
 

 

 University of Groningen

Spin and charge transport in graphene devices in the classical and quantum regimes
Diniz Guimaraes, Marcos Henrique

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Diniz Guimaraes, M. H. (2015). Spin and charge transport in graphene devices in the classical and
quantum regimes. [Thesis fully internal (DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/afd07250-d420-4f8f-b4a8-79dee1715404


4

74 4. Experimental methods

References
[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and

A. A. Firsov, “Electric field effect in atomically thin carbon films,” Science 306(5696), pp. 666–669,
2004.

[2] C. Casiraghi, A. Hartschuh, E. Lidorikis, H. Qian, H. Harutyunyan, T. Gokus, K. S. Novoselov, and
A. C. Ferrari, “Rayleigh imaging of graphene and graphene layers,” Nano Letters 7(9), pp. 2711–2717,
2007.

[3] D. S. L. Abergel, A. Russell, and V. I. Falko, “Visibility of graphene flakes on a dielectric substrate,”
Applied Physics Letters 91(6), pp. –, 2007.

[4] A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S.
Novoselov, S. Roth, and A. K. Geim, “Raman spectrum of graphene and graphene layers,” Phys. Rev.
Lett. 97, p. 187401, Oct 2006.

[5] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S. V. Morozov, and A. K. Geim,
“Two-dimensional atomic crystals,” Proceedings of the National Academy of Sciences of the United States
of America 102(30), pp. 10451–10453, 2005.

[6] N. Tombros, A. Veligura, J. Junesch, J. Jasper van den Berg, P. J. Zomer, M. Wojtaszek, I. J. Vera Marun,
H. T. Jonkman, and B. J. van Wees, “Large yield production of high mobility freely suspended
graphene electronic devices on a polydimethylglutarimide based organic polymer,” Journal of Ap-
plied Physics 109(9), pp. –, 2011.

[7] P. J. Zomer, M. H. D. Guimares, J. C. Brant, N. Tombros, and B. J. van Wees, “Fast pick up technique
for high quality heterostructures of bilayer graphene and hexagonal boron nitride,” Applied Physics
Letters 105(1), pp. –, 2014.

[8] W. Han, K. Pi, K. M. McCreary, Y. Li, J. J. I. Wong, A. G. Swartz, and R. K. Kawakami, “Tunneling
spin injection into single layer graphene,” Phys. Rev. Lett. 105, p. 167202, Oct 2010.
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Chapter 5

From quantum confinement to quantum Hall
effect in graphene nanostructures

Abstract

We study the evolution of the two terminal conductance plateaus with magnetic field
for armchair graphene nanoribbons (GNR) and nanoconstrictions (GNC). For GNR, the
conductance plateaus of 2e2

h
at zero magnetic field evolve smoothly to the quantum Hall

regime, where the plateaus in conductance at even multiples of 2e2

h
disappear. It is shown

that the relation between the energy and magnetic field does not follow the same behaviour
as in “bulk” graphene, reflecting the different electronic structure of a GNR. For the nan-
oconstrictions we show that the conductance plateaus do not have the same sharp be-
haviour in zero magnetic field as in a GNR, which reflects the presence of backscattering
in such structures. Our results show good agreement with recent experiments on high
quality graphene nanoconstrictions. The behaviour with magnetic field for a GNC shows
some resemblance to the one for GNR, but now depends also on the length of the constric-
tion. By analyzing the evolution of the conductance plateaus in the presence of magnetic
field we can obtain the width of the structures studied and show that this is a powerful
experimental technique in the study of the electronic and structural properties of narrow
structures.

Published as:
M.H.D. Guimarães, O. Shevtsov,

X. Waintal, and B.J. van Wees
Phys. Rev. B 85, 075424 (2012).
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5.1 Introduction

Electronic measurements in graphene and its nanostructures are being investigated
by several groups [1–4] and triggered many theoretical works on the area [5–13].
The applications of graphene nanostructures range from high on-off ratio field-effect
transistors[2, 14] to spin polarized transport[15] and might lead to a new type of
electronics which takes the valley into account, the so-called valleytronics[16]. With
recent development of device fabrication techniques it is possible to study experi-
mentally high-quality ballistic graphene nanoconstrictions via electronic transport
measurements[17]. In addition, the evolution of the conductance with magnetic
field from the quantum Hall regime to conductance quantization at zero magnetic
field can be used to have insights about the electronic structure and geometry of
the systems considered. This technique has shown to be very important for exper-
imentalists in the study of quantum wires and point contacts [18–20]. Impulsed by
the recent results in ballistic graphene nanoconstrictions[17], we present a study on
graphene nanoribbons and nanoconstrictions and the evolution of the conductance
quantization from zero to positive magnetic field.

For a perfect ballistic armchair GNR with infinite length it is known that its con-
ductance is quantized in steps of 2e2

h at zero magnetic field. Due to the lack of scat-
tering in this structure the transition between the steps in conductance is abrupt [21].
Although, when scattering is added to the picture, the conductance plateaus smear
out until they are not visible anymore [7, 8].

To study how the two terminal conductance quantization evolves with magnetic
field with and without scattering, we considered two different structures as depicted
in Fig. 5.1: a GNR with armchair edges (Fig5.1 a) and a graphene nanoconstriction
(GNC), which is a narrow GNR connected to a wider GNR via an increasing width
graphene structure with zigzag edges. The length of the GNC was varied (Fig. 5.1b
and c). It will be shown that the scattering is enhanced for GNC when compared to
a GNR at zero magnetic field. In our model the nanoribbons can be either metallic or
semiconducting depending on the number of dimer lines (NDL) [6]. In this work we
only consider metallic nanoribbons, in which the minimum of conductance is 2e2

h ,
but our results do not depend qualitatively on the choice of NDL. It is also worth
noting that we do not include the effect of defects in our structures and they are
always in the ballistic regime.

In order for defects and inhomogeneities change substantially the conductance
profile, certain conditions have to be met. At low magnetic field when the conduc-
tance quantization is due to quantum confinement, the effect of edge irregularities
will only be apparent when the size of the irregularities is in the order of the elec-
tronic wavelength. On top of that, the structures have to be long enough for the
conductance plateaus to be washed out [7]. For large magnetic fields, when the
structures are in the quantum Hall regime, deviations from the regular quantum
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Figure 5.1: The three graphene nanostructures considered in this work. (a) An armchair
graphene nanoribbon, (b) a nanoconstriction with zero length (bowtie) and (c) a graphene
nanoconstriction with finite length L. All three structures in the figure have the same number
of dimer lines NDL = 9.

Hall behaviour can be expected when the distance between scatterers or the distance
between a scatterer and the edge of the structure is in the order of the cyclotron ra-
dius [22]. We argue that, although the effects of such defects can be relevant when
we are in one of the regimes above, this is not the case for the now available high
quality samples [17]. In these samples conductance quantization due to quantum
confinement is observed and also the quantum Hall regime is achieved already at
very low magnetic fields, when the cyclotron orbit is in the order of the structure
width.

To calculate the conductance through the structures we use a nearest neighbors
tight-binding Hamiltonian and retarded Green’s functions approach as implemented
in the KNIT code[23]. The magnetic field is included within a discretized Landau
gauge by adding a phase Φ in the hopping elements in a similar way as described
in Ref. [23]. The Aharonov-Bohm phase Φ represents the phase acquired by an
electron when it goes around one hexagon and its relation to the magnetic field, B, is

given by Φ =
3
√

3a2cce
2~ B, where acc = 0.142 nm is the carbon-carbon bond length in

graphene. The contacts consist of semi-infinite graphene nanoribbons on both sides
of the structures.
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Figure 5.2: Color plot of the conductance of a graphene nanoribbon (NDL = 101) as a function
of the Fermi energy and

√
B. The lines present in the plot are iso values of the conductance.

The numbers in the graph show the values of conductance in units of G0 = 2e2

h
.

5.2 Results

5.2.1 Graphene nanoribbons

We start our study by calculating the conductance, G, through an armchair graphene
nanoribbon as a function of both the magnetic field and the Fermi energy, E, (Fig.
5.2). Here we present our results for only one value of dimer lines (NDL = 101), but
we would like to emphasize that our conclusions do not change qualitatively with
the width, since the behaviour with magnetic field scales with the magnetic length

lm =
√

~
eB and the energy scales with 1/W [6, 7].

In Fig. 5.2 two distinct behaviours of the conductance versus energy against the
square-root of magnetic field can be observed: a constant position and a linear in-
crease of the plateaus with the applied magnetic field. For an infinite graphene plane
in the quantum Hall state we have:

En = vF
√

2e~nB, (5.1)

where n is the Landau level occupation number. So the linear relation between E
and
√
B is an indication that the structure is in the quantum Hall regime.

For experiments performed on GNC or GNR, it is highly relevant to know the
width of the active transport region in the nanostructure. One can estimate it via
the cyclotron orbit for the magnetic field where the transition to the quantum Hall
state is observed. By taking the crossover point between the two behaviours with
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Figure 5.3: Conductance versus energy for graphene nanoconstrictions with different lengths
at zero magnetic field, with a constant width of W = 12.3 nm. The curves different values of
L are shifted by 2e2

h
for a better visualization.

magnetic field the width of the GNR can be extracted through the cyclotron radius:

lC =
E

vF eB
, (5.2)

where vF is the Fermi velocity and e the elementary charge. Applying this relation
to the case of Fig. 5.2, we have lC = 6.015 nm. This value is in good agreement with
the width of the nanoribbon W = 12.3 nm, since W = 2lC .

5.2.2 Graphene nanoconstrictions

In this section the results for a graphene nanoribbon connected to two wider graph-
ene leads (see Fig. 5.1), i.e. a graphene nanoconstriction, are presented. To better
understand this geometry, we start with the effect of the length on the conductance
at zero magnetic field.

By keeping the width constant at W = 12.3 nm and increasing the length of the
constriction from zero (Fig. 5.1 b) to 30.68 nm, two behaviours of the conductance
versus energy can be distinguished in Fig. 5.3. For a short GNC, with a length
L ≤ W , plateau-like features are observed in the conductance with a spacing of
∼ 2e2

h . The plateaus are best defined when L ∼ W . For L > W we observe several
peaks on the conductance which can be attributed to Fabry-Perot oscillations due
to reflection on the graphene leads. The behaviour for a short GNC shows very
good agreement with the recent experiments [17] where a high quality graphene
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nanoconstriction was studied. Although in the experiments it was not possible to
extract the length of such nanoconstriction, we can argue that the constriction has to
be short (L . W ) in order to obtain well defined plateaus in conductance observed
experimentally.

Changing the width of the constriction has similar effects as changing the width
of a graphene nanoribbon, i.e. the energy scale of the conductance features changes
with the inverse of the width.

Figure 5.4: The conductance versus energy for (a) B=0 T and (b)
√
B = 10.5

√
T for a graphene

nanoribbon, in solid black line, and a graphene nanoconstriction with zero and finite length,
dotted red and dashed blue lines, respectively.

In Fig. 5.4a, the conductance at zero magnetic field as a function of the Fermi en-
ergy is shown for a GNR (solid black line) and for a GNC with zero and finite length
in red dotted and blue dashed lines respectively. When comparing the nanoribbon
with the constrictions, two key differences can be observed. First, the plateaus in con-
ductance are sharp and well defined for a GNR but smeared out for a GNC. Second,
there is a presence of a conductance gap for the nanoconstrictions, which is absent
for the nanoribbon. Both differences on the conductance spectra can be explained
by the enhancement of scattering in the GNC, which is absent for the GNR case.
This fact explains the experimental result that even for ballistic nanoconstrictions
the conductance plateaus at zero magnetic fields are not well defined [17]. When the
magnetic field is increased to a value in which the structures enter the quantum Hall
regime the scattering is suppressed for the lower energy channels and the conduc-
tance behaves the same for the three structures (Fig. 5.4b). It is important to notice
that when the structures enter in the quantum Hall regime, the steps in the conduc-
tance at multiples of 4e2

h disappear and we obtain the expected steps for an infinite
graphene sheet.

In Fig. 5.5 we have the conductance as a function of both the Fermi energy and√
B for the graphene nanoconstriction with zero length (for a finite length a similar
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Figure 5.5: Color plot of the conductance of a graphene nanoconstriction (NDL = 101) with
zero length as a function of the Fermi energy and

√
B. The lines present in the plot are iso

values of the conductance. The numbers in the graph show the values of conductance in units
of G0 = 2e2

h
.

plot is obtained). We observe quantum confinement at low magnetic fields and the
quantum Hall effect at high magnetic fields, similar to the results obtained for the
GNR (Fig. 5.2).

To study in more detail how all three structures behave at high magnetic fields,
the position of the end of the plateaus G = 2e2

h and 6e2

h in energy with the applied
magnetic field has to be analyzed. As mentioned before (Eq. 5.1), the energy of
the conductance plateaus should obey: En = αn

√
B, where αn = vF

√
2e~n. In

Fig. 5.6 we can see the position in energy and magnetic field for the G = 2e2

h and
6e2

h plateaus for a GNR and a GNC with zero length. In this plot it is clear that the
plateaus in conductance do not follow the slope α predicted for an infinite graphene
plane (dashed and dotted lines). We observe that, for the same width, the slope
approaches αn when the length of the GNC is reduced. For a very long graphene
nanoconstriction the value of the slope approaches the value obtained for a graphene
nanoribbon: ∼ 0.79αn. We attribute this effect to the broken valley degeneracy due to
the armchair edges that modifies the energy spectrum of the Landau levels[10], since
the energy dispersion for one valley is displaced to a lower energy in comparison to
the other.

Using Eq. 5.2, we obtain the cyclotron radius when the GNC enters the quantum
Hall regime. For L = 0 nm we find lC = 7.231 nm (lC > W/2), while for L = 5

nm lC = 5.212 (lC < W/2). This values are close to the width of the constricted
region (W2 = 6.15 nm) but is somewhat larger when the length of the constriction is
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Figure 5.6: Position of the end of the plateaus G = 2e2

h
(circles) and 6e2

h
(stars) inE and

√
B for

a graphene nanoribbon, in gray, and a graphene nanoconstriction with zero length, in black.
For comparison, the expected values for an infinite graphene plane for n = 1 and 2 are plotted
as a dashed and dotted line respectively. Inset: Obtained magnetic field for the transition to
the quantum Hall regime versus occupation (Landau Level) number.

reduced.
In experiments it is common to observe several conductance plateaus at zero

magnetic field and it is possible to study their evolution as the magnetic field is
varied. In addition to the use of the slope of the position of one single conductance
plateau, we could also use the fact that the magnetic field to reach the quantum Hall
regime depends linearly with the occupation number n as Bc = 8~

eW 2n. By using this
equation to fit the position in magnetic field at which each Landau Level is created
(inset of Fig. 5.6) in the case of the wide GNR, we obtain W = 13.2 nm. Despite
of the width of the nanostructure, by the effect known as “magnetic depopulation”
[19] which consist in the deviation of the linear behaviour between n and B, one can
probe the presence of 1D subbands at zero magnetic fields even when the conduc-
tance quantization is not observed.

5.3 Conclusions

In summary we used a tight-binding and retarded Green’s functions approach to cal-
culate the two terminal conductance as a function of the Fermi energy and magnetic
field for graphene nanoribbons (GNR) and nanoconstrictions (GNC). The conduc-
tance in the GNC showed a smoother transition between the conductance steps if
we compare it to a GNR of the same width. By studying the effect of the length
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of the constriction on the conductance we could show that in order to obtain the
well defined plateaus observed experimentally in ballistic GNC, the length has to be
comparable to the width. These results help to understand the experimental results
obtained and also provide a way to estimate the length of such structures, not always
possible to do experimentally.

We also studied the evolution from quantum confinement to the quantum Hall
state through the analysis of the conductance plateaus position in magnetic field. We
obtained that, although the position of the G = 2e2

h and 6e2

h plateaus follow a linear
increase with

√
B, the slopes of the curves found for both a graphene nanoribbon

and a graphene nanoconstriction were lower than the expected value for an infinite
graphene plane. The value of the slope is close to the value for an infinite graph-
ene plane for a very short constriction and deviates more for long constrictions and
nanoribbons. By analyzing the position of the conductance plateaus with magnetic
field we obtained the width of the constrictions and ribbons studied through a semi-
classical approach. The widths obtained are in good agreement with the real values
used in our simulations, which shows that this analysis is a powerful tool for esti-
mating dimensions of nanostructures.

Acknowledgments

This work is part of the research programme of the Foundation for Fundamental Re-
search on Matter (FOM), which is part of the Netherlands Organization for Scientific
Research (NWO). The research leading to these results has received funding from
the European Union Seventh Framework Programme (FP7/2007-2013) under grant
agreement ”ConceptGraphene” Number 257829. We would like to acknowledge P.J.
Zomer for insightful discussions.



5

84 5. From quantum confinement to quantum Hall effect in graphene nanostructures

References
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