_s/l, the “right” Hall resistivity as pk,=V,_4/l, and the
longitudinal resistivity for the “top” contacts as pkc=Vi_o/L)/(I/W)
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Fig. 2. Hall (p,,) and longitudinal resistivities (p and p,’ZX), in fundamental units,
versus B at temperatures of 4.5, 70 and 190 K. The quantum Hall plateau at v= + 6
corresponding to p,’q,:h/tfie2 is visible up to 70 K. We note that the longitudinal
resistivities measured on “top” and “bottom” edges of the Hall bar show a
remarkable symmetry relation at high magnetic fields, pk( —B) = p,’ZX(B). The inset
shows an optical image of the TLG device used for magneto-transport experi-
ments. The electrodes for current injection (S and D), the geometrical factors
(L and W) and the measuring electrodes (1-4) are labeled.

and for the “bottom” contacts as p=(Vs_4/L)/(I/W). In Fig. 2 we
show the longitudinal (p%?) and Hall resistivities (p%) as functions of
the magnetic field.

From the longitudinal and Hall resistances at low magnetic field,
we can extract the 2D carrier density n and mobility u of the sample
at different temperatures. The carrier density increases with increas-
ing temperature, as expected for the semi-metallic TLG [10]. As can
be observed in Fig. 2 the two Hall resistivities are different from each
other in several aspects. First of all, the “left” Hall resistivity has a
linear dependence on the magnetic field whereas the “right” Hall
resistivity shows the QHE with the presence of the v=6 plateau.
From the slope of the “left” Hall resistivity we obtain, at 4.5 K, the
value n'=6.43 x 10'? cm 2 for the carrier density on the left side of
the Hall bar. Following the same procedure for the “right” Hall
resistivity we obtain the value of the carrier density on the right side
of the Hall bar n"=2.04 x 10'> cm~2. Thus, we can conclude that
there is an evident inhomogeneity present in our sample, since the
carrier densities at different sides of the Hall bar differ by a factor of
3 (n'~3n").

On the right side of the Hall bar, the mobility of our sample
changes from u=3750cm?/Vs at 45K to u=3173 cm?/Vs at
190 K. The mobility of our TLG sample is sufficient to reach the
QHE regime at magnetic fields above 3T, as evidenced by the
observation of well developed plateaus at p,,= + h/6e*~ + 0.16h/e?
corresponding to v=6 or v= —6 depending upon the polarity of the
magnetic field. We can see that the bottom longitudinal resistivities
measured at different temperatures cross at B~12.7 T. This value is
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in good agreement with the expected crossing point for a 2D system
with our carrier density (v=nh/eB). Indeed, for the density
n=2.04 x 10> cm~2 of our sample at 4.5 K we calculate a filling
factor v=6 at a magnetic field of B=nh/ev~14 T. We can perform
the same analysis for the left side of the Hall bar, and, since the
carrier density is higher than the density at the right side of the Hall
bar, the magnetic field at which the v=6 plateau should appear is
3 times bigger, i.e. B~42 T. This is the reason why the plateau is not
reached for the “left” Hall resistivity.

There is yet another peculiarity that needs to be explained. In
Fig. 2 it can be seen that the longitudinal resistivities are not
symmetric with the magnetic field but they map onto each other
under the reversal of the magnetic field, i.e. pi2(B) # p%2(—B) and
piR(B) = p¥i (—B).

This behavior is extremely robust since it survives for tem-
peratures as high as 190 K. Indeed, as the temperature increases,
the resistivity curve changes while the inversion symmetry
persists. The magneto-transport properties exhibited by the top
and bottom edges of our TLG device expressed by the relation
pLP(B) = pBf (—B) holds even at very low magnetic fields. This
inversion symmetry has been previously observed also in meso-
scopic Hall bars in semiconductor 2D electron gases [19] and can
be attributed to an inhomogeneity in the sample, which leads to a
non-zero gradient in the carriers density along the Hall bar, as
proposed by Karmakar et al. [23]. In accordance with their model,
the perpendicular magnetic field would induce a non uniform
accumulation of charge carriers at the boundaries of the sample,
which causes the current density to be spatially inhomogeneous.
In this picture we name p, and py, the longitudinal and Hall
resistivities unaffected by the sample’s inhomogeneity, which are
respectively even and odd in B, we can write the resistivities
measured with our contact geometry as

w L
P = (pxx * nyﬁ7> = WR;’? (1a)
Lr _ 1 A RLT 1b
Pxy = Pxy iﬁz =Ry (1b)

where f is a phenomenological parameter that can depend on the
magnetic field and on the temperature [23] and which is even in the
magnetic field. Relations Eqs. 1a and 1b imply that the relation

ARy =R\ —R), =R —Rl, = ARy = AR

will hold independently of the magnetic field. In the case of an
homogeneous sample AR=0 but AR will have a non-zero value if
the sample is not homogeneous, as it is shown in Fig. 3.

Since at low magnetic field the Hall resistivity can be approxi-
mated by p=B/en, the parameter fL is given by (from Eq. 1b)
BL=(n'—n" /(n+n")/2).

Thus, )L is a percentage quantity that expresses the level of
inhomogeneity present in the sample. Since n'~3n", we have that
PL~1, so we conclude that the difference of the carrier densities at
both sides of the Hall bar is of the same order than the mean carrier
density.

As shown in Fig. 3, this relation is fully consistent with our
data. This lends strong support to the hypothesis that the
observed behavior of our sample can be attributed to non
homogenous carrier density and we will therefore continue our
analysis using the model of Karmakar et al. Accordingly, the true
longitudinal resistivity can be calculated performing an average
between the “top” and “bottom” longitudinal resistivities, which
effectively takes into account only their symmetric parts, i.e.

Pax(B) = [Pl (B)+ 5 (B)/2 = [pLL(B)+ p5L(—B)1/2

As far as the Hall resistivities are concerned, we cannot proceed
in a similar way to analyze the QHE since the density on the left side

3000
1 t b
—R-R
2000 XX XX
1 —R R

1000

—
20 -15  -10 -5 0 5 10 15 20
B(T)
Fig. 3. Difference of the two longitudinal resistances (blue: “top” minus “bottom™)
and the two Hall resistances (red: “right” minus “left”) at T=4.5K. (For

interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

-0.2

0 -5 -10 -15 -20
B(T)

Fig. 4. Hall resistivities (top panel) and Hall conductivities (bottom panel)
reported in fundamental units B at temperatures between 2 and 190 K. The
quantum Hall plateau at v=—6 with gy,= —6€?/h is clearly evident at tempera-
tures <70 K.

of the Hall bar is three times larger than the density on the right side
of the Hall bar so that we must treat them separately. We focus on
Py since for the available magnetic field range, the filling factor
v= +6 can only be achieved at the right side of the Hall bar. For
simplicity, in the following we will refer to p%, as pxy.
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Once this analysis is performed, we calculate the components
of the conductivity tensor by means of the usual relations

Pax
Oxx = —5 25— 2a)
PR+ (
P Xy
Oxy = —5— 2b)
T pEtpg (

In Fig. 4 the components of the conductivity tensor oy, (calcu-
lated by means of Eq. 2b) at temperatures from 2 K up to 190 K as a
function of the magnetic field are displayed in the bottom panel. In
the top panel the resistivities are also plotted for comparison.
Concerning o, we can see a plateau at axy:GeZ/h corresponding
to pxy=—h/6e*~ —0.16h/e%.. Some features observed at lower
magnetic field suggest the presence of other unresolved quantum
Hall plateaus. The Shubnikov-de Haas oscillations for our sample
mobility are expected to begin for B~3 T, so we can take this point
as the beginning of the QHE regime. As mentioned above, the
existence of a series of quantum Hall plateaus in TLG at filling
factors v= +6, + 10, + 14, ... has been theoretically predicted [11].
Therefore, when the density is that which corresponds to the density
at 4.5 K, we should expect the v=10 QH plateau at B~7.7 T and the
v=14 at B~5.5T. In Fig. 4 the Hall conductivity takes values close
to— 10e?/h for magnetic fields between 5 T and 8 T. Furthermore, at
the lowest temperatures, the Hall resistivities present a change in
their Hall slopes at B~7 T with p,,~ —0.10h/e* almost constant for
0.3 T, compatible with an unresolved plateau at v=10. Experiments
at lower temperatures and with higher mobility samples should
allow to evidence exhibit additional more clearly resolved QH
plateaus.

4. Conclusions

In conclusion, we have measured the quantum Hall effect in a
trilayer graphene Hall bar observing the presence of the v=6
plateaus. We study its temperature dependence, which is compa-
tible with the expected features in the quantum Hall regime. We
also observed symmetry properties upon the reversal of the
magnetic field, which reveal a remarkable agreement with the
model based on a carrier density gradient along the device.
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