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CHAPTER 1

Introdu tion

Graphene is a two dimensional material made of

arbon atoms arranged in a

1 it has attra ted

honey omb latti e. Sin e its experimental dis overy in 2004,
ontinuous attention from the s ienti
stru tural and ele troni

ommunity be ause of its remarkable

properties, whi h are

ommonly des ribed by means

2 Graphene is the strongest, stiest and thinnest material; its

of superlatives.

arriers show the highest mobility and the longest mean free path. In addition,
graphene is transparent to light and it

ondu ts ele tri ity better than

opper.

These qualities, whi h are only a few of the ones attributed to graphene, have
made this at material a promising

andidate for many appli ations, stimulating

omparisons with the development and diusion of plasti

in the 20th

entury.

3
Nowadays, although the "killer" appli ation has not been found yet, graphene
is expe ted or has already proven to have an impa t as transparent and exible

4 or solar ells,5 or on printed ele troni s as
6, 7 It an be used as a oating to prevent
a omponent for ondu tive inks.
8
9, 10 just to
the orrosion of metals and as a sele tively permeable membrane,
ondu tive layer for tou h s reens

mention few areas of interest.
The dis overy of graphene has dened a new
sional

rystals,

lass of materials, the two dimen-

11 whi h beforehand was thought to be non-existent.12

These

rystals are generally produ ed by me hani al exfoliation of a layered three dimensional

rystal (graphite, in the

ase of graphene) and exhibit properties that

are dierent from those of the bulk material. In the past years, the two dimensional form of many

rystals ( hal ogenides, layered transition metal oxides and

many more) has been obtained, and nowadays metalli , insulating and semi on-

1

1 Introdu tion
du ting atomi

13 Interestingly, these dierent

layers are available for resear h.

two dimensional layers

an be assembled into three dimensional sta ks and the

properties of these heterostru tures

an be designed and tuned by the

the materials and the thi kness of the
varying the angle between the

rystals that

rystallographi

hoi e of

ompose them or even by

axes in ea h layer. The eld of

study of these so- alled van der Waals heterostru tures is in rapid growth and,
among all the various materials employed in their fabri ation, graphene plays a
prominent role.

14

In addition to the perspe tive appli ations and the interesting ee ts deriving
from the

ombination of graphene and other materials in the van der Waals

heterostru tures, the intrinsi
inate the s ienti

ele troni

ommunity.

properties of graphene

ontinue to fas-

Indeed, graphene has been, for the past 12

years, a playground for s ientists, who have intensively explored its pe uliar
properties and have revealed new ex iting physi s.
Graphene is a zero gap semi ondu tor and the low energy spe trum is linear
as a fun tion of the parti le momentum.

The

harge

arriers are regarded as

hiral massless parti les and are formally des ribed by a Dira -type Hamiltonian.
The formalism of the quantum ele trodynami s

an be used to des ribe the

physi s of graphene and ee ts typi al of relativisti

parti les, su h as the Klein's

tunnelling were predi ted

15 and probed16 in a

ondensed matter system.

When graphene is pla ed in an external magneti
trum evolves into so- alled relativisti

eld, the pe uliar linear spe -

Landau levels.

At low magneti

elds,

the Landau levels of graphene are four times degenerate, ree ting the spin and
the valley degenera y of the spe trum of the
dispersion and the

hirality of graphene

arriers. Interestingly, the linear

arriers lead to the presen e of a level

at zero energy whi h is equally shared by ele trons and holes. The Landau level
stru ture of graphene has lead to the dis overy of a new type of quantum Hall
ee t,

alled half -integer or

A high magneti

hiral quantum Hall ee t.

17, 18

eld lifts the Landau level degenera y and new ele troni

states

an be observed experimentally from the splitting of ea h level. The properties
of these states and their possible spin and/or valley polarization are the main
fo us of two

hapters of this thesis, and are addressed by means of transport and

apa itan e measurements in high (tilted) magneti
te hniques enable us to a

elds. These experimental

ess the zero eld density of states and that of the

split Landau levels of graphene.
The experiments are performed on high quality eld-ee t transistors and

a-

pa itors, where graphene is pla ed in between two layers of hexagonal boron
nitride. These devi es are fabri ated by resear hers of the University of Man hester by exfoliating the
ing atomi

2

rystals of the dierent materials and sta king the result-

layers on top of ea h other. The en apsulation of graphene between

the two insulating layers of hexagonal boron nitride, prevents undesired doping and

ontamination and preserves the high ele troni

quality of graphene,

limiting the disorder in the devi es. Therefore, it is possible to observe experimentally the Landau level splitting and address the

ontribution of intera tions

and Zeeman ee t in determining it.
A key point in the dis ussion is that, be ause of the truly two-dimensional nature
of graphene and the negligible spin-orbit
whi h

oupling, the dierent me hanisms

ontribute to the Landau level splitting depend on dierent

of the external magneti

omponents

eld. The Zeeman splitting is due to the total magneti

eld (BT ) applied to the devi es, while intera tions depends solely upon the
omponent of the eld perpendi ular to the graphene plane.
sample with respe t to the dire tion of the magneti
keeping the perpendi ular

omponent of the eld (B⊥

an tune the dierent ee ts and disentangle their

By tilting the

eld by an angle

= BT cos θ )

θ

and

onstant, one

ontribution to the splitting

of ea h level.
The high magneti
the ele troni
troni

elds available at the HFML are a unique tool to investigate

properties of graphene and probe the spin polarization of the ele -

states. Indeed, the subtle ee ts due to the spin are often overshadowed

by the prominent ee ts related to the orbital motion of the

arriers (Landau

quantization, ele tron-ele tron intera tions) and high tilt angles are ne essary
to bring them to light. Sin e in our devi es the splitting of the Landau levels
is found experimentally to o

B⊥

ur for

between

4

and

elds are ne essary to a hieve high angles, while keeping
This thesis is organized as follows.
to the ele troni

17.5 T, high magneti
B⊥ onstant.

In Chapter 2 we provide an introdu tion

properties of graphene and to the experimental te hniques

employed throughout this thesis. Chapters 3, 4 and 5 report the experimental
results of this work.
In more detail, in Chapter 3 we examine the splitting of the Landau levels
presenting both transport and

apa itan e data in a tilted magneti

address the spin polarization of the ele troni
of the Landau level degenera y and

eld. We

states resulting from the lifting

ompose a splitting s enario for all the

observed Landau levels.
In Chapter 4 we fo us ex lusively on the lowest energy Landau level. We use
apa itan e spe tros opy to dire tly a

ess the density of states and the hemi al

potential of the system, and examine the energy gaps asso iated to the ele troni
states observed on e the degenera y of the level is removed. The high tilt angles
rea hed in these experiments enable us not only to probe, but also to

hange

the spin polarization of the dierent states.
Chapter 5 reports magnetotransport experiments, where the graphene plane
is parallel to the magneti

eld (θ

= 90◦ ).

In this

onguration, the external

3

1 Introdu tion
magneti

eld

annot

ouple to the motion of the

arriers, therefore, the Landau

levels do not form even at the highest elds. Sin e graphene is only one atom
thi k, these experiments enable us to address the ee t of the Zeeman splitting
on the transport properties of a truly two dimensional ele tron system.
This thesis is
of this work.

4

on luded by a general summary whi h des ribes the main ndings
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CHAPTER 2

Introdu tion to graphene and to the experimental te hniques
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2 Introdu tion to graphene and to the experimental te hniques

2.1 Introdu tion to graphene
Graphene is a two dimensional (2D) material made of
in a planar honey omb latti e. Graphene

arbon atoms arranged

onstitutes the fundamental building

blo ks of graphite, whi h is made of a sta k of graphene planes held together by
van der Waals intera tions. Due to the weak nature of these bonds, it is possible
to me hani ally exfoliate small pie es of graphite down to a single atomi

layer

1
and obtain graphene.

The history of the investigation of the ele troni
gins in 1947, when Walla e

properties of graphene be-

al ulated the band stru ture of graphene using

2 It took more than half a

a tight binding approa h.

was isolated for the rst time and be ame a

entury before graphene

essible for experimentalists. Sin e

then, this material has attra ted mu h attention from the s ienti
stimulating both fundamental and applied resear h.

3

ommunity,

In the following se tions we des ribe the ele troni

properties of graphene from

a theoreti al point of view. We do not aim for a

omplete des ription, whi h

an be found in several review arti les and textbooks.

46 We address the basi

on epts that are relevant in order to understand the results reported in the
following

hapters.

2.1.1 Honey omb latti e and band stru ture
The latti e stru ture of graphene is a
arbon atoms.

The atomi

orbitals

onsequen e of the

2s, 2px

2py

and

sp2

hybridization of

hybridize forming strong

σ -bonds, are planar and form an
a of the σ -bonds, and therefore
the distan e between two neighbouring atoms is a = 1.42 Å. The remaining 2pz
orbital is perpendi ular to the plane and forms a π -bond.
bonds between the atoms. These bonds,

angle of

The

120◦

alled

between ea h other. The length

arbon atoms o

upy the

orners of the hexagons

omposing the honey omb

stru ture, whi h is des ribed as a triangular Bravais latti e with two atoms in
the basis (see Figure 2.1 (a)).

One representation of the triangular latti e is

a1 = a/2(3,

√

3)

arbon

In the re ipro al spa e, the rst Brillouin zone is hexagonal and at the

orners

atoms o

and

√
a2 = a/2(3, − 3).

The

provided by the ve tors

upy the inequivalent sites A and B.

one nds the

K

′
and K inequivalent points (see Fig.2.1(b)). These points o

upy

the positions dened by the ve tors

K=(
The

8

K

and

K′

2π
2π
,− √ )
3a 3 3a

K′ = (

2π 2π
, √ ).
3a 3 3a

points in the Brillouin zone play a

(2.1)

ru ial role for the ele troni

2.1 Introdu tion to graphene
properties of graphene sin e the low energy ex itations o

ur in the vi inity of

these points.

(a)
a1 a
2
A

(c)

B
a

K’

K

ky

(b)

K’
kx

E
ky

K

kx

The latti e and the band stru ture of graphene. (a): Graphene
honey omb latti e. The ve tors a1 and a2 (in blue) dene the triangular
Bravais latti e. The nearest neighbours are separated by the distan e a. The
two atoms of the basis o upy the sites A and B, dened as the green and red
spheres, respe tively. (b): First Brillouin zone of graphene with the K and K ′
points. ( ): Graphene band stru ture. The valen e (orange) and ondu tion
band (blue) tou h ea h other at the six orners of the Brillouin zone. Inset:
Zoom of the linear dispersion around the K point.
Figure 2.1:

The band stru ture of graphene
imation

onsidering the

π

an be

al ulated in the tight-binding approx-

states only and the hopping between nearest neigh-

bours. This approa h was rst used by Walla e in 1947 and, despite its simpli ity,

aptures the essential feature of the ele troni

linear dispersion around the

K

and

K′

properties of graphene: the

points.

Solving this tight binding problem, one nds

2

√
√
3
3
ky a) cos( kx a)
E(kx , ky ) = ±t 3 + 2 cos( 3ky a) + 4 cos(
2
2
s

where

t ≈ −3 eV

(2.2)

is the hopping parameter between the nearest neighbour sites.
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kx

The dispersion of eq.2.2 is plotted as a fun tion of the wave ve tors

ky

ondu tion and the valen e band (+ and

in gure 2.1 ( ). The

eq.2.2, respe tively) tou h ea h other at the
Dira
the

at the Dira

points.

and

signs in

orners of the Brillouin zone,

points. For pristine graphene, the valen e band is
ondu tion band is

−

alled

ompletely lled while

ompletely empty thus, the Fermi energy is exa tly

Therefore, undoped graphene is regarded as a zero gap

semi ondu tor.
Around the Dira

points, say

of Figure 2.1 ( )) and

K,

the dispersion is

oni al (see the zoomed inset

an be des ribed by

E(q) = ±~vF (k − K) = ±~vF q
where

q = k −K

is the quasiparti le momentum and

Fermi velo ity at the Dira

(2.3)

vF =

3a|t|
2~

≈ 106 m/s is the

points, whi h does not depend on the momentum.

Figure 2.1 ( ) shows that the states at the inequivalent points

K

and

K′

are

degenerate in energy. Su h a twofold degenera y is referred to as valley degenera y.
The density of states (DOS ) for a 2D material

DOS(E) =
where

N

an be

dN (E)
dE

(2.4)

is the number of states per unit area in a

the energy

E.

Using the dispersion in eq.2.3 one

DOS(E) =

DOS

for graphene

8π|E|
h2 vF2

(2.5)

DOS

depends linearly on energy and is
ase of pristine graphene, the DOS

vanishes at the Dira
Given the

ertain energy band below

an derive

for ele trons and holes. In the

whi h is shown in Figure 2.2.
symmetri

al ulated as

DOS ,

we

point (E
an

The

= 0).

al ulate the ele tron density

n=

Z

n

∞

DOS(E)f (E) dE

(2.6)

0

(1 + e(E−µ)/(kB T ) )−1 , µ is the
hemi al potential of the system, kB is the Boltzmann onstant and T is the
temperature. In the limit of zero temperature, µ equals the Fermi energy EF of
the system. For Fermi distribution fun tion, one has f (E) = 1 for E < EF and
f (E) = 0 for E > EF . Solving the integral in eq.2.6 gives n = 4πEF2 /(h2 vF2 ).

where

f (E)

is the Fermi distribution fun tion

Thus, the Fermi energy in graphene depends on the square root of the
arrier

10

on entration

√
EF = ~vF πn .

harge
(2.7)

DOS (eV

-1

-2

nm )

2.1 Introdu tion to graphene

electrons

holes

(eV)

Figure 2.2: DOS as a fun tion of energy for pristine graphene at T = 0.
The orange area indi ates the DOS for holes and the blue area the one for
ele trons.

The linear dispersion in eq.2.3 resembles the one of massless relativisti
moving with a

onstant velo ity, as in the

ase of photons with

Formally, the low energy ex itations within one valley
Dira

vF ≈

parti le

1
300 c.

an be des ribed by the

Hamiltonian

Ĥ = ~vf σ · q
σ

are the Pauli matri es in their 2D form.

(2.8)
Here, the Pauli matri es do not

des ribe the a tual spin of ele trons but the degree of freedom introdu ed by
the two dierent sublatti es.

In this formalism, two states

orrespond to the

sublatti es A and B, whi h are referred to as pseudospin. The eigenstates of the
Hamiltonian in eq.2.8 are two

omponent spinors of the form

Ψ=
where

ψA,B

tively. For



ψA
ψB



(2.9)

is the wavefun tion for ele trons on the sublatti e A or B, respe arriers in graphene, one

an dene the quantity

hirality whi h is

the proje tion of the pseudospin in the dire tion of the motion of the
At the Dira

point, the

7

arriers.

hirality is positive for ele trons and negative for holes

and testies that ele trons and holes with opposite momenta originate from the

3, 4 The

same sublatti e.

hiral nature of

harge

arriers in graphene has

sequen es on the formation of the energy levels of the
magneti

on-

arriers in an external

eld (see Se tion 2.3).
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2.2 Graphene based ambipolar eld-ee t transistors
The pe uliar band stru ture and

DOS

of graphene

an be studied by means of

transport measurements using graphene based ambipolar eld-ee t transistors

1

(FETs).

In su h devi es, the

valen e and the
a

hemi al potential

an be tuned through the

ondu tion band by means of a ba k gate, allowing one to

ess both the hole dominated and the ele tron dominated transport.

In our devi es, the graphene is en apsulated between two thin layers of hexagonal boron nitride (hBN). This material is an insulator whi h is used in the
devi es in order to preserve the ele troni

8 (see Se tion

quality of the graphene

2.5).
In order to make a FET, a heterostru ture of hBN/graphene/hBN is pla ed on
top of a heavily doped Si/SiO2 wafer (see Figure 2.3 (a)). The graphene and the
Si substrate are

oupled

apa itively, therefore, by applying a d

them it is possible to indu e

harge

a ts as a ba k gate and the indu ed
the voltage

VG

voltage between

arriers in the graphene. The Si substrate
harge

arrier density

n

is proportional to

applied between the graphene and the Si substrate

n = αVG
where the

oe ient

α

(2.10)

gives the e ien y of the gate and depends on the

thi kness on both SiO2 and hBN and their diele tri

onstants. Typi ally, our

280 nm of SiO2 and few tens of nm of hBN leading to a value
α between 4 × 1014 and 6 × 1014 m−2 V−1 , depending on the devi e. These

devi es have
for

values are found experientially from the periodi ity of the Shubnikov-de Haas
os illations at a xed magneti
A, where this

eld (as an example, see Se tion A.1 in Appendix

al ulation is performed on data obtained from a graphene based

apa itor).
The graphene is shaped into a Hall bar geometry by ele tron beam lithography
and su

essive et hing, and it is

onne ted to 6 ele tri al

onta ts (see Figure

10 µm. The
W and the distan e between the voltage onta ts L are
approximately 1.5 and 3 µm, respe tively.
In a transport experiment an a
urrent I in the order of 10 − 100 nA is sent
through the devi e and the voltage drop along the urrent dire tion (Vxx ) is
2.3 (b)).

These devi es have a typi al length of approximately

width of the

hannel

measured. One obtains the longitudinal resistan e of the sample as

Rxx =
Figure 2.3( ) shows a typi al tra e of

4.2 K.

12

The signal is

Rxx

Vxx
.
I
as a fun tion of the gate voltage

(2.11)

VG

at

hara terized by a sharp peak whi h rea hes its maximum

2.2 Graphene based ambipolar eld-ee t transistors
(c)

(a)
Au

SiO2 hBN

μ

μ
Si
(b)

Vxx
xx
Vxy
s

L

W

I

D

Iac

General stru ture of graphene-based FETs and zero eld transport. (a): S hemati representation of a lateral se tion of a devi e. The
graphene (grey area) is sandwi hed between two layers of hBN and onne ted
to an Au onta t. The whole stru ture is pla ed on top of a Si/SiO2 wafer. (b)
Hall bar geometry of the devi es. The urrent I ows between the sour e and
drain onta ts (s and D, respe tively). W and L are the width of the hannel
and the distan e between the voltage onta ts, respe tively. Vxx is the potential drop along the urrent dire tion, Vxy is the voltage drop perpendi ular to
it. ( ) Gate sweep at 0 T and 4.2 K. Rxx is measured as fun tion of the gate
voltage VG . The CNP o urs at VCN P ≈ −9.5 V.
Figure 2.3:

as the
where

hemi al potential

n = 0.

µ is swept through the

For all the devi es

harge neutrality point (CNP),

onsidered in this work the value of

5 and 10 kΩ for temperatures down
µ is either in the valen e band or in the

CNP was found to be between
both sides of the CNP, when
band,

Rxx

Rxx and the
to 1.4 K. On
ondu tion

de reases rapidly to rea h values of few hundreds Ohms for high

In the studied samples, the maximum of
the presen e of doping in the devi e.
on entration is des ribed by
voltage value of the CNP.

9

Rxx

o

urs at

VG 6= 0 V whi

Therefore, the a tual

n = α(VG − VCN P ),

where

Knowing the longitudinal resistan e and the geometri al fa tors

h indi ates

harge

VCN P
L

VG .

arrier

is the gate

and

W

for

13

2 Introdu tion to graphene and to the experimental te hniques
the devi e, one

an

al ulate the resistivity

ρxx = Rxx

σxx

(2.12)

σxx

is shown

exhibits a minimum at the CNP and in reases as the

hemi al

and the longitudinal
in Figure 2.4.

W
L

σxx = 1/ρxx .

ondu tivity

A typi al tra e of

CNP

0.03

xx

(S)

0.02

0.01

0.00

-3

-2
n

-1
(10

16

m

0

-2

)

Condu tivity of a graphene FET (bla k line) as a fun tion of the
harge arriers on entration n at 1.4 K. The red line is the linear t to the
data performed in order to extra t the mobility of arriers µn .

Figure 2.4:

potential is swept into the valen e ( ondu tion) band. At high values of
is linear. Therefore, in the high
model in order to des ribe

n region, one

an apply the semi- lassi al Drude

σxx
σxx = neµn

where

µn

is the mobility of

harge

data (red line in Figure 2.4), one
obtain

14

µn ≈ 40000

−2 V−1 s−1 .

m

n, σxx

(2.13)

arriers. By performing a linear t to the
an obtain

µn .

For this spe i

sample we

2.3 Graphene in a magneti eld
When one of the devi es is pla ed in a perpendi ular magneti

Vxy

ee t produ es a voltage drop

ow (see Figure 2.3 (b)). The Hall resistan e

Rxy =
ρxx

(dened in eq.2.12) and

magneti

eld and

ρxy

σxx =
These relationships

Rxy

urrent

is dened as

Vxy
= ρxy .
I

are the

an be used to

tensor as (see Ref. 10 for a

eld, the Hall

in the dire tion perpendi ular to the

(2.14)

omponents of the resistivity tensor in a

al ulate the

omponents of the

ondu tivity

omplete des ription)

ρxx
ρxy
, σxy = 2
2
+ ρxy
ρxx + ρ2xy

(2.15)

ρ2xx

an be inverted in order to obtain the resistivities given the

values of the longitudinal and Hall

ρxx =

ondu tivities

σxx

and

σxy

as

σxx
σxy
, ρxy = 2
.
2
2
+ σxy
σxx + σxy

(2.16)

2
σxx

2.3 Graphene in a magneti eld
2.3.1 Landau levels in graphene
When graphene is pla ed in a perpendi ular magneti
sion

eld, the energy disper-

hanges dramati ally owing to the Lorentz for e experien ed by the

arriers.

The

dis rete energy levels,
an be
where

harge

ontinuous bands des ribed in eq.2.2 transform into a series of
alled Landau levels (LLs). The dispersion of these levels

q − eA,
A = (0, Bx, 0).

al ulated substituting the momentum operator in eq.2.8 with

A

is the ve tor potential

hosen in the Landau gauge

The eigenvalues of the modied Hamiltonian are the LLs for the system. In the
ase of graphene the LLs have the dispersion

E = sign (M )vF
where

M = 0, ±1, ±2, ±3, . . .

is

r

11

2e~B|M | +

eld is a dire t

(2.17)

alled Landau level index, whi h is positive

for the ele trons and negative for the holes.
the magneti

1 1
±
2 2

The square root dependen e on

onsequen e of the linear relationship between

energy and momentum reported in eq.2.3 and therefore the Landau levels of
graphene are referred to as relativisti
to the

hirality of

with a paraboli

arriers.

Landau levels.

The

±1/2

term is due

Unlike the Landau levels for other 2D systems

dispersion, the LLs for graphene are not equidistant. One

an

15
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N = sign (M )(|M | + 1/2 ± 1/2) = 0, ±1, ±2, ±3, . . .

introdu e the index

and

obtain the energy levels

EN = sign (N )vF
shown in Figure 2.5 (a).
harge

2e~B|N |

(2.18)

The blue (orange) lines represents the energy levels

for the ele trons (holes). One
hirality of

p

onsequen e of the linear dispersion and of the

N = 0

arriers in graphene, is the presen e of the

level

populated equally by ele trons and holes. For simpli ity, in the following parts,
when talking about Landau levels in graphene, we will refer only to the energy
levels reported in eq.2.18 and to the index

N.

The LLs in graphene are four fold degenerate, two times for spin and two times
for valley. Ea h level

an host a number of

nL =
thus, given a xed density of

harge

arriers given by

eB
h

(2.19)

n,

arriers

the external magneti

denes the number of lled Landau levels. This number is
and is dened as

ν=

For

probability to o
in one valley
LLs, the

N 6= 0,

alled lling fa tor

nh
n
=
.
nL
eB

(2.20)

The eigenstates of the Hamiltonian in a magneti
wave fun tions.

eld

eld are also two

omponent

an ele tron residing in one valley has the same

upy both sublatti es, while for the

N =0

level the

arriers

an reside only on one sublatti e. Therefore, among the graphene

N =0

ase sin e the valley index (K or

LL represents a spe ial

K ′)

orresponds to the sublatti e index (A or B) in real spa e.

2.3.2 The quantum Hall ee t in graphene
The density of states of a 2D system in a perpendi ular magneti
des ribed by a series of delta fun tions. In

eld

ase of graphene, these are

an be
entred

at the energy values des ribed by eq.2.18.
In a real sample, however, the disorder indu es a broadening of the levels. The
shape of the LLs

an be approximated by a Gaussian, as shown s hemati ally

in Figure 2.6. The broadening of ea h level,

Γ,

is dened as the full width at

half maximum (FWHM) of ea h peak.
The LLs host two types of ele troni
The rst o

ontribute to the ele tri al

16

states:

lo alized and extended states.

upy the tails of ea h level (shaded areas in Figure 2.6) and do not
ondu tion.

The latter o

upy the

entral part of

2.3 Graphene in a magneti eld
(b)

(a)

(c)

E

E

N = 3
N = 2

N = 1

E

N = 0

N = -1

N = -2
N = -3

DOS

B

DOS

Figure 2.5: Landau levels of graphene. (a): Energy of the LLs for |N | ≤ 3 as
a fun tion of the magneti eld for ele trons (blue lines and positive values of
N ) and holes (orange lines and negative values of N ). (b) Four fold degenerate
Landau levels depi ted as broadened peaks in the DOS as a fun tion of energy.
( ) Lifting of the Landau level degenera y for the |N | ≤ 1 levels. Ea h level
is split into 4 distin t ones leading to the observation of the additional lling
fa tors ν = 0, ±1, ±3, ±4 and ±5. This s hemati pi ture shows that dierent
ν are asso iated to dierent energy gaps, as found experimentally (see Chapter
3).

ea h level (light blue areas in Figure 2.6) and are responsible for the ele tri al
ondu tion.
If the separation between the Landau levels is larger than their broadening and
than the thermal energy, one

an observe the quantum Hall ee t (QHE). The

phenomenology of the QHE is a dire t

onsequen e of the 2D nature of graphene

making that at high elds there are no states between LL, and the distin tion
between lo alized and extended states. When the
the extended states, the system is

hemi al potential lies within

ondu ting and both

σxx

and

σxy

are non

17
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EN+1

DOS

EN

E
S hemati representation of two broadened LLs depi ted as Gaussian peaks o upied by extended states (light blue areas) and lo alized states
(shadowed areas) and entred around the energy values EN and EN +1 . The
broadening of ea h level is given by the FWHM Γ.
Figure 2.6:

zero (and therefore, following eq.2.16,
When the
the

hemi al potential

ρxx

ondu tion o

σxy )

ρxy

ν

= 0).

DOS

of lo alized states,

The bulk of the system is

ρxx = 0

and the Hall resistivity (or

is quantized

ρxy =
where

have a nite value as well).

urs only through dissipation-less edge states. In

this regime the longitudinal resistivity is
ondu tivity

ρxy

rosses a region of the

ondu tion through the bulk is zero (σxx

insulating and

of

and

h
−1
= σxy
νe2

is the lling fa tor dened in eq.2.20.

(2.21)

Remarkably, the quantization

does not depend on the material and on the size of the devi e under

12

investigation.

The QHE for graphene is dierent from that of
following part we des ribe the

onventional 2D system. In the

hara teristi s of the QHE in graphene.

A typi al magnetotransport measurement at low magneti

eld and low tem-

perature for a graphene based FET is shown in Figure 2.7.

18
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2.3 Graphene in a magneti eld
5
holes

1.4 K

6

electrons

2.5 T

4
3
2
1
0

)

-1

(k
xx

R

/h)

-4

2

-3

(4e

3

xy

-2

-5
-6
-7
-8
0

-40

-20
V

G

0
(V)

Figure 2.7: Magnetotransport of single layer graphene at 2.5 T and 1.4 K and
the observation of the half integer quantum Hall ee t. Rxx (bla k tra e) and
σxy as a fun tion of the ba k gate voltage.

resistan e and the Hall
age at

2.5 T. Rxx

plateau values of

ondu tivity are plotted as a fun tion of the gate volt-

shows several os illations and

σxy

σxy = ±
where the fa tor

4

σxy

presents several steps. The

are given by

1
4e2
(|N | + )
h
2

(2.22)

is given by the spin and valley degenera y of the LLs,

is the index dened in eq.2.18 and the

1315

1/2

term is a

N

onsequen e of the Berry

phase for graphene.

Therefore, at low magneti

elds, the QHE in graphene o

urs at the lling

19
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fa tors

ν = ±4(|N | + 1/2)

and experimentally one

an observe the sequen e

ν = ±2, ±6, ±10 . . .

(2.23)

N = 0, ±1, ±2, ±3, . . . . This sequen e is a dire t onsequen e of the quantiDOS s hemati ally depi ted in Figure 2.5 (b). The step of four in
between the ν ree ts the four fold degenera y of the LLs, while the fa t that at
low density the rst lling fa tors observed are ν = ±2, is a dire t onsequen e
of the presen e of the N = 0 LL. The experimental observation of the lling
for

zation of the

fa tor sequen e reported in eq.2.23 is
the Dira

or

hiral nature of

harge

onsidered as the

arriers in graphene.

The QHE in graphene is dierent from the one o
tems with a paraboli

N =0

on lusive eviden e of

15, 16

urring in

onventional 2D sys-

dispersion be ause of the presen e of the eld-independent

Landau level shared between ele trons and holes. In order to emphasize

this fundamental dieren e, the QHE in graphene has been

alled half -integer

quantum Hall ee t as the Hall

ording to eq.2.22.

Moreover, in

ondu tivity is quantized a

ontrast to the other 2D systems, for whi h the quantum Hall

ee t is a low temperature phenomenon, graphene shows the QHE up to room

17

temperature.

2.3.3 Lifting of the Landau level degenera y
Soon after the dis overy of the half-integer QHE, several works employing transport experiments in high magneti

elds, reported the observation of integer

lling fa tors outside the sequen e of eq.2.23. In parti ular, new plateaus in
were observed at
as a

ν = 0, ±1

and

±4.

σxy

The presen e of these states was explained

onsequen e of the lifting of the LL degenera y indu ed by high magneti

1821 In this pi ture, ea h spin and valley degenerate LL,

elds.

an split into

four non degenerate ones leading to the observation of three additional integer
lling fa tors, as s hemati ally depi ted in Figure 2.5 ( ).
In order to understand why the lifting of the degenera y
one has to

an o

ur in rst pla e,

onsider that the eigenvalues reported in eq.2.18 are obtained for a

Hamiltonian whi h does not expli itly

onsider the spin of the

arriers or the

intera tions between them. In luding these terms, the dispersion of eq.2.18 and
onsequently the sequen e of

ν

(eq.2.23) are modied.

spin of ele trons is taken into a

As an example, if the

ount, an external magneti

eld

B

lifts the

degenera y dependent on the spin degree of freedom, and the ele troni

states

with opposite spin will be separated in energy by the Zeeman ee t

EZ = gµB B = 1.2 [KT−1 ] × B

20

(2.24)

2.3 Graphene in a magneti eld
where

g=2

is the

g-fa

tor in absen e of strong intera tions and

µB

is the Bohr

magneton.
These rst experiments were performed on FETs where the graphene was deposited dire tly onto the SiO2 layer and were
riers mobilities (µn

< 20000

hara terized by low

harge

ar-

−2 V−1 s−1 ). The extra tion of the energy gaps

m

asso iated to the states reveals two dierent regimes; when the partial lifting of
the degenera y of one Landau level o
and

ν = 4

in Ref.

When the full splitting of one level o
are observed (as in the

ase of the

energy gaps larger than

EZ

alone

urs, as in the

ases of

ν=0

in Ref. 20

18, this is attributed to the single parti le Zeeman ee t.
urs and three additional lling fa tors

N =0

LL with

are observed.

ν =0

In these

and

±1

in Ref. 19),

ases, the Zeeman ee t

annot explain the splitting of the levels.

Later experiments performed on higher quality devi es (suspended and hBN
supported) with higher

arrier mobilities, revealed lling fa tors o

all integer values indi ating the

urring at

omplete splitting of the levels and the lifting of

both spin and valley degenera ies for all LLs. The full splitting of the LLs
be explained only if one takes into a

an

ount the ele tron-ele tron intera tions.

This hypothesis is supported by the experimental observation of large energy
gaps asso iated to the newly observed states.
The

2227

omparison between the dierent experiments indi ates that the quality

of the devi es inuen es the splitting of the LLs. For low quality devi es, the
splitting is partial and indu ed by the single parti le Zeeman ee t and high
magneti

elds (>

20 T)

are required in order to observe it. Instead, for higher

quality devi es, ele tron-ele tron intera tions indu e the
all levels, whi h o

omplete splitting of

urs at mu h lower elds (see also Chapter 3 and 4).

2.3.4 Quantum Hall Ferromagnetism
The role of intera tions in the splitting me hanism has been addressed extensively from a theoreti al point of view. Many theoreti al works
that the splitting of the LLs
repulsion between ele trons.

an o

5, 2836 suggested

ur spontaneously to minimize the Coulomb

In this pi ture, if disorder in the sample is suf-

 iently low, the system minimizes the ele trostati
where the symmetries of the system (in the

repulsion forming states

ase of graphene: spin and valley)

are spontaneously broken and energy gaps are formed at any integer

ν .28

A

formal des ription is provided by the so- alled quantum Hall ferromagnetism

37 In the quantum Hall ferromagnetism pi ture, the splitting of the Lan-

model.

dau levels is governed by the Coulomb intera tion between ele trons given by

EC =

√
643
e2
=
[KT−1/2 ] × B
4πǫ0 ǫr ℓB
ǫr

(2.25)
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ǫr

where

is the diele tri

5 and ℓ
B

graphene

onstant, whi h depends on the media surrounding the
p
= 26 nm/ B [T℄ is the magneti length.

This theory, however, does not predi t the properties of the states obtained
by the splitting of the LLs, sin e the Coulomb intera tion does not distinguish
between the dierent valley or spin states.

Indeed, the sele tion of a spe i

state, e.g. valley or spin polarized, is determined by the
ee ts.

ompetition of dierent

28, 29 The rst one is the already mentioned Zeeman ee t (eq.2.24) whi h

will favour a spin polarized state.
Another me hanism relevant for the sele tion of a spe i

state is provided by

the latti e s ale anisotropies whi h des ribe ele tron-ele tron intera tions and

3840 These terms nd an origin,

ele tron-phonon intera tions at a latti e s ale.

for instan e, in the Coulomb repulsion between ele trons residing on the same
latti e site, or on dierent sites within the same sublatti e or within opposite
sublatti es.

38, 39

The latti e s ale anisotropies are predi ted to s ale in rst approximation as

ELS ≈ EC
a

where

3.5
a
≈
[KT−1 ] × B
ℓB
ǫr

(2.26)

is the latti e spa ing.

Depending on the

ompetition between

EZ

and

ELS ,

a

ertain ground state

prevails but, sin e the energy s ales typi al of these intera tions are

omparable,

it is di ult to predi t whi h kind of polarization is realized at ea h lling

29

fa tor.

The quantum Hall ferromagnetism model for graphene has been
perimentally by Young and

o-workers

onrmed ex-

22 who have addressed the spin polar-

ization of the broken symmetry states by means of transport experiments in
tilted magneti

elds. However, many questions still remain open: what is the

interplay between single parti le and many-body ee ts? How does the quality
of the devi es inuen e the dierent states? Is the inuen e of

EZ

and

ELS

the

same for all LLs? A part of this thesis is devoted to addressing these questions
and the experimental results are presented in Chapter 3 and 4.

2.3.5 Thermally a tivated transport
The dierent energy s ales dis ussed in the previous se tions determine the size

∆ν

of the energy gaps asso iated to ea h lling fa tor.

gap size for lling fa tor

N = 0

and

N = 1

2

is given by the distan e in energy between the levels

redu ed by the broadening of ea h level (see Figure 2.6).

Assuming the same eld independent broadening

22

As an example, the

Γ

for both

N =0

and

N =1

2.3 Graphene in a magneti eld
LLs, the gap is

√
∆2 = EN =1 − EN =0 − Γ = vF 2e~B − Γ.

(2.27)

Therefore, by measuring the size of energy gaps and their dependen e on the
magneti

eld, one

an obtain information about the underlying me hanism. In

Chapters 3 and 4 we address the splitting of the Landau levels and the properties
of the resulting ele troni
One way to obtain

∆ν

states through the study of the energy gaps.

for the dierent lling fa tors, is to perform thermally a -

tivated transport measurements. The gaps
ture dependen e of the os illations in

Rxx

an be extra ted from the tempera-

in the so- alled temperature a tivated

regime. As shown in gure 2.7 and 2.8 (a), ea h lling fa tor
minimum in

Rxx .

Rxx

orresponds to a

VG at 17.5 T
1.4 and 18 K. At the lowest temperatures we
degenera y at ν = −1, −3, −4, −7 and −8. The

In Figure 2.8 (a), we show

as a fun tion of

for dierent temperatures between
observe the lifting of the LL

resistan e value at the dierent minima in reases as the temperature in reases.
Eventually for a high enough temperature, the resistan e minima due to the
splitting of the LLs vanish.
The physi al me hanism behind the in rease in resistan e
as follows:

harge

arriers are ex ited due to the temperature from lo alized

states in between two Landau levels to the
ontribute therefore to the ele tri al
sample

an be explained

losest extended state. The

arriers

ondu tion leading to an in rease of the

σxx . Using the relations 2.16, we see that for a quantum
>> σxx and is onstant) ρxx ∝ σxx . Thus, an in rease in the

ondu tivity

Hall state (σxy
longitudinal

ondu tivity due to the thermal a tivation of

arriers is ree ted

by an in rease in the longitudinal resistivity.
The temperature dependen e of

Rxx

an be modelled using the Fermi-Dira

distribution

Rxx ∝
where

∆

1
1+

(2.28)

e∆/2kB T

is the distan e in energy between the extended state region in two

onse utive LLs (see Figure 2.6),

kB

is the Boltzmann

onstant and

T

is the

temperature. This des ription holds if one assumes that the thermal a tivation
o

urs between Dira -δ -like states.

∆ν , we plot the value of Rxx

for a minimum as a

fun tion of the temperature and perform a t to the data a

ording to eq.2.28.

In order to extra t the gap size

As an example of a typi al t for one of the lling fa tors resulting form the LL
degenera y lifting, we show in Figure 2.8 (b) the value of the resistan e minima
orresponding to
line).

ν = −1

at

17.5 T

(symbols) and the t a

ording (bla k solid
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(a)
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Thermally a tivated transport. (a): Temperature dependent
magnetotransport. Rxx as a fun tion of VG at B = 17.5 T for dierent temperatures. The number lose to the minima of Rx x indi ate the lling fa tor.
(b): Rxx minima for ν = ±1(symbols) as a fun tion of temperature at 17.5 T.
The solid line is the t to the experimental data a ording to eq.2.28.

Figure 2.8:
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2.4 Capa itan e spe tros opy
The ele troni

DOS

properties of graphene and, in parti ular, its

dressed dire tly by means of

an be ad-

apa itan e spe tros opy. Capa itan e spe tros opy

is an experimental te hnique widely used in the study of the ele troni
erties of two dimensional ele tron gases

4146 as it provides a dire t a

propess to

47 by measuring the apa itan e between the

the density of states of the system
ele tron gas and a gate ele trode.

(a)

(b)
gr

N
hB

CT

N
hB z
art
qu

C
CG

Au

Ve

m
tto

Bo

Top hBN

CP

CQ

N

hB

R
I

Graphene based apa itors. (a): Devi e des ription. Top panel:
general stru ture of the devi es under investigation. The graphene (the gray
stripe) is pla ed between two layer of hBN (purple layers) on top of a quartz
substrate (light blue volume). The Ti/Au ele trode (gold area) is pla ed on
top of the topmost hBN layer. Bottom panel: opti al pi ture of one sample
presenting 2 dierent plates (inside the red box) on the same graphene ake.
The orange bar orresponds to 15 µm. (b) Ele tri al ir uit equivalent to the
devi es depi ted in panel (a).
Figure 2.9:

The devi es studied in the experiments are graphene based
general stru ture of su h devi es

apa itors.

The

an be seen in the top panel of gure 2.9 (a).

A large quartz substrate (light blue in the gure) supports an heterostru ture
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48 The graphene,

of graphene and hBN prepared using a dry transfer te hnique.

depi ted as the gray area, is sandwi hed between two thin layers of hBN (the
two purple areas). The graphene is

onne ted to a Ti/Au

onta t and on top

of the upper hBN layer is evaporated a wide Ti/Au ele trode.
The bottom panel of gure 2.9 (a) is an opti al pi ture of two devi es on the
same

hip. It is possible to identify the two gold ele trodes on top of the hBN

layer (surrounded by the red box in the pi ture). The design of the ele trodes
is spe i

to ea h sample and is made su h to avoid bubbles visible at the hBN

surfa e. The formation of the bubbles takes pla e during the sta king pro ess
when some residuals of the

hemi als involved in the fabri ation remain trapped

49 The other

between adja ent layers of graphene and hBN.
the pi ture is dire tly

onta t visible in

onne ted to the graphene (invisible in su h a pi ture).

It is worth noting that, sin e hBN is an insulator, there is no dire t ele tri al
onne tion between the gold plate on top of the hBN layer and the graphene.
Therefore, this system

an be regarded as a parallel plate

apa itor where the

two plates (the graphene layer and the Au ele trode) are spatially separated by
a diele tri

(the thin hBN layer, brown area in the opti al pi ture).

Typi ally, for the samples used in this study, the thi kness of the hBN layer

25 and 45 nm
340 µm2 .

between the graphene and the gold ele trode varies between
the surfa e area of the ele trode ranges between
The

and

apa itan e of the system is measured applying an a

Ve (20-30 mV)
the

185

a ross the devi e and reading the

apa itor. The system

made of a

apa itor with

Z

apa itan e

tively,

CT

and a resistor

an be expressed in terms of two

R, as depi

ir uit

ted in Figure

omponents

1
jωCT

R and CT are the the resistan e and the
ω = 2πf and f is the frequen y of the

all the resistive

ex itation voltage

whi h ows through

ontribution to the signal, the impedan e of the

Z =R+
where

I

an be modelled in rst approximation as a

2.9 (b). Ignoring the indu tive
system

urrent

and

(2.29)

apa itan e of the system, respe a

voltage signal.

ontributions due to the experimental setup (e.g.

R

in orporates

ables, wiring,

onta t resistan e), as well as the resistan e of the graphene sheet. The total
apa itan e of the system

CT

is determined by several

ontribution whi h are

des ribed in se tion 2.4.1.
The

urrent owing through the devi e is given by Ohm's law

I=

26

Ve
Z

(2.30)

2.4 Capa itan e spe tros opy
and therefore, we obtain the real and imaginary

omponents of

I

ω 2 RCT2
1 + ω 2 R2 CT2
ωCT
,
Im(I) = Ve
1 + ω 2 R2 CT2
Re(I) = Ve

respe tively. For

1/(RCT ) >> ω

(2.31)

(2.32)

we nd

Re(I) ≈ Ve Rω 2 CT2

(2.33)

Im(I) ≈ Ve ωCT .

In an experiment, the
(Im(I)) gives

CT .

omponent of

The

I

90◦

at

omponent of the

(2.34)

Ve

degree phase with respe t to

urrent in phase with respe t to the

external ex itation (Re(I)) is related to the dissipation in the system and is
referred to as

Loss

and given by

Loss = Re(I)/(ωVe ).
The a

Ve

voltage

a ross the

is superimposed to a larger d

apa itor plates in order to tune the

(2.35)
bias voltage (VG ) applied

harge

arrier

on entration of

the graphene.
The

apa itan e of the devi es is measured either by a

(AH2700) or by a

urrent amplier (Keithley 428)

apa itan e bridge

onne ted to a lo k-in.

2.4.1 Ele trostati s of the devi es
The measured
ideal

apa itors

is the
The

apa itan e

C

and

an be modelled in rst approximation as a system of

CP

onne ted in parallel, as depi ted in gure 2.9 (b).

apa itan e of the devi e, while
apa itan e

C

of the devi es

apa itors a ting in series

47

CP

is referred to as parasiti

an be des ribed as the system of two dierent

1
1
1
=
+
C
CG CQ
where

CG = ǫ0 ǫBN S/d

is the geometri al

pa itor having a plate area
onstant

S,

C

apa itan e.

(2.36)

apa itan e of the parallel plate

and a hBN spa er of thi kness

d

a-

and diele tri

ǫBN .

The so- alled quantum

apa itan e,

CQ ,

is the quantity that we want to a

ess

in the measurements. It is dire tly proportional to the density of states of the

42 through the area

system

S

of the devi e and the ele tron

CQ = Se2

dn
dµ

harge

e
(2.37)
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where

n

is the

harge

The parasiti

µ

arrier density,

dn
dµ is the DOS.
apa itan e

CP

is the

hemi al potential and the ratio

in ludes all the spurious

due to the experimental set-up (e.g.
Therefore, the total measured

ontributions to the signal

able, wiring of the sample, et .).

apa itan e is given by:

CT = C + CP .

(2.38)

In

ontrast to graphene FETs dis ussed in se tion 2.2, the relationship between

VG

and the indu ed

in rease in

n

arrier density

n

is not linear.

Indeed, the ee t of an

on the system is twofold: it indu es a potential drop

and a shift in the

hemi al potential of the system

µ.

In

φ

due to

CG

ase of graphene, the

hemi al potential is dire tly proportional to the square root of

n

(see eq.2.7).

Therefore, one nds

eVG = eφ + µ = en

√
d
+ ~vF πn .
ǫ0 ǫBN

With the typi al parameters of the devi es

ǫBN = 2.42

(2.39)

n = 1 × 1016 m−2 , d = 30 nm

and

(for this last values see Appendix A), one nds that the two terms

on the right side of eq.2.39 are within the same order of magnitude and neither

23, 46 This is not the

of them

an be negle ted.

having a Si/SiO2 ba k gate with
voltage drop

φ

d = 280 nm.

ase for the

In these devi es, the ele trostati

dominates the right term of eq.2.39 and the

entration indu ed in the devi es is

onventional FETs
harge

arrier

on-

onsidered to depend linearly on the gate

voltage, as des ribed by eq.2.10.

2.4.2 Experimental data
Typi al results of a

apa itan e measurement for graphene based devi es are

reported in Figures 2.10 and 2.11, the latter in the presen e of a an external
magneti
of

VG .

eld. In both gures, we

The dependen e of

CT

on

an see that

VG

CT strongly varies as a fun tion
CQ , sin e CG and CP do not

is due to

depend on the external bias.
At B = 0 (gure
VG . The spe i
When the

2.10), the signal is
behaviour of

CT

hara terized by a sharp minimum at low
an be understood qualitatively as follows.

hemi al potential is lo ated at the Dira

point (the density of states

has a minimum and ideally approa hes zero, see Figure 2.2),
value of

CT .

On the other hand, when

µ lies in the

band and many states are populated, the
approa hes the saturation value

28

dominates the

valen e or in the

ontribution of

CT = CG + CP .

CQ

CQ

ondu tion

CT
Loss

vanishes and

In zero magneti

eld the

2.4 Capa itan e spe tros opy

μ

μ

μ

Total apa itan e and Loss (right axis) in zero magneti eld
as a fun tion of the gate voltage. The total apa itan e was measured by the
apa itan e bridge AH2700 with Ve = 30 mV at 20 kHz.

Figure 2.10:

signal is zero within the noise level (i.e.
2.34) and does not show any dependen e
In a perpendi ular magneti

eld, the

ωRCT << 1,
on VG .

DOS

see equations 2.33 and

onsists of non-equidistant Landau

levels, as explained in se tion 2.3. The quantization of the
through the measure of
for

B = 2.5 T

peaks

CT .

In Figure 2.11, we plot

(left panel) and

B = 5T

CT

(right panel).

hara terized by an in reasing depth as

VG

DOS
and

an be probed

Loss

at

1.4 K

We observe several

approa hes the CNP. The

CNP, indi ated by the verti al dashed line in gure 2.11, separates the four fold
degenerate Landau levels for ele trons (on right side of the NP) from those for
holes (on the left side). From equations 2.36 and 2.37, one
in the

apa itan e signal

of them

an see that minima

orrespond to minima of the DOS and, therefore, ea h

an be asso iated to an integer lling fa tor

ν

(see the labelling of the

top axis). As the Landau level index in reases, the energy separation between
two

onse utive levels de reases leading to an overlap of the broadened levels.
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Total apa itan e as a fun tion of VG at 1.4 K in a perpendi ular
magneti eld of 2.5 T (left) and 5 T (right). The horizontal dashed line
represents the value CG + CP = 0.347 pF. At high lling fa tors it is possible
to observe a double peak stru ture probably due to the presen e of a density
gradient in the graphene. On the top axis we indi ate as an example the lling
fa tors for |ν| =≤ 10. It is worth noting that at 5 T we observe already the
in ipient splitting of the lowest energy level with a lear minimum in CT for
ν = 0 and three distin t peaks in the Loss signal.
Figure 2.11:
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Loss (pF)

0.15

0.25
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An overlap of dierent levels leads to an in rease of the
energy value, whi h is ree ted by a shallower minimum in
At

B = 2.5 T,

the

Loss

signal presents several sharp peaks in

of the deepest minima of
an in rease in
2.4,

R

Loss

CT (|ν| ≤ 10).

is given by the resistive

ertain

orresponden e

R.

As reported in se tion

omponents of the experimental setup and by

the resistan e of the graphene itself.
hange in the resistan e of the

for a

Equations 2.33 and 2.35 show that

is related to an in rease in

the external magneti

DOS
CT .

Whereas we do not expe t any abrupt

ables and the

onta ts of the devi e due to

eld, the graphene be omes highly resistive when the

hemi al potential is within lo alized states that populate the region in between
two LLs (see Figure 2.6). This suggests that the steep rise observed in

ν = ±2, ±6 and ±10 is due to the highly resistive bulk of the graphene o

Loss

at

urring

at integer lling fa tors.
Between

onse utive

ν,

when

µ

rosses a highly populated Landau level, the

apa itan e value approa hes the value

5T

at an higher eld of

CG + CP .

This

an be

learly seen

(right panel of gure 2.11), where in between the

sharp minima,

CT

details on the

al ulation of this value refer to Chapter 4 and Appendix A).

attens around the value

CG + CP = 0.347 pF

In these regions, the resistan e of the graphene is nite and
order of magnitude with the value at
onsequen e, the

Loss

B=0

(for more

omparable in

(see Figures 2.3 ( ) and 2.7), as a

value is small.

Comparing the two panels of Figure 2.7, we see that the

Loss

signal is also

eld. At 5 T, new peaks are visible also for
|ν| > 10 and the features at ν = ±6 and ±10 are enhan ed with respe t to the
ones at 2.5 T, ompatibly with an in rease in the resistan e of the graphene due
to the higher magneti eld. The Loss features asso iated to the strongest ν ± 2

ae ted by an in reased magneti

evolve into a double peak stru ture.
The dependen e of the

Loss

on the magneti

where we plot, as an example, the

Loss

eld is illustrated in Figure 2.12

ν = 1 for several magneti
5 and 10 T and subsequently
for higher elds (20 and 25 T),

signal for

elds. The peak height strongly in reases between
de reases as the eld rea hes

15 T.

Eventually,

it evolves into a double-peaked stru ture. Su h a behaviour is

ommon to all

43

lling fa tors and it is asso iated to the in reasingly resistive bulk of graphene.

2.4.3 Insulating bulk in apa itan e measurements
Up to this point, we have assumed that

1/(RCT ) >> ω

ing the out-of-phase

urrent owing through the devi e, we

a

ess the

omponent of the

apa itan e of the system and eventually its

minimum in the

apa itan e tra es

and that, by measur-

DOS

(see eq.2.37). A

an be interpreted as a minimum in the
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10 T

0.06

Loss

(pF)

15 T

20 T

0.03

25 T

5 T

0.00
0.5

1.0

1.5

2.12: Evolution of the Loss with the external magneti
5, 10, 15, 20 and 25 T) eld at lling fa tor ν = 1 at 1.4 K.

Figure

(B =

DOS . However, when the hemi al potential is within the lo alized states in
DOS , R strongly in reases leading to 1/(RCT ) ' ω . In this ase, one has

the

to use eq.2.31 and 2.32 in order to des ribe the

urrent owing to through the

sample, rather than the approximated formulas 2.34 and 2.33. Indeed, the exa t
expression of the

Loss (equations

2.31 and 2.35)

stru ture (see Figure 2.12) observed for all
But if the value of

1/(RCT ) < ω

R

be used to

at high magneti

in reases with the magneti

is rea hed, the

ex itation. In this

ν

DOS

elds.

eld su h that the

apa itor is only partially

ase, the values obtained for

al ulate the

an explain the double-peaked

CT

harged by the external

are not reliable and

of the system. The partial

This

hanges the geometri al

omes unknown and therefore, eq.2.37

annot

harging of the devi e

an be des ribed in terms of a diminution of the ee tive area of the
plates.

ondition

apa itan e of the devi e

CG

apa itor
whi h be-

an no longer be used to obtain the

DOS

of the graphene.
Thus, the presen e of a non zero

Loss

indi ates that the resistan e of the

graphene be omes signi ant and that the
should be applied

onversion of the data into

DOS

arefully (using eq. 2.31 instead of eq.2.34) or it should not

be preformed at all.
In Chapter 3 we present

apa itan e data obtained in a high magneti

when most of the states at integer

32

ν

are strongly insulting. We

eld

annot derive

2.5 Graphene on hexagonal boron nitride
any quantitative information about the
qualitative support to the

DOS

but we present the data as a

omplementary transport tra es. In Chapter 4, we

address the splitting of the lowest Landau level in a low perpendi ular magneti
eld. We derive and empiri al

riterion over the magnitude of the

Loss in order

to de ide when the relation 2.37 is appli able in our experiments and we
the

apa itan e data into

onvert

DOS .

2.5 Graphene on hexagonal boron nitride
In the previous se tions we des ribed the graphene based FETs and

apa itors

used in our experiments. In both kind of devi es, the graphene is sandwi hed
between two akes of hBN. In this se tion we motivate the use of hBN as a high
quality substrate whi h allows us to probe the intrinsi

properties of graphene.

Sin e dis overy of graphene, many eorts have been devoted to in reasing the
ele troni

quality of graphene based devi es. The rst graphene devi es were

ambipolar FETs employing a wafer of Si/SiO2 as a substrate.
mobility values up to

2×

1 In su h devi es

104 m−2 V−1 s−1 were a hieved19 showing a weak
17

dependen e on temperature.

It was inferred that, due to the low rate of ele tron-phonon s attering in graphene,
the intrinsi

mobility of

harge

arriers in graphene at room temperature

5 m−2 V−1 s−1 , surpassing the intrinsi
ex eed 2 × 10

ould

mobility of any other semi-

50, 51 . The ause of the lower mobility value reported experimentally17

ondu tor

has to be found in extrinsi

me hanisms su h as the presen e of ripples, the

s attering of with surfa e phonons of the substrate or the presen e of

52 trapped between the graphene and the SiO .
2

harge

impurities

Several STM studies revealed that graphene

53, 54 and that SiO indu es very high
2

strate

a limiting fa tor for the mobility of

harge

onforms to the underlying sub-

55, 56 thus representing

orrugations

arriers. In order to over ome these

problems, two approa hes have been employed.
The rst approa h
suspended devi es.

onsists in

ompletely removing the substrate and fabri ate

57 Despite the high ele troni

quality a hieved in su h de-

vi es, whi h lead to the observation of, among others, ballisti

transport,

58 the

27 and the renormalization of the energy spe trum

fra tion quantum Hall ee t

59 suspended devi e are intrinsi ally fragile and impose sedue to intera tions,
vere limitations to the geometry of the sample.

8 have shown that the wide band insulator boron nitride in

In 2010 Dean et al.
the hexagonal

rystal stru ture represents the ideal substrate for graphene. hBN

is a layered material isomorph to graphene. Referring to the
in Figure2.1 (a), the two distin t elements of hBN o

rystal stru ture

upy the two distin t sites
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A and B. The mismat h between hBN and graphene latti e
hBN

onstants is

1.8%.

60 in a similar way to graphene and redu ed to few atomi

an be exfoliated

layer thi k akes. The surfa e of hBN does not present dangling bonds and the
akes resulting from the exfoliation pro ess are atomi ally at.

In their work, Dean and

ollaborators proved that it is possible to fabri ate

FETs having graphene deposited on top of hBN with improved mobility and
arrier homogeneity with respe t to SiO2 supported devi es.

The fabri ation

pro ess of su h devi es involves the exfoliation of the dierent
the subsequent sta king of the atomi

layers.

fabri ation te hnique and in parti ular the so

Su

rystals and

essive developments in the

61 have

alled try transfer method

lead to the observation of mobility values higher than

48

room temperature.

1×

105 m−2 V−1 s−1 at

A further improvement of the devi e quality is provided by the en apsulation
of graphene between two layers of hBN. Graphene tends to rea t with the atmosphere and the bonding to other mole ules results in undesired doping and
degradation of the ele troni
graphene from being

62 A

properties.

apping hBN layer prevents the

ontaminated by the ambient atmosphere therefore en-

abling the produ tion of more stable devi es.

Nowadays, the produ tion of heterostru tures based on graphene is routinely
a hieved in several resear h laboratories, and graphene is pla ed side by side not
only to hBN but to a big variety of dierent 2D materials (e.g.
oxides ). The ele troni

properties of this new

fall under the name of van der Waals heterostru tures,
on the

hemi al

an be tailored depending

omposition and the thi kness of the layers.

based heterostu tures, the ee t on the ele troni
twofold.

hal ogenides,

lass of arti ial materials, whi h

63 In

ase of hBN-

properties of graphene is

In addition to the role of high quality substrate already mentioned,

the relative orientation of the two latti es might result into the breaking of

64 and into the formation of Moiré

the sublatti e symmetry of the graphene

54, 65 Depending on the degree of alignment of the two latti es,66 the
patterns.
spe trum of graphene

6769
minibands.
In our

ase, we

hanges dramati ally developing a band gap and Moiré

onsider en apsulated graphene with a random orientation with

respe t to the surrounding hBN layers su h that no modi ations to the dispersion of graphene are expe ted. Therefore, we are able to a
properties of high quality graphene by means of transport and
surements.

34

ess the ele troni
apa itan e mea-

2.6 Tilted elds experiments

2.6 Tilted elds experiments
The measurements in a tilted magneti
We performed both transport and

eld are the

entral

ore of this work.

apa itan e experiments in a tilted magneti

eld in order to address the nature of the ground states resulting from the
splitting of the Landau levels.

B⊥

BT
θ

B||

Figure 2.13: Tilting onguration and denition of the angle θ . The ondu tive graphene plane is depi ted as the gray area. θ is the angle formed by
the external magneti eld BT (green arrow) and the normal to the graphene
plane. The red and the blue arrows represents the omponents perpendi ular
and parallel to the graphene plane, respe tively.

The tilt angle

onguration is depi ted in gure 2.13. The gray plane represents

the graphene plane and the green arrow labelled as
magneti

eld. The samples are pla ed on a

allows rotation around one axis. We dene
of the magneti
eld

θ

BT

indi ates the external

ustom made sample holder that
as the angle between the dire tion

eld and the normal to the graphene plane.

an be de omposed into two separate

The magneti

omponents one perpendi ular to the

graphene plane

B⊥ = BT cos θ

(2.40)

Bk = BT sin θ .

(2.41)

and one parallel

Tilted elds experiments have been vastly employed to study the physi s of 2D
systems following the seminal work of Fang and Stiles.

70
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The

on ept exploited in a tilted eld experiment is that, for a 2D system, dif-

ferent energy s ales depend on the dierent
In parti ular,

omponent of the magneti

eld.

onsidering the energy s ales relevant to the LL splitting men-

tioned in the previous se tions, we see that the

y lotron, the Coulomb and the

anisotropy energies (eqs. 2.18, 2.25 and 2.26) are sensitive only to

B⊥ ,

as they

are related to the orbital motion of the

arriers. By

(eq.2.24) depends on the total magneti

eld applied on the system, regardless

to its orientation.

Table 2.1 summarizes the dierent energy s ales and their

dependen e of the external magneti

Table 2.1:

ontrast, the Zeeman ee t

eld.

Dierent energy s ales for graphene in an external magneti eld.

EN is the y lotron energy, EC the Coulomb energy, ELS is the energy related
to the latti e s ale anisotropies and EZ is the Zeeman energy.
Energy

Dependen e

√
∝ √B⊥
∝ B⊥
∝ B⊥
∝ BT

EN
EC
ELS
EZ

Tilting the sample,
and

orresponds therefore to tuning the dierent energy s ales

hange their relative strengths.

As an example, in Chapters 3 and 4 we

bring to light the spin polarization of the symmetry broken states by tilting
the sample while keeping
resistan e and of the

B⊥

onstant.

By measuring the dependen e of the

apa itan e of the sample as a fun tion of the tilt angle, one

an de ouple the ee ts related to the orbital motion of the ele trons (therefore
dependent on

B⊥ )

from those related to the spin (sensitive to

BT ).

However, it has to be stressed that, su h a simple pi ture of de oupling the spin
and the orbital ee ts by tilting the sample with respe t to the dire tion of the
external magneti

eld, does not apply generally. Indeed, we impli itly made

two assumptions that, as we shall see, are justied in the

ase of graphene but

do not hold in general.
First, we assumed that the orbital motion of
is the

arriers is ae ted only by

ase only for a truly 2D system, for whi h the motion of

onned in a plane. In
magneti

eld

an

B⊥ .

This

arriers is stri tly

ase the system presents a nite width, the tilted external

ouple to the out-of-plane motion of the

arriers and thus,

inuen e their energy spe trum. The

al ulation of the energy spe trum for an

arbitrary angle between the magneti

eld dire tion and the ele tron gas plane

is a

36

omplex problem that depends on the spe i

shape of the

onnement

2.6 Tilted elds experiments
potential.

For a

onventional 2D system with multiple sub-bands, it

solved analyti ally in

ase of a paraboli

B⊥

of the Landau levels and their degenera y are determined by
spa ing in between them depends on

an be

71 The formation

onnement potential.

BT .

Similarly,

BT

but the energy

ae ts the strength of

the ele tron-ele tron intera tions.
More rigorously, a truly 2D system is dened as a

onned system

by a quantized energy spe trum with only one sub-band o

hara terized

upied. Therefore,

the energy separation between sub-bands has to be larger than any other energy
s ale of the system. For graphene, the ele trons are

π

atom plane and the energy separation between
Dira

10 eV.6

points is in the order of

For realisti

onned within the

σ

bands and

experimental

arbon

bands at the
onditions, this

N = 1 and
N = 0 (E1 − E0 ≈ 0.20 eV for B = 30 T), the Fermi energy (EF ≈ 0.2 eV
12 m−2 ) and the thermal energy (k T ≈ 0.0003 eV at 4.2 K).
for n ≈ 3 · 10
B
value is mu h lager than the spa ing between the Landau levels

Therefore, graphene is a truly 2D system and we

of the

arriers is only ae ted by

an assume that the motion

B⊥ .

In addition, the tilted elds experiments impli itly assume that the spin and the
motion of the

arriers

an be treated separately and do not inuen e ea h other.

However, in many systems, they are intri ately
orbit

oupling. Su h a

oupling is a relativisti

onne ted through the spinee t that

an be understood

intuitively as follows: when one ele tron moves around the nu leus of an atom,
it experien es, in its own rest system, not only the ele tri
the nu leus, but also a magneti

eld. This magneti

ele tron via the Zeeman ee t. Formally, the spin-orbit
by the Hamiltonian

72

ĤSO =
where

m

σ

oupling is des ribed

~
(∇V × q) · σ ∼ L · σ
4m2 c2

is the ele tron mass,

momentum,

eld generated by

eld ae ts the spin of the

V

is the nu lear potential,

(2.42)

q

is the quasiparti le

are the Pauli matri es des ribing the spin of the system and

L

is the angular momentum operator.
The spin-orbit intera tion modies the band stru ture of many semi ondu ting
materials lifting the degenera y of energy bands at high symmetry points of the
rst Brillouin zone.

For example, the energy separation between the split-o

band and the degenerate light and heavy hole bands at the

10
Ge is 44 meV and 290 meV, respe tively.
Equation 2.42 shows that the spin-orbit

point in Si and

oupling depends on the nu lear poten-

tial as well as on the symmetry of the bands o
of the small atomi

Γ

upied by the

arriers. Be ause

number of the C atoms and the orientation of the

of graphene, the energy gap due to the spin-orbit

π

orbitals

oupling at the Dira

point

37
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−3 meV

is very small (10

≈ 10 mK).7275

oupling on the ele troni

Therefore, the ee ts of the spin-orbit

properties of graphene are regarded as negligible.

Thus, sin e graphene is a truly 2D system with a negligible spin-orbit

6

oupling,

the use of tilted elds as a way to de ouple spin and orbital ee ts is fully justied and experiments in tilted elds have already been proven to be a powerful
tool in order to address the spin polarization of ele troni

18, 19, 22, 76

states in a magneti

eld.

The spe ial

ase

θ = 90◦

uration the magneti

B⊥ = 0.
angle

is dissimilar from all the other

eld is parallel to the

ases. In this

onnement plane (BT

The fundamental dieren e between the

θ = 90◦

ong-

= Bk )

and

angle and any other

onguration is that the Landau levels are not formed. The eld ae ts

the 2D ele tron gas via the Zeeman ee t and, in

ase the system presents a

nite width, it modies the energy of the dierent sub-bands and the density of

71 In Chapter 5, we employ transport experiments in a parallel magneti

state.

eld in order to address the ee t of the Zeeman splitting of the DOS on the
transport properties of graphene.
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CHAPTER 3

Splitting of the Landau levels of graphene in a tilted magneti
eld

Abstra t
In this Chapter we report on transport and apa itan e experiments
performed on graphene devi es in magneti elds up to 30 T. In
both te hniques, we observe the full splitting of Landau levels and
we employ tilted eld experiments to address the origin of the observed broken symmetry states. In the lowest energy level, the spin
degenera y is removed at lling fa tors ν = ±1 and we observe an
enhan ed energy gap. In the higher levels, the valley degenera y is
removed at odd lling fa tors while spin polarized states are formed
at even ν . Although the observation of odd lling fa tors in the
higher levels points towards the spontaneous origin of the splitting,
we nd that the main ontribution to the gap at ν = −4, −8 and
−12 is due to the Zeeman energy.

Part of this work has been published in: F. Chiappini, S. Wiedmann et al., "Lifting of
the Landau level degenera y in graphene devi es in a tilted magneti

eld", Physi al

Review B 92,201412 (R), (2015).

47

3 Splitting of the Landau levels of graphene in a tilted magneti eld

3.1 Introdu tion
One of the prominent

onsequen es of the Dira -like nature of

harge

arriers

in graphene is the half-integer quantum Hall ee t (see Se tion 2.3.2).
Hall

ondu tan e is quantized to half-integer multiples of

4e2 /h,

The

ree ting the

spin and valley degenera y of the Landau levels (LLs) at lling fa tors given
by

ν = 4(N + 1/2),

where the index

half-integer quantum Hall ee t o

N

0, ±1, ±2, . . . .
ν = ±2, ±6, ±10,...1, 2

has the values

urs at

Thus, the

However, as des ribed in se tion 2.3.3, ele tron-ele tron intera tions and expli it
symmetry breaking elds, su h as the Zeeman splitting,

an lift the LL degen-

era y, leading to the observation of the quantum Hall ee t at intermediate
integer values of

ν.

The origin and the possible spin and/or valley polarization

of the broken symmetry states has been the subje t of

3, 4, 49 and experimental investigations.1017
interest

onsiderable theoreti al

Earlier experimental works on graphene on SiO2 reported the partial splitting of

N = ±1

at

ν = ±410, 11, 16

as a single parti le ee t due to the Zeeman energy,

and the full splitting in the lowest LL driven by ele tron-ele tron intera tions.
Experiments on

11

leaner devi es deposited on hexagonal boron nitride (hBN)

showed the full sequen e of integer lling fa tors and addressed the role of

15, 18 revealing enhan ed gaps

ele tron-ele tron intera tions in the LLs splitting,

15 In the

in the higher LLs.

ases of

ν = −4

and

ν = −8,

the gaps separate

two states with opposite spin and the ex itations of these states are found to

15

be skyrmions.

an be seen as
texture.

Skyrmions are spatially ordered ele tron distributions that
harged quasiparti les

Skyrmions

hara terized by a smoothly varying spin

an be formed in a quantum Hall system in presen e of

1921 and, in graphene, they are predi ted to be
22 The observations of large energy
energeti ally favourable in the |N | ≤ 3 LLs.
15
gaps and skyrmion mediated transport reported by Young and ollaborators
a strong ex hange intera tion

have been attributed to the quantum Hall ferromagnetism (QHF) in graphene

23

(see se tion 2.3.4).
In this Chapter we report on the LL splitting in graphene en apsulated between
two layers of hBN and we investigate the nature of the states o

ν

urring at integer

due to the lifting of the LL degenera y. Thermally a tivated transport in both

perpendi ular and tilted magneti
by

elds up to 30 T, supported qualitatively

24 enables us to probe the origin of the states at

apa itan e spe tros opy,

ν = −1, −3, −4, −7, −8, −12. We show that in the lowest LL, a spin unpolarized
ν = 0 and the spin degenera y is removed at ν = ±1. In the
higher levels, the even ν separate two fully spin polarized states while the odd
ν originate from the lifting of the valley degenera y, supporting the ndings
of Ref. 15. We nd that, for |N | ≥ 1, the gap at half lling is set by the

state is formed at

48

3.2 Experimental details and sample hara terization
Zeeman energy and we demonstrate that the intera tions, although relevant in
determining the splitting of the higher levels, are not the dominant energy s ale
for

|N | > 0

in our devi es.

3.2 Experimental details and sample hara terization
We fo us on two single layer graphene devi es. In both devi es the graphene
ake is sandwi hed between two hBN akes. Devi e A is a Hall bar (W

µm, L/W =

≈

1.3

2) for standard magneto-transport measurements, as the one de-

s ribed in se tion 2.2.

The longitudinal (Rxx ) and Hall (Rxy ) resistan es are

measured as a fun tion of the ba k gate voltage (VG ) using a low noise lo k-in
te hnique with a 10 nA ex itation

urrent at 13 Hz. Measurements at the

neutrality point (CNP) in a magneti
onguration with a 100

µV

se tion 2.4, with a
The

45 nm

onstant voltage

ex itation.

Devi e B is a graphene-hBN-Au
ele trode.

eld are performed in a

harge

apa itor, similar to the ones des ribed in

thi k hBN ake between the graphene and the Au

apa itan e

CT

is measured as a fun tion of the DC voltage

(VG ) applied between the top gate and the graphene sheet using a

apa itan e

bridge (AH2700) with 30 mV AC ex itation at 20 kHz. As des ribed in se tion
2.4.1,

CT

embodies three major

the quantum
states (DOS)

apa itan e

CQ

ontributions: the geometri al

CG ,

,whi h is dire tly proportional to the density of

25 of graphene and the parasiti

4
were pla ed in a variable temperature He
The transport and

apa itan e

apa itan e tra es at

apa itan e

CP .

Both devi es

ryostat.

1.4 K and zero magneti

eld are shown

in Figures 2.3 ( ) and 2.10 in the previous Chapter. As illustrated in Figures

n-doped and the CNP is situated at VGCN P ≈
≈ −0.2 V for devi e B, orresponding to a
11 m−2 and n ≈ 1 × 1011 m−2 ,
on entration nA ≈ 6 × 10
B
4 m2 V−1 s−1 .
eld ee t mobility of devi e A is µn = 4 · 10

2.3 ( ) and 2.10, both samples are

−10

CN P
V for devi e A and VG

residual ele tron

respe tively. The

This value has been obtained performing a linear t to the ele tri al
as a fun tion of the

harge

ondu tivity

arrier density (see se tion 2.2 and Figure 2.4).

3.2.1 Perpendi ular magneti eld
In a perpendi ular magneti

eld, both samples show the full lifting of the

3.1(a), we show Rxx of devi e A at 25 T
< VGCN P ). Minima in Rxx and quantized
ν = −1, −3, −4, and −5 are well developed and more

Landau level degenera y.

In Fig.

and 1.4 K for the hole side (VG
Hall plateaus in
pronoun ed

Rxy

at

ompared to those observed in the ele tron side. We will therefore

fo us our further analysis on the LLs for the holes. For devi e B, Fig. 3.1(b),
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3 Splitting of the Landau levels of graphene in a tilted magneti eld

Transport and apa itan e measurements at 1.4 K. (a): Rxx
(bla k line) and Rxy (gray line) as a fun tion of the ba k gate voltage VG at
25 T. (b): CT as a fun tion of the top gate voltage VG at 15 T. The urve
inside the red box is expanded ve times and shifted in order to mat h the
onstant ba kground of the original urve. The numbers lose to the minima
of Rxx and C indi ate the lling fa tors.
Figure 3.1:

lear minima in the
of

ν

in

apa itan e measurements are dete ted at ea h integer value

N = 0 and N = ±1 at 15 T and 1.4 K. It is worth

noting that the lifting

of the LL degenera y evolves progressively with the magneti

eld, rst in the

lowest LL and then in the higher levels and, within ea h level, rst at half lling
and then at quarter lling.
appearing as a

Hen e, the rst lling fa tor observed is

lear minimum in

CT

for

B ≥5

T and as a diverging

ν = 0,
Rxx for

B > 2 T (see Fig.3.7(a), points onne ted by the grey line). Filling fa tors
ν = ±1 are well developed already at 10 T for both samples. For B ≥10 T the
full splitting of N = ±1 starts to be resolved in the apa itan e spe tros opy.
In transport measurements, plateaus in Rxy appear in the N = −1 LL, rst at
ν = −4 (10 T), then at ν = −3 (12.5 T, and nally at ν = −5 (17.5 T).
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3.2 Experimental details and sample hara terization

3.2.2 Energy gaps in a perpendi ular eld
Let us now address the sizes of the energy gaps

∆ν

that are asso iated with the

broken symmetry states in a purely perpendi ular magneti
explained in se tion 2.3.5, we extra t

∆ν

eld (Fig. 3.2). As

from temperature-a tivated transport

experiments on devi e A between 1.4 and 18 K, tting the experimental data
a

ording to the Fermi-Dira

size of the gap is

Rxx ∝ 1/(e∆ν /2kB T + 1),

distribution

omparable to

kB T

sin e the

in the temperature range under study.
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A tivation gaps ∆ν as a fun tion of B for ν = −1, −3, −4, −7
and −8. The gray dashed line indi ates EZ al ulated with g = 2, and the
solid lines are the linear (green) and square root (blue) t to the data. Inset:
Rxx minima of ν = −1 as a fun tion of temperature at 27.5 T (symbols), and
the solid line is a t to the experimental data a ording to the Fermi-Dira
distribution. The relatively large error bars for gaps ex eeding 20 K are due
to the fa t that the temperature range used (1.4 − 18 K) was not large enough
to a ess them more a urately.
Figure 3.2:

The inset of Fig. 3.2 shows the minima of

ν = −1

at

27.5 T

Rxx

as a fun tion of temperature for

(symbols) and the ts (solid lines) as an example of typi al
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tting tra es. Sin e there is some un ertainty in the range of appli ability of
the a tivated transport assumption, at some magneti
perform dierent ts
values of

∆ν

eld values we had to

onsidering ea h time a dierent temperature range. The

plotted in Figure 3.2 are an average over the values obtained tting

in the dierent temperature ranges, and the error bars represent the spread of
all the values obtained due to the dierent ts.
As

an be seen in Figure 3.2, the size of the energy gaps in reases with the
eld for ea h lling fa tor. In the higher LLs (N

magneti

= −1

and

−2)

we

an distinguish between two dierent energy s ales, one for the gaps at even
and one for the gaps at odd

ν.

The size of

∆−4

and

∆−8

ν

in reases linearly with

the magneti

eld and the gaps for both lling fa tors fall on the same line.

The gap size

an be des ribed by

energy (EZ ) and
data yields

∆ = gµB B − Γ;

the rst term is the Zeeman

Γ is the Landau level broadening. A t to the experimental
g = 3.1±0.1 and Γ = 14.4±1.5 K. The enhan ement of g ompared

to its bare value 2 is probably due to ex hange intera tion.
The gaps at odd lling fa tors within the

∆−7 , are omparable within the
EZ and their eld dependen e

N = −1

and

error bars. They are

∆−3 ).

and

12 ± 1

K (blue solid line

A linear fun tion, whi h would also reasonably t the data, leads

Γ.

Though a shallow minimum develops in

Rxx

not able to extra t the a tivated gap in the

Rxx

∆−3

LLs,

an be tted by a square root fun tion with a

to a meaningless negative value for

the

N = −2

onsiderably smaller than

nite oset representing a Landau level broadening of
for of
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at

ν = −5

for

B > 17.5

T, we are

onsidered temperature range sin e

minimum is visible only at the lowest temperatures. Thus, we

that the state at

ν = −5

is weaker than the state at

by the

apa itan e signal where dips at

ones at

ν = ±3

(see the

ν = ±5

ν = −3,

on lude

as also suggested

are not as pronoun ed as the

urve inside the red box in Figure3.1(b)).

In addition, Figure 3.2 highlights already the dierent behaviour of the states
within the lowest LL
that

ompared to the ones in the higher levels. Indeed we noti e

ν = −1 has the largest energy gap and, in parti ular, it is mu h larger than
ν = −3 and ν = −7.

the size of the gaps of the other odd lling fa tor

3.3 Tilted magneti elds
In order to further investigate the origin of the broken symmetry states we
perform magnetotransport and

apa itan e experiments in a tilted magneti

eld. We tilt the sample with respe t to the dire tion of the magneti
an angle

θ,

while keeping the

to the graphene plane (B⊥ )
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omponent of the magneti

eld by

eld perpendi ular

onstant, thus in reasing the total magneti

eld

3.3 Tilted magneti elds
(BT ) applied to the sample. In a material like graphene, the ee ts related to
the spin

an be de oupled from those dependent on

B⊥

alone. For a

omplete

des ription of the tilted elds experiments, see se tion 2.6 and Figure 2.13.
For devi e A, the experiments were performed in two dierent
ated by solid symbols (rst

ooldowns, indi-

ooldown) and open symbols (se ond

ooldown) in

Figures 3.5 and 3.6.

3.3.1 Higher Landau levels (|N| > 0)
We rst des ribe the lifting of the Landau level degenera y for the
levels.

0)

N 6= 0
>

In Figure 3.3 (a), we illustrate the splitting of the higher LLs (|N |

showing

Rxx

for dierent tilt angles.

The minima in

Rxx

asso iated with

Figure 3.3: Splitting of the higher Landau levels in a tilted magneti eld
at 1.4 K. (a): Rxx as a fun tion of the ba k gate voltage at B⊥ = 8.4 T and
θ = 0◦ (bla k line) and at θ = 73.7◦ (red line). (b): Rxx for N = −1 and −2
at B⊥ = 14.1 T and θ = 0◦ (bla k line) and θ = 59.1◦ (red line).

even

ν

be ome more pronoun ed upon tilting the sample and in reasing

while those asso iated with the odd lling fa tors do not
for

B⊥ = 8.4

T and

θ = 0◦ ,

BT ,

hange. In parti ular,

we observe only the standard sequen e for the

half-integer quantum Hall ee t in graphene (Figure 3.3(a) bla k line) while at

θ = 73.7◦

lear minima appear in

(red line). At the higher value of

Rxx at the lling fa
B⊥ = 14.1 T (bla k

tors

ν = −4, −8, and −12

line in Figure 3.3 (b)), we
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observe also the odd lling fa tors
an in rease in
In the

BT

ν = −3

−7 whi h do
59.1◦ (red line).

and

as the sample is tilted by

not

apa itan e signal shown in Figure 3.4, the minimum at

hange upon

ν=4

be omes

◦ to 63.2◦ , indi ating that the

progressively deeper as the sample is tilted from 0

ν = 4 gets stronger upon an in rease of BT . In ontrast, the minima at
ν = 3 and 5 in C (Fig.3.4( )) do not show any signi ant hange as the sample

state at

is tilted.

Figure 3.4: Splitting of the N = 1 level observed in apa itan e measurements at B⊥ = 13.5 T and 1.4 K for dierent tilt angles θ = 0◦ (bla k line),
θ = 43.1◦ (red line) and θ = 63.2◦ (blue line).

We address quantitatively the splitting me hanism for the higher energy LLs
extra ting the a tivation gaps in a tilted magneti

∆−4 , ∆−8 ,

and

∆−12

in rease linearly with

BT

eld. As Figure 3.5(a) shows,

at a xed

B⊥ = 10.4

gap size is smaller than the Zeeman energy (gray dashed line).
dependen e of

∆−4

and

25 T, the last two only
At even

ν , the gap size

∆−8 on BT
for ∆−4 ).

is found at several

E(B⊥ ),

ontributions

∆ν = E(B⊥ ) + EZ (BT ) − Γ.
B⊥ ,

in orporates all the ee ts whi h depend only on

ele tron-ele tron intera tions) and therefore does not
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The linear

(10.4, 11.3, 20, and

an be des ribed as a result of two separate

redu ed by the Landau level broadening,
rst term,

B⊥

T and the

The
(e.g.,

hange upon an in rease

3.3 Tilted magneti elds

(a): A tivation gaps for ν = −4 (bla k squares), ν = −8 (orange
ir les) and ν = −12 (blue triangles) as a fun tion of BT at B⊥ = 10.4 T.
They gray dashed line represents EZ for g =2. (b): g as a fun tion of ν at
B⊥ = 10.4 T (top panel) and 11.3 T (bottom panel). ( ): ∆−3 as a fun tion
of BT at B⊥ =20 T (blue triangles), 22.5 T (green squares) and 25 T (orange
ir les).
Figure 3.5:

of
of

BT . The value
∆ν with respe t

of
to

g in
BT ,

a titled eld

an be

al ulated by the derivative

and it provides information about the spin of the

21 The enhan ement of

ex itation involved in the transport pro ess.
ex hange intera tions depends solely upon
the

B⊥

al ulation. A linear t to the data leads to

at ea h

B⊥

g

due to

and therefore does not inuen e

g ≈ 2 for the three lling fa

hole pairs with reversed spin with no

olle tive ee ts, su h as Skyrmions,

involved. To illustrate the behavior of

g,

10.4
In

and

11.3 T

we plot

g

∆−3

ν

at

B⊥ =

(Figure3.5( )) does not

BT and is mu h smaller than the Zeeman energy.
ν = −3 originates from the lifting of the valley

assume that

N = −1

as a fun tion of

15, 22

as representative results in Figure 3.5 (b).

ontrast to the even lling fa tors, the value of

depend on

tors

meaning that transport takes pla e via thermally ex ited ele tron-

Therefore, we

an

degenera y in the

level.
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3.3.2 The lowest Landau level (N=0)
N =0

We now turn our attention to the
behaves substantially dierent

devi e A. Figure 3.6(a) shows that at
deeper, tilting the sample from
line) at
with

BT

B⊥ = 14.1

T. A

θ = 0◦

ν = −1

∆−1

Rxx be omes
θ = 59.1◦ (red solid
with ν = −1 in reases

the minimum in

is larger than the Zeeman energy for

(b)

B

eld,

onsider

(bla k solid line) to

ordingly, the gap asso iated

(Figure 3.6(b)). The size of

(a)

LL, whi h, in a tilted magneti

ompared to the higher LLs. We rst

75
60

4
(K)

(k

)

45

Rxx

-1

30
15

-2

0

59.1

-20

-16
V

G

9.4 T

0

B

20.0 T

10.4 T

22.5 T

11.3 T

20

-12

(V)

30

B

T

(T)

ν = −1 in a tilted magneti eld. (a): Rxx at ν = −1 in
B⊥ = 14.1 T and θ = 0◦ (bla k line) and θ = 59.1◦ (red line). (b) A tivation
gap for ν = −1 as a fun tion of BT at dierent B⊥ ; the gray dotted line is EZ
al ulated with g = 2.
Figure 3.6:

B⊥ ≥ 20 T, while
B⊥ . Furthermore,

it is

ompatible with

EZ

within the error bars at smaller

|N | > 0, we do not nd
∆−1 on BT (see the
dotted line in Figure 3.6(b)). This indi ates that ν = −1 separates two states
with reversed spin and the enhan ement of the gap size, with respe t to EZ , is
governed by the ex hange intera tion due to B⊥ .
At half lling of N = 0, the resistan e maximum at ν = 0 de reases with
the in-plane magneti eld (see Fig.3.7(a)) having B⊥ ≥2 T, onrming earlier
as in the

any signi ant enhan ement of

observations on suspended
suggests that

∆0

ase of the even

g

in

16 and hBN supported samples.15 This observation

is redu ed upon in reasing

fully spin polarized state at half lled
The

ν

from the dependen e of

BT ,

ruling out the s enario of a

N = 0.

apa itan e measurements on devi e B in tilted magneti

elds support the

pi ture emerging from the transport experiments. Figure 3.7(b) shows that all
three
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ν

resulting from the splitting of the zero energy Landau level rea t to a

3.4 Dis ussion
(b)

B

(a)

T

6 T

C

R

5 T
4 T

10

-1

0.35

0

1

7 T

(pF)

100

(k

)

8 T

0.30

59.7

3 T
2 T

N =0

0

10
B

T

20

B

-0.8 -0.4

30

V

(T)

G

0.0

0.4

(V)

Splitting of the N = 0 LL in a tilted magneti eld. (a): Value
of the resistan e maximum at ν = 0 in a tilted magneti eld as a fun tion of
BT at dierent 2 ≤ B⊥ ≤ 8 T and 4.2 K. (b) CT at B⊥ = 10.1 T and θ = 0◦
(bla k line) and θ = 59.7◦ (red line).
Figure 3.7:

hange in

±1

θ

at a xed

B⊥ = 10.1

T. We also noti e that the odd lling fa tors

BT , while
θ = 0◦

are enhan ed by an in rease in

shallower as the sample is tilted from

the minimum at

ν = 0 be omes
θ = 59.7◦

(bla k solid line) and

(red solid line).

3.4 Dis ussion
The observation of the full splitting of the LLs in a perpendi ular eld and
in parti ular, the presen e of odd lling fa tors in

|N | =
6 0,

indi ates that both

samples enter the regime of the quantum Hall ferromagnetism for a high enough

B⊥ 3, 23

(see Se tion 2.3.4).

In agreement with the QHF pi ture, we observe

enhan ed energy gaps in perpendi ular eld for both
addition, the square root dependen e of

∆−3

on

B⊥

ν = −1

and

ν = −4.

In

suggests that its origin is

due to ele tron-ele tron intera tions.
The titled eld experiments enable us to
dierent for the

N = 0

ompose a splitting s enario whi h is

level and the higher energy levels.

In Figure 3.8, we

N = 0 and N = −1 LLs. Both levels are
B⊥ . The dierent spin states are indi ated

draw s hemati ally the splitting of the
spin and valley degenerate for low
by

↑

and

↓,

while the two valleys are depi ted as the green and red lines. In the

lowest level (left panel), the valley degenera y is removed at
spin degenera y is lifted at

ν = 0,

whereas the

ν = ±1.
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N = -1

N=0

E

ν=1

ν=0

ν=-5

ν=0

ν=-4

ν=-4

ν=-1

ν=-3

B⊥

B⊥

Splitting s enario for the N = 0 (left panel) and the N = −1
(right panel) LLs. The two valleys are s hemati ally indi ated by the green
and red lines, the spin of the arriers by ↑ and ↓. The energy gaps for the
dierent ν are indi ated by the grey (blue) shaded areas for the valley (spin)
polarized states.
Figure 3.8:

Conversely, we nd that for
(even

ν)

N 6= 0

the spin degenera y is lifted at half lling

while the valley degenera y is lifted at quarter lling (odd

example of the splitting of a higher energy LL, we show the s hemati
tation for the

N = −1

ν ).

As an

represen-

LL in the right panel of Figure 3.8.

It is worth pointing out the dieren e between

ν = −1

and the lling fa tors

originating from the spin splitting in the higher levels: the size of

∆−1

annot

be explained solely by the Zeeman energy, but it must nd an origin in the
ele tron-ele tron intera tions, whereas the gaps at

ν = −4, −8

and

−12

appear

to be Zeeman dominated (see the size of the gaps reported in Figures 3.5 and
3.6).

3.5 Con lusions
In this Chapter we have addressed the lifting of the LL degenera y by means of
two dierent measurement te hniques. In a purely perpendi ular magneti

eld,

we have extra ted the energy gaps by means of thermally a tivated transport.
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3.5 Con lusions
The lling fa tors resulting from the splitting of the higher (|N |
omparable gap sizes, while the energy gap at

ν = −1

is

than all the others. For the higher LLs, the states at even
the ones at odd

> 0)

LL have

onsiderably bigger

ν

are stronger than

ν.

Our experiments in tilted elds highlight the dieren es between the splitting
of the N = 0 LL and the
|N | > 0 LLs separate two

polarized state is found at

higher energy levels. The even lling fa tors in the
spin polarized states, while in the lowest LL, a spin

ν = −1.

Moreover

∆−1

is larger than the Zeeman

energy, indi ating that ele tron-ele tron intera tions are the most relevant ee t

N = 0 level. In ontrast, the gaps of spin polarized states
(ν = −4, −8 and −12), are ompatible with a the Zeeman

for the splitting of the
in the higher levels
splitting.

The splitting s enario obtained in the tilted eld experiments and depi ted in
Figure 3.8

onrms the nding of Ref. 15, although we do not nd any indi ation

of the presen e of skyrmion in our transport system at

ν = −4.

We attribute

this dieren e to the disorder that in our system is higher than in the devi es
studied by Young and

15 as indi ated by the lower arrier mobility

ollaborators,

of our sample.
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CHAPTER 4

Capa itan e spe tros opy in the N = 0 Landau level

Abstra t
In this Chapter, we address the splitting of the lowest Landau level of
graphene by means of apa itan e measurements in a tilted magneti
eld. In our experiment, we have tilted the sample up to 81.4◦ and
observed a non-monotoni behaviour of the minima asso iated to
ν = 0 and ν ± 1 as BT is in reased. From the analysis of the
energy gaps asso iated to the lling fa tors, we show that the state
at ν = 0 is rst suppressed by an in rease in BT but it gets strongly
enhan ed again at the highest angles, when the ratio BT /B⊥ is
maximized. Su h a behaviour is ompatible with the formation of a
valley polarized state in a purely perpendi ular magneti eld whi h
evolves into a spin polarized state owing to the enhan ement of the
Zeeman energy.

Part of this work is in preparation for publi ation.
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4.1 Introdu tion
One of the

onsequen es of the Dira

nature of

harge

arriers in graphene is

the formation of a zero energy Landau level in an external magneti
des ribed in se tion 2.3.3, the presen e of the
of Dira

N = 0

eld. As

Landau level is typi al

fermions and represents the main dieren e between graphene and the

traditional semi ondu tor-based 2D systems. This level is four times degenerate,
similarly to the other Landau levels, and it separates the lling fa tors

+2

and

−2.

More interestingly, the lowest energy level diers from all the other levels in
graphene as it is equally shared by ele trons and holes and the wavefun tions
in the dierent valley

K

and

K′

reside on the dierent sublatti e sites A and B

(see Figure 2.1 (a)). Therefore, only for this spe i
polarization

oin ide.

It was observed experimentally that the
high magneti

level, valley and sublatti e

elds and low temperature,

N = 0

LL under the

ondition of

an split into 4 levels leading to the

±1.18 The latter emerged as
2
lear quantum Hall states (Rxx = 0 and Rxy = h/e ) already in the early stage
1, 2 while the state at ν = 0 manifested as divergent R
of the graphene resear h,
xx
1,
38
and Rxy .
The insulating state at ν = 0, dete ted in all kind of graphene

observation of the additional lling fa tors

0

and

devi es (SiO2 , suspendend and hBN supported), seems to be ome stronger with
the in reasing quality of the devi es.

1, 8

The nature of the ground state o

urring at

ν = 0

has been stimulating an

intense theoreti al debate aimed at des ribing what kind of mi ros opi
ing

order-

ould explain the observed insulating state. Within the framework of the

9

quantum Hall ferromagnetism of graphene (see se tion 2.3.4), several ground
states have been proposed: the spin ferromagneti

1012 the

phase (F),

anted

10, 13 the harge density wave (CWD)10, 11 and
antiferromagneti (CAF) order,
14, 15 The sele tion of a spe i ground state depends
the Kekulé distortion (KD).
on the

ompetition of dierent energies (Zeeman energy, ele tron-ele tron inter-

a tions and ele tron-phonon intera tion at the latti e s ale) and theoreti ally,
it is hard to predi t whi h ordering will prevail be ause the dierent ground
states have very similar energies. Therefore, the spe i ities of ea h sample like
disorder or the intera tion of the graphene with the surrounding media, might
be determinant in driving the system into a spe i

Indeed, experimental works have reported dierent ground states
re ent work

apa itan e have reported a CAF state o

other works ex luded a spin polarized state at
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A

16 employing opti al spe tros opy sensitive to the valley polarization

have proved a CDW ordering, while Young et al. using a
port and

ν = 0.
at ν = 0.

ground state at

ombination of trans-

urring at

ν = 0

ν = 0.17

Several

by means of transport

4.2 Sample hara terization
measurements in a tilted magneti

eld.

7, 8, 18

In this Chapter, we investigate the splitting of the lowest Landau levels by means
of

apa itan e measurements in tilted magneti

a graphene based

eld. In this study we employ

apa itor, where the graphene ake is sandwi hed between

two layers of hBN. Sin e we use a low perpendi ular

omponent of the magneti

eld, the bulk of the graphene does not be ome strongly insulating (see se tion
2.4.3) and therefore we are able to extra t quantitative information from the
apa itan e data and des ribe the ground state o

ν =0

urring at

and

terms of energy gaps.
We study the behaviour of
observe the

ν=0

and

±1

as a fun tion of the tilt angle

omplete suppression of lling fa tor

0

and its su

ment, as the sample is tilted at the highest angles.
enhan ed as the sample is tilted up to
ae ted by the in rement of

BT

.

θ∼

In

θ>

θ.

in

We

essive enhan e-

ontrast,

60◦ , while, for

±1

ν = ±1

are

60◦ , they are not

In the nal part of this Chapter, we interpret the experimental ndings in terms
of a phase transition between two of the proposed states for

ν = 0,

namely the

CD or KD as initial state, to the F or CAF ordering as the nal state.

4.2 Sample hara terization
The sample used in this study is a graphene-based
des ribed in se tion 2.4.
of gure 4.1.

apa itor similar to the ones

An opti al pi ture of the sample is shown as inset

An heterostru ture formed by the sta k of hBN-graphene-hBN

is deposited on a quartz substrate. The large Au
dashed lines) are

onta ts (marked by the red

onne ted to the graphene sheet (invisible in the pi ture) while

the three Au plates are deposited on top of the hBN layer (brown area in the
gure). The irregular shape of the plates is spe i ally designed in order to avoid

19 and that are visible

the bubbles that are formed during the sta king pro ess

at the hBN surfa e. The thi kness of the hBN layer between the graphene and
the gold plate is
The
a

d = 45 nm

(obtained by AFM measurements).

apa itan e of the devi e highlighted by the blue area was measured using

urrent amplier (Keithley 428) sending an a

voltage ex itation of

20 mV

at

f = 23.7 kHz.
As shown in Figure 2.9 (b) and des ribed in se tion 2.4, the system
elled as a resistor

R

and a

apa itor

CT

onne ted in series.

R

an be mod-

in ludes all the

resistive part of the experimental set up and the resistan e of the graphene sheet,
while

CT

in ludes the

apa itan e of the devi e and the parasiti

due to the wiring and the

apa itan e

ables.

The impedan e of the devi e highlighted by the blue area was measured sending

65

4 Capa itan e spe tros opy in the N = 0 Landau level
urrent I ow1/(RCT ) >> 2πf , the
◦
omponent of the urrent at a 90 with respe t to the ex itation voltage (Im(I))
is dire tly proportional to the apa itan e of the system CT (see eq.2.34). The
omponent of the urrent in phase with the external ex itation (Re(I)) is proportional to R and is related to the dissipation in the system (see eq.2.33). We
Re(I)
dene the loss angle δ = arctan
Im(I) . When the signal is purely apa itive
(R = 0) or 1/(RCT ) >> 2πf , |δ| = 0. At the beginning of the measurements,
the signal is rotated su h that δ = 0 for high gate voltage values (when the
an a

voltage ex itation of

ing through the

20 mV

23.7 kHz

at

apa itor using the

and reading the

urrent amplier. If

resistivity of the sample is expe ted to be the smallest, see for example Figure
2.3 ( )) in order to

10◦ )

ompensate for the arti ial phase shift (usually below

introdu ed by the experimental set-up (su h as internal phase shifts due to the
amplier and

ables).

Figure 4.1 shows the total

CT and the loss angle |δ| of the devi e
at 1.4 K and B = 0. CT shows the V -

apa itan e

as a fun tion of the gate voltage
shape typi al of graphene

VG

2022 around the

apa itors

harge neutrality point

≈ −0.16 V). Away from the neutrality point on both the ele tron and the
CT smoothly in reases till rea hing the value CT ≈ 0.135. The loss
angle δ is non zero only in the vi inity of the harge neutrality point, where
(VG

hole side,

the resistivity of the graphene is the largest (see for example the resistan e of a
graphene eld ee t transistor shown in Figure 2.3( )).
The qualitative understanding of the
in se tion 2.4.2.
of the devi es
fun tion of

an be obtained by

VG

apa itan e measurements was provided

More quantitative information on the ele troni
onverting the experimental

into density of states as a fun tion of the

onsists of three

quantum

apa itan e

Thus, the

DOS

CP .

CQ

ontributions

CT =

is dire tly proportional to the

an obtain the

µ=
where

S

µ=0

at the CNP.

hemi al potential

1
Se2

is the surfa e of the devi e,

In general, the value of

CG

an be

n

Z

DOS

apa itan e

of the system.

µ

harge

CG

and

of the system as

1
dn
CQ

is the

as

−1 −1
−1
) + CP and the
+ CG
(CQ

an be extra ted from the measured signal knowing

Furthermore, we

CT

hemi al potential of

the system. As des ribed by equation 2.36, 2.37 and 2.38, the total
of the devi e

properties

urves

(4.1)
arrier

on entration and

al ulated knowing the geometri al param-

eters of the devi es and the diele tri

onstant of hBN. In pra ti e, the area of

the devi e is not known pre isely sin e we do not know the a tual position of the
graphene sheet under the diele tri
an area larger than the Au plate
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layer. The graphene layer may extend over

ausing the thinner

onta t paths to

ontribute

4.2 Sample hara terization

Figure 4.1: CT (bla k line) and |δ| (gray line) as a fun tion of the gate voltage
at 1.4 K. The red dashed line is the al ulation of the total apa itan e using
the parameters CP and CG obtained following the pro edure des ribed in the
appendix A and the Fermi velo ity vF = 0.97 × 106 m/s. Inset: opti al pi ture
of the sample. The white bar denes 10 µm. The left devi e is onsidered in
the experiment, while the other two are not onne ted. The blue area denes
Smin while Smax is given by the the blue and the green areas together. (b):
DOS obtained from the data of panel (a) as a fun tion of the hemi al potential
for CG + CP = 0.137 pF and Smin . The red solid lines are linear ts a ording
to eq.2.5.
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to the ee tive area of the devi e. For the devi e under

onsideration, we

an

S = 187 µm2 (the blue area in the opti al
2
maximum one S = 203 µm (the blue and the green

therefore dene a minimum area
pi ture in gure 4.1) and a

areas). These values are obtained from AFM pi tures.
In addition, there is some un ertainty on the value of the diele tri
hBN. In literature, we nd values of

ǫBN

ranging from

2

Another sour e of un ertainty is given by the parasiti
depends on the spe i

CP ,

apa itan e

whi h

wiring of the sti k, the measurement set up and the

frequen y of the external ex itation.
al ulation of the

onstant of

21, 23, 24
to 4.5.

A

orre t value of

CP

is

ru ial to the

harge indu ed in the system, and thus, to the

hemi al po-

tential.
It is now obvious that any
of

CG

and

CP

CQ

starting from non a

urate values

will provide a poor, if not unphysi al, estimate of the a tual

DOS and the
derive

al ulation of

hemi al potential of our system. Our approa h is therefore to

ǫBN , CG

and

CP

dire tly from the experimental

urves. The diele tri

onstant of hBN is now obtained from the periodi ity of the os illations of the
apa itan e in a perpendi ular magneti
al ulated

eld.

The other two parameters are

omparing the experimental DOS with the expe ted value a

to the theoreti al expression 2.5. The

ording

omplete pro edure is reported in detail

in Appendix A.
For the devi e under investigation, we obtain

ǫBN = 2.42.

At the end of the

pro edure des ribed in Appendix A, we usually determine a unique values of
(and therefore

CG ).

However, only for this spe i

S

devi e, the high noise present

in the data does not allow us to dis riminate between

Smin

and

Smax

when

omparing the slope of the DOS with the theoreti al tra es (see Appendix A).
We obtain, therefore, two values for the geometri al
and

CG = 0.096 pF.

we will show only the

tra es represent and upper

≈ 0),

Smin . This means that the shown
bound for µ and the DOS .
DOS al ulated from CT reported in panel (a). At

urves obtained for

Figure 4.1 (b) displays the
low energies (µ

CG = 0.089 pF
C , µ and the DOS

apa itan e

In the following part, when presenting

we observe a saturation of the DOS to a nite value.

This deviation from the ideal behaviour reported in Figure 2.2 is most probably
due to the presen e of puddles in the graphene, whi h smear the DOS at low

22, 25, 26

energies.

Away from the CNP, the DOS is linear as a fun tion of

A linear t (red solid lines) to the DOS a
for

vF = 0.97 × 106 ± 0.05 m/s.

This value is in agreement with theoreti al

expe tations (see Se tion 2.1.1) and previous experimental reports.
In order to

he k the validity these results, we

the the values obtained of
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an

al ulate

CG = 0.089 pF, CP = 0.048 pF

it with the measured tra e.

µ.

ording to eq.2.5 leads to a value

As you

CT
vF

and

21, 2729

starting from
and

an see in Figure 4.1 (a), the

ompare
al ulated

4.2 Sample hara terization
urve (red dashed lines) reprodu e ni ely the experimental data ex ept in the
vi inity of the CNP.

CP is known, we an subtra t it from the measured aCT and obtain the apa itan e value due only to the the devi e
C = CT − CP . In the following parts while presenting the experimental results, we will refer only to C .

Sin e the value of
pa itan e

4.2.1 Perpendi ular magneti eld
When a magneti
the

eld is applied to the sample, we observe os illations in

apa itan e of the devi e, as a

C,

onsequen e of the formation of the four-fold

C (note that CP was subtra ted
of VG at 1 T and 1.4 K. Already at

degenerate Landau levels. Figure 4.2(a) shows
from the original data) and
su h a low magneti

|δ|

as a fun tion

eld, we observe

learly dened os illations

to the fourfold degenerate Landau levels (see se tion 2.3).

ν = ±2

are signi antly deeper than the ones for the other lling fa tors and

they are a

ompanied by peaks in the loss angle. This implies that the quantum

Hall state at

ν = ±2

B = 1 T.

is strongly insulating already for

Using the parameters obtained in Appendix A and equation 4.1, we
the

orresponding

The minima for

hemi al potential and the DOS in the external magneti

hemi al potential, shows a series of steps
asso iated to a spe i

al ulate

1 T.

The

orresponding to the energy gaps

lling fa tor (see gure 4.2(b)).

in panel ( ) as a fun tion of the

an

eld of

hemi al potential,

The DOS, displayed

onsists of several non-

equidistant peaks that represents the dierent Landau levels.
However, the
fully for the

onversion of the data into

C

DOS

and

µ

should be applied

tra es obtained in the presen e of an external magneti

areeld.

As explained in se tion 2.4.3, when the bulk of graphene is insulating and

1/(RCT ) < 2πf ,

the measured

apa itan e is smaller than the a tual

tan e of the devi es, be ause the devi e is only partially

apa i-

harged by the external

C

and the DOS. As a

onsequen e, the energy gaps extra ted from the steps in the

hemi al potential

ex itation. Under this

ondition, it is not possible to relate

(gure 4.2(b)) are overestimated. This is
at

B = 1 T.

ertainly the

ase for

Indeed, if we extra t the energy gaps from

values with the ones expe ted for the
(eq.2.18), we see that

∆±2

at

1T

µ

ν = ±2

and

already

ompare their

y lotron gaps for single layer graphene

ex eeds the theoreti al value (gure 4.3(a)).

For this reason, the low energy part of the

DOS

is not shown in Figure 4.2 ( ).

The insulating state for the other lling fa tors in not yet strongly developed,
as we do not dete t any shift in the phase of the signal for
and the values for the gaps for
expe ted value (taking into a

ν = ±6

and

±10

are

ν 6= |2| (gure 4.2(a))

ompatible with the their

ount a nite broadening of the Landau levels).
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(a): C and |δ| as a fun tion of VG at 1 T and 1.4 K. (b): Chemi al
potential as a fun tion of n obtained from the experimental tra e reported in
panel (a). As an example, the steps orresponding to ν = 2 and 6 have been
highlighted and the height of the steps an be regarded as the energy gap
asso iated to the integer ν . ( ) DOS as a fun tion of µ. Due to the highly
insulating state at ν = ±2, the onversion to DOS is not reliable in the low
energy region and therefore it is not displayed.
Figure 4.2:

The

omparison between the measured value for the gaps and their expe ted

value provides us with a useful
onverted reliably to

DOS

riterion to de ide if the experimental data
and

µ.

Figure 4.3(a) shows

∆±6

an

∆±10 as a
fun tion of B at low magneti eld. Panel (b) displays the dependen e of |δ| on
◦
the magneti eld for the same lling fa tors. We noti e that as long as |δ| < 5 ,
be

and

the size of the gap is well des ribed by the expe ted value. On the other hand
for

|δ| > 5◦ , ∆

ex eeds the

is ae ted by the partial

y lotron gaps, meaning that the

harging of the devi e. We therefore

as the limit to perform a reliable
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apa itan e signal

|δ| = 5◦
tion of ∆ν .

onsider

onversion into DOS and the extra

4.2 Sample hara terization
In se tion 2.4.2, we illustrate that the height of the
monotoni

in gure 2.12, the height of the peaks
magneti

eld.

Loss

peaks has a noneld.

As shown

rosses a maximum as a fun tion of the

Subsequently the height de reases and eventually ea h peak

evolves into a multi-peak stru ture.
when the

Loss

behaviour as a fun tion of the external magneti

The

5◦

limit is

onsidered to hold only

experien es the initial in rease as a fun tion of the magneti

eld.

Energy gaps and |δ| as a fun tion of the external magneti eld
at 1.4 K. (a): Comparison between the measured gaps (symbol) and their
expe ted value (solid lines) for ν = ±2 (red squares and red line), ν = ±6
(blue ir les and blue line), and ν = ±10 (gray triangles and gray line). Solid
(open) symbols indi ate the negative (positive) lling fa tor. (b): |δ| for low
magneti elds. The horizontal red line marks |δ| = 5◦ whi h we take as
limiting value for a reliable onversion of the apa itan e data into DOS.
Figure 4.3:

Although a large

|δ|

obtained from the
and the redu ed

C

ee tively means that no quantitative information
apa itan e data, it is worth noting that a large

are the

an be

|δ|

signal

onsequen es of the presen e of an insulating bulk

whi h is related to the strength of the asso iated quantum Hall state. Indeed, a
deeper minimum in
a

C

points to a smaller ee tive area of the

apa itor whi h is

onsequen e of a more insulating bulk and, therefore, of a stronger quantum

Hall state. The

apa itan e data in a high magneti

eld provide thus a sour e

of qualitative information to understand the evolution of the dierent

ν

even in

the presen e of a highly insulating bulk of sample.
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4.3 Splitting of the N = 0 Landau level
We fo us now on the lowest Landau level and on the lling fa tors resulting from
the splitting of it into four distin t levels in a purely perpendi ular magneti
eld. Figures 4.4 (a), (b) and ( ) show

as a fun tion of the gate voltage for

(b)

(c)
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0
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5

10
B

15

20

(T)

Main panel: Capa itan e and |δ| (right axis) as a fun tion of the
external perpendi ular magneti eld at 1.4 K and VG = VCN P = −0.23 V.
Top panels: C as a fun tion of VG at (a) 0 T, (b) 3 T and ( ) 7.5 T. The
arrows indi ate the position of the CNP or ν = 0
Figure 4.4:

three dierent values of perpendi ular magneti

B = 7.5 T,

respe tively. The minimum

B = 0 T, B = 3 T and
to the CNP at 0 T (panel

eld

orresponding

(a)) evolves into a lo al maximum when an external magneti
the system (panel (b)), indi ating the formation of the
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eld is applied to

N = 0 LL. At B = 7.5 T,

4.3 Splitting of the N = 0 Landau level
the splitting of the
(the

N = 0 is observed with three minima

(the side minima in panel ( )).
The

omplete evolution of

C

at the CNP with the external magneti

shown in the main panel of Figure 4.4.
indi ate the values of
I,

C

C

in reases while the

ν=0
ν = ±1

orresponding to

entral minimum, indi ated by the green arrow in panel ( )) and

eld is

The orange, blue and green arrows

at the CNP reported in the three top panels. In region

N =0

level is formed. In region II, the lowest Landau

C is eld-independent. In region III
> 3.5 T), C de reases be ause of the formation of ν = 0.
The loss angle |δ| remains lose to zero in regions I and II, due to the nite value
of resistan e of the graphene bulk. When ν = 0 is developed (region III), |δ|
◦
presents a steep rise and rosses the 5 value for B ≃ 5 T, in agreement with the
level is fully developed and not yet split,

(B

formation of an insulating state. Be ause of this, the
be used to

DOS

al ulated the

apa itan e data

annot

N =0

at half

B > 5 T.

for

Figure 4.4 shows that we observe the lifting of the degenera y of
lling for

4T

B ≈ 3.5 T

while a weak minimum for

(see gure 4.5 (a)). As in the

the splitting of the lowest Landau level o
subsequently at

ν ± 1,

ν = +1

appears only above

ase of the devi es des ribed in Chapter 3,
urs rst at half lling (ν

already indi ating that

ν=0

is stronger than

= 0) and
ν = ±1.

4.3.1 Tilted magneti elds
In order to

hara terize the ground state o

urring at

their possible spin polarization, we measure the
tilted magneti
the eld
eld

BT

B⊥

is kept

by an angle

±1

and study

apa itan e of the devi e in a
omponent of

onstant while tilting the sample in the external magneti

θ.

For a detailed explanation of the tilted eld experiments
onguration, we refer to se tion 2.6.

In Figure 4.5, we show the

B⊥ = 4 T

and

eld. During these experiments the perpendi ular

and a sket h of the titling

for

ν=0

(panel (a)),

B⊥ ,

These low values of

apa itan e of the sample in a tilted magneti

B⊥ = 4.5 T

(panel (b)) and

B⊥ = 5 T

eld

(panel ( )).

although high enough to observe the splitting of the

θ = 81.4◦ . Furthermore,
◦
assures that |δ| ≤ 5 for most of the tra es,
potential for ν = 0 and ±1 as a fun tion of

Landau level, allow us to tilt the devi e up to an angle
the small perpendi ular

omponent

enabling us to extra t the
the tilt angle

hemi al

θ.

In a tilted magneti

eld, for

θ ≤ 78.6◦ , the behaviour of the three lling fa

is similar to the one reported in Chapter 3.

BT

in reases, the minimum of

while the minima at

ν = ±1

C

tors

When the sample is tilted and

asso iated to

ν = 0

be omes more shallow

be ome more pronoun ed.

displayed in Figure 4.5 (a), (b) and ( ). The bla k tra es

This ee t is

learly

orrespond to the

ase
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Figure 4.5: Capa itan e measurements of N = 0 Landau level in a tilted
magneti eld. (a) Top panel: C as a fun tion of the gate voltage at 1.4 K and
B⊥ = 4 T. The three urves have BT = 4 (bla k line), 18.7 (orange line) and
26.7 T (green line). Bottom panel: |δ| as a fun tion of VG for the same BT
as in the top panel. The numbers lose to the maxima of the tra es indi ate
the lling fa tor, the red dashed line orresponds to |δ| = 5◦ . (b): Same as
in panel (a) but for BT = 4.5 (bla k line), 22.8 (orange line) and 30 T (green
line). ( ) same as in panel (a) but for B⊥ = 5 T (bla k line) and BT = 23.4
(orange line) and 30 T (green line). |δ| for B⊥ = BT = 5 T ex eeds the 5◦
limit (bla k line in the bottom panel).

B⊥ = BT , while the orange ones have B⊥ = 4 T and BT = 18.7 T (panel (a)),
B⊥ = 4.5 T and BT = 22.8 T (panel (b)), and B⊥ = 5 T and BT = 23.4 T (panel
( )). Whereas in a purely perpendi ular magneti eld the state at ν = 0 is
stronger than ν ± 1, an in rease in BT leads to a strong enhan ement of ν = ±1
whi h show the deepest minima. Interestingly, BT = 18.7 T suppresses ν = 0
ompletely for B⊥ = 4 T.
An opposite trend is observed if the sample is further tilted and, therefore, BT
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is also in reased (green solid lines in panels (a) and (b)). Panel (a) shows that

ν appears again for BT = 26.7 T, and panel (b) shows that
ν = 0 be omes signi antly deeper than the one obtained for
BT = 22.8 T. The lling fa tors ±1 are not ae ted by the in reased BT .
For B⊥ = 5 T, the minimum at ν = 0 does not hange if the sample is tilted
◦
at θ = 80.4 and BT is set to 30 T while ν = ±1 are redu ed ompared to the
the

C

minimum at

the minimum at

tra e obtained at a smaller angle (green line, panel ( )).
The loss angle

δ

shows a trend

ponent of the signal.

onsistent with the one of the

Indeed, for

ν = 0

observe a de rease in the height of the
in reased to

BT = 18.7

and

BT = 22.8 T
|δ|

om-

respe tively, indi ating a redu tion in

the bulk resistivity. At the higher tilt angle, the in rease of
state resulting in an in rease of

apa itive

B⊥ = 4 T and B⊥ = 4.5 T, we
peak of |δ| when the external eld is
at

BT

reinfor es the

(Figure 4.5 (a) and (b), bottom panels). A

BT = 5 T (Figure 4.5 (
30 T we do not dete t any

similar behaviour is observed also for

), bottom panel)

although, at the maximum eld of

in rease in

The depth of the minima of
of the magneti

C

depends strongly on the perpendi ular

|δ|.

omponent

eld. Indeed, as shown in panels (a) and (b) whi h have the

ν = 0 for B⊥ = 4.5 T is approximately 3 times
B⊥ = 4 T.
The experiment in tilted magneti elds shows that BT an either suppress or
strengthen the states at ν = 0 and ±1 depending on the tilt angle, meaning

same axis s ale, the minimum at
deeper than the one for

that we observe a transition between states with dierent spin polarization. In
parti ular, the initial weakening of

ν=0

with the external eld indi ates that,

for low angles, the state is not spin-polarized. However, at higher angles, the

BT ,
ν = 0.

state is strengthened by the external eld
a net spin polarization of the state at

ompatibly with the presen e of

However, the experimental data reported in Figure 4.5 show that the

rossover

ν = 0, is not determined solely by BT ,
BT . Indeed, for B⊥ = 4 T, ν = 0
while for B⊥ = 5 T an external eld of
strengthening of ν = 0.

between suppression and enhan ement of
but rather by a

is re-enhan ed already at

30 T

B⊥
BT = 26.7 T,

ombined ee t of

is not enough to

ause the

and

4.3.2 Energy gaps
So far, we have provided a qualitative des ription of the behaviour of

±1

in a tilted magneti

eld. More quantitative insights

ν = 0 and

an be obtained from

∆ν at the three lling fa tors. As already
illustrated in the ase of ν = 2 and ν = 6 in Figure 4.2 (b), ∆ν an be extra ted
from the jumps of the hemi al potential at a spe i lling fa tor ν . µ is
◦
al ulated a ording to equation 4.1 only for the data showing |δ| < 5 . In
the extra tion of the energy gaps
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addition, given the un ertainty on the surfa e of the devi e
for both

Smin

and

Smax .

S,

we

al ulate

µ

The value of the gaps reported in Figure 4.6 is an

average of the values obtained using the two surfa e values and the error bars
indi ate the dieren e between the two

(a)

al ulated values.
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Energy gaps for the states within N = 0 at 1.4 K as a fun tion
of the ratio BT /B⊥ . (a): Energy gap for ν = 0 at B⊥ = 4 T (bla k squares),
B⊥ = 4.5 T (gray ir les), and B⊥ = 5 T (blue triangles). (b): Energy gaps
for ν = 1 (solid symbols) and ν = −1 (open symbols) at B⊥ = 4.5 T (gray
ir les), and B⊥ = 5 T (blue triangles). The dashed lines are a guide to the
eye.
Figure 4.6:

In Figure 4.6 (a) we plot the value of
three dierent values of
magneti

eld

an be

B⊥ .

∆0

as a fun tion of the ratio

BT /B⊥

for

The redu tion of the energy gap due to the total

learly seen for

B⊥ = 4 T

and

B⊥ = 4.5 T

(bla k squares

BT /B⊥ > 2 the size of ∆0 strongly de reases rea hing
BT /B⊥ ≈ 5. For B⊥ = 4 T the gap is ompletely suppressed.
As BT is further in reased ex eeding 6 × B⊥ , ∆0 is strongly enhan ed again.
Considering ν = ±1, we noti e that, after an initial in rease observed up to
BT /B⊥ = 2, ∆±1 does remains onstant if BT is further enhan ed. This happens
in the same eld range where we observed the suppression of ∆0 . For B⊥ = 5 T,
∆±1 de reases again as BT rea hes 30 T. Noti e that tilting the sample, the loss
and gray

ir les). When

a minimum for

76

4.3 Splitting of the N = 0 Landau level
angle for

ν=0

diminishes (see gure 4.5 ( )) and its value falls below

Therefore, the gaps values obtained for
are reliable.

BT /B⊥ ≥ 4

Figure 4.6 suggests that the interplay between
development of the gaps,

BT

and displayed in Figure 4.6

and

B⊥

is relevant for the

orroborating our previous statement.

the gaps s ales with the ratio

BT /B⊥

|δ| ≤ 5◦ .

The size of

and is found to depend strongly on the

0.5 T in a purely
perpendi ular eld, leads to a doubled value of both ∆0 and ∆±1 . In addition,
even in the presen e of the same BT = 30 T, the gaps with the higher B⊥ = 5 T
are bigger than the ones for B⊥ = 4.5 T (the points for the highest BT /B⊥ in
perpendi ular

omponent of the eld. Indeed, an in rease of

both panels (a) and (b)).
The energy gaps presented in Figure 4.6 are measured at
temperature

An in rease in

auses a strong de rease of the gap size. In Figure 4.7 we plot

as a fun tion of the temperature for
dierent

1.4 K.

B⊥ = 4.5 T.

∆0

The dierent symbols indi ate

BT .
B /B
T

B /B
T

100
B /B

(K)

T

50

0

B /B
T

0

1

2

3

4

T (K)

Energy gap for ν = 0 as a fun tion of temperature for B⊥ =
4.5 T. The dierent symbols indi ate the dierent ratios BT /B⊥ = 1 (bla k
squares), BT /B⊥ = 1.91 (gray ir les), BT /B⊥ = 5.06 (orange diamonds),
and BT /B⊥ = 6.67 (blue triangles). The dashed lines are a guide to the eye.
Figure 4.7:

The temperature ae ts dramati ally the gap size for all dierent

BT /B⊥ ratios.
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The size of
and

4.2 T

∆0

is strongly redu ed by an in rease in temperature between

and the de rease o

urs for every dierent

In a purely perpendi ular eld (BT /B⊥

∆=0

= 1,

due to the temperature in rement is

the state

aused by the external magneti

inuen e of the temperature on

∆0

1.4

BT .

bla k symbols), the redu tion of

omparable with the suppression of

eld for

BT = 5 × B⊥ .

Su h a strong

indi ates that ele tron-ele tron intera tions

play an important role in the origin of lling fa tor

ν = 0.

4.4 Dis ussion
The non-monotoni

dependen e of the

∆0 on the external magneti eld indiν = 0 hange as the Zeeman energy is

ates that the properties of the state at
in reased.
magneti

BT /B⊥

In parti ular, the ground state observed in a purely perpendi ular
eld is not spin-polarized, while the sudden in rease of

∆0

for high

suggests the the nal state retains spin polarization indu ed by the

in reased Zeeman energy.
In Figure 4.8 (a) we draw s hemati ally a simple s enario for the splitting of
the

N =0

Landau level indi ating the two valley states by the dierent

(red and green) and the two spin states by
magneti

eld (BT /B⊥

= 1),

↑

and

two levels are o

valley.

±1

N = 0 LL is lifted and
gaps ∆0 , ∆1 and ∆−1 . At

upied by ele trons in the same valley (green lines) with

opposite spin. The state at
The lling fa tors

olours

In a purely perpendi ular

the degenera y of the

we observe three states asso iated to the energy

ν = 0,

↓.

ν=0

is thus valley polarized and spin unpolarized.

separate two states with opposite spins within the same

As the sample is tilted (keeping

B⊥

onstant), the ratio

BT /B⊥

is in reased and

the energy of the states with opposite spins in reases or de reases due to the
Zeeman ee t. For a spe i
is a

value of

BT /B⊥

marked by a

∗

in the gure, there

rossing between two states having opposite spin and residing in dierent

valleys. The

ν=0
ν=0

and

rossing

ν = ±1.

hanges the spin and valley polarization of the states at

Eventually, for high tilt angles and high values of

shows spin polarization while

spin within dierent valleys.

ν = ±1

BT /B⊥ ,

separate the states with the same

Su h a simple model, whi h assumes a stri t spin or valley polarization in a
purely perpendi ular eld and a single parti le Zeeman ee t,

an already de-

s ribe qualitatively the behaviour of the gaps reported in Figure 4.6 and illustrated s hemati ally in Figure 4.8 (b). Indeed, it depi ts the de rease of the size
of

∆0

and the its su

in rease of
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∆±1

essive enhan ement.

and their su

Moreover, it illustrates the initial

essive weak dependen e on

BT .

4.4 Dis ussion

(a) E

Δ1
Δ1
Δ0

Δ0

Δ-1
Δ-1

1
(b)

*

BT
B⊥

*

BT
B⊥

Δ
Δ0
Δ1

Figure 4.8: (a) Splitting s enario for the N = 0 LL. Energy levels as a
fun tion of the ratio BT /B⊥ . Ea h level is dened by a the valley state (red
or green lines) and by a spin state (↑ or ↓). (b) S hemati representation of
the behaviour of ∆0 (gray line) and ∆1 (blue line) as a fun tion of BT /B⊥ , as
obtained from the model drawn in panel (a).

We noti e, however, that su h a simple des ription involves always a
suppression of

∆0

for a

levels. Our data for

omplete

BT /B⊥ , due to the rossing of two
B⊥ = 5 T (gray ir les and blue triangles

ertain value of

B⊥ = 4.5 T

and
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in Figure 4.8 (a))
for

BT /B⊥ ≈ 5

the level

learly show that this is not the

but does not

lose

ase.

∆0

has a minimum

ompletely. This observation suggests that

rossing depi ted in Figure 4.8 should be repla ed by an anti- rossing,

possibly due to ele tron-ele tron intera tions leading to a hybridization of the
two approa hing levels. Su h an anti- rossing

∆0

ould des ribe the nite value of

observed experimentally.

Comparison with mi ros opi models
We now

ompare our experimental results with the proposed theoreti al models

whi h have addressed the splitting of the
ground states o
orderings (the
order and the

urring at

ν = 0.

N = 0 and,

From a mi ros opi

in parti ular, the dierent
point of view, four distin t

harge density wave, the Kekulé distortion, the ferromagneti
anted antiferromagneti

phase) have been proposed for the

ν=0

ground state, as mentioned in the introdu tion se tion of this Chapter. Figure
4.9 shows a s hemati
The CDW phase

0.

representation of these phases.

orresponds to the lifting of the valley degenera y for

N =

The ele trons reside in one valley (and therefore on one sub-latti e) and

10, 11 In the KD type of ordering, the two valleys hybridize
14, 15 Neither of these phases shows spin
an host both spin orientations.

have opposite spins.
and

polarization, therefore they are possible

andidates for the state at

ν=0

in a

purely perpendi ular eld.
The F phase is

hara terized by a spin polarized state at

with the same spin orientation o

ν = 0, having ele

trons

upying both valleys. In the CAF phase the

states in dierent valleys have non- ollinear spins with the same
along the dire tion of the external magneti

omponent

eld and opposite in the dire tion

perpendi ular to it. The F and the CAF phases possess a net spin polarization
and thus they both

12

ould explain the enhan ement of the energy gap at high

tilt angles.

From the analysis of the size of

∆, we

annot distinguish between the the CDW

and the KD ordering. Indeed, the gap size for both phases is set by the energy
asso iated to the anisotropies due to ele tron-ele tron intera tions and ele tronphonon intera tions at the latti e s ale.

11, 30 to s ale as

As mentioned previously in se tion

2.3.4, they are predi ted

EC × (a/ℓB ) ≈ B⊥ [T℄K.
However, it was pointed out

(4.2)

12 that su h anisotropies are renormalized by the

Coulomb intera tions, whi h leads to an enhan ement of over an order of magnitude
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ompared to the value reported in eq.4.2 for the range of

BT

and

B⊥

4.4 Dis ussion

CDW

KD

F

CAF

The proposed ground states at ν = 0. The two dierent valleys
are depi ted as green and red lines, the dierent spin states are depi ted as
up and down pointing arrows. In the N = 0 LL, the ele trons residing in one
valley an o upy only the latti e sites belonging to one sublatti e. From left
to right : The CDW ground state, dened by the o upation of one valley
by the two spin orientations. The KD state, where the two spin orientations
o upy a linear ombination of the two valleys. The spin ferromagnet ground
state, hara terized by one spin orientation in both valleys. The CAF ordering,
identied by the o upation of both valleys, ea h of them by a ouple of spin
anted with respe t to the dire tion of the external eld.
Figure 4.9:

onsidered in the experiment. This estimate is

ompatible with the value of

∆0

obtained in a purely perpendi ular eld and reported in Figure 4.6.
Considering the proposed nal states (F and CAF), they are both

hara terized

by a gapped bulk but present dierent properties at the edge. The F phase shows
metalli

edges, while the edges in the CAF phase are gapped. Our

measurements, sensitive to the bulk density of states,
the two states.

10, 12, 17

apa itan e

annot distinguish between

It is predi ted that enhan ing the Zeeman energy will eventually for e the system into the F phase and therefore, a phase transition is expe ted to o
between the original state for
neti

BT = B⊥

ur

(CDW or KD) to the nal ferromag-

10, 12 Referring to the phase diagram elaborated by Kharitonov,12 only

one.

two phase transitions are expe ted as a fun tion of the Zeeman energy. If the
system is in the CDW ordering, the Zeeman energy enhan ement indu e a rst
order phase transition to the F phase. In

ase the system is in the KD phase,
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it undergoes a rst order transition to the CAF phase and, if the external eld
if further in reased, it will end up in the F phase after a se ond order transition. Therefore, probing the nature of the nal state
properties of the original ground state.

an help one to assess the

To this end, a

ombination of dier-

ent experimental te hniques is required. The bulk sensitive
be

apa itan e should

omplemented by transport measurements, whi h are sensitive to the edge

17

states and allow one to distinguish between the CAF and the F phase.
addition, information about the valley polarization of the spe i

16 whi h

obtained by opti al spe tros opy,

states

In

an be

an integrate the information about

the spin polarization obtained in the tilted eld measurements.

4.5 Con lusions
We measured the

apa itan e of a graphene based

low temperature and

1 T.

= 81.4◦ ).
the DOS of

eld up to high tilt angles (θ

neti

al ulated

We introdu ed an empiri al

dis riminate when a

We

apa itor in a tilted maghara terized the sample at

the system in zero eld and at

riterion over the magnitude of

onversion of the data into DOS and

|δ|

in order to

hemi al potential is

reliable.
We observed the splitting of the
perpendi ular magneti

The gap

∆0

BT

Landau level indu ed by the external

eld. In a tilted magneti

behaviour of the minimum
initial in rease of

N =0

orresponding to

and it gets su

eld, we reported a re-entrant

ν = 0,

whi h is suppressed by the

essively enhan ed for the hight tilt angles.

BT /B⊥ having a minimum for BT /B⊥ ≈ 5
BT /B⊥ > 6. The size of the energy gap is bigger than

is found to s ale with

and a steep in rease for

the Zeeman energy and it is strongly ae ted by the temperature. The gaps at

ν = ±1

show an initial in rease as a fun tion of

BT

followed by a stabilization

of the value.
The behaviour of the gaps at the three lling fa tors resulting from the splitting
of the

N = 0

LL

an be qualitatively explained assuming a valley polarized

and spin unpolarized state at

ν =0

whi h evolves, owing to the enhan ement

of the Zeeman ee t, into a spin polarized one.
on lusive eviden e about the mi ros opi
apa itan e tra es, sensitive to

However, in order to have a

ordering o

urring at

ν = 0,

hanges in the bulk states, should be

our

omple-

mented by transport data, sensitive to the edge states, in a tilted magneti

eld

or by opti al spe tros opy sensitive to the valley polarization.
As a

on luding remark, we noti e that the initial state for

perpendi ular magneti

(CAF) reported in Ref. 17. The ele trostati
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ν =0

in a purely

eld (either CWD or KD) is dierent from the one
environment around the graphene

4.5 Con lusions
might have an inuen e on the ground state sele tion at

ν = 0

energeti ally one of the mentioned phases over the others.

10

experiment, we employed en apsulated graphene while Young and

17
used devi es presenting hBN only as a substrate.

and favour

Indeed, in our
ollaborators
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CHAPTER 5

Magnetotransport in single layer graphene in a high parallel
magneti eld

Abstra t
Graphene on hexagonal boron nitride is an atomi ally at ondu ting system that is ideally suited for probing the ee t of Zeeman
splitting on ele tron transport. In this Chapter, we demonstrate by
magneto-transport measurements that a parallel magneti eld up
to 30 Tesla does not ae t the transport properties of graphene on
hBN even at harge neutrality where su h an ee t is expe ted to
be maximal. The only magnetoresistan e dete ted at low arrier
on entrations is shown to be asso iated with a small perpendi ular omponent of the eld whi h annot be fully eliminated in the
experiment. Despite the high mobility of harge arries at low temperatures, we argue that the ee ts of Zeeman splitting are fully
masked by ele trostati potential u tuations at harge neutrality.

Part

of

this

work

has

been

adapted

from:

F. Chiappini,

S. Wiedmann

al.,Magnetotransport in single-layer graphene in a large parallel magneti

et

eld, Phys.

Rev. B 94, 085302 (2016).
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5.1 Introdu tion
A magneti
ondu tor

eld applied in the plane of an ideally at two-dimensional (2D)
ouples to the spin degree of freedom of

to their orbital motion.
in-plane magneti

Therefore, in

harge

arriers rather than

ase of absent spin-orbit

eld does not inuen e the motion of the

a setup, the orbital related ee ts

oupling, the

arriers. In su h

aused by the Lorentz for e, su h as the

Hall ee t, are suppressed and the spin-polarization ee ts be ome the leading
phenomenon. This idea has been exploited in semi ondu tor heterostru tures
to study the inuen e of ele tron-ele tron intera tions on the spin polarisation
and on the spin-resolved density of states in two-dimensional ele tron gases

1, 2

(2DEGs).

For some 2DEGs, the
ever,

hara teristi

omparable to the magneti

order of a few Tesla.

length

onnement potential is, howp
= ~/eB even for elds of the

ℓB

For these quasi-2D systems, the parallel magneti

ae ts the motion of the
energy bands and,

width of the

arriers, as spe ied in se tion 2.6.

eld

Therefore, the

onsequently, the ee tive mass and the g -fa tor of ele trons

be ome sensitive to the value of the in-plane magneti

eld

Bk 3, 4

and the inter-

play between spin and orbital ee ts inuen es the transport properties of the

5, 6

system.
A

omplete de oupling of the orbital and spin ee ts

an be a hieved in graphene.

As already des ribed in se tion 2.6, the spin orbit- oupling for graphene is negligible and, sin e graphene is only one atom thi k, the orbital motion of the
ele trons is not ae ted by

Bk

up to the elds of the order of

tual devi es, however, graphene adapts to the

7 Common substrates su h as SiO indu e
2

orrugations (ripples) to

onvert a nominal in-plane eld into a randomly oriented

one, depending on the

urvature of the surfa e. Experimental works on SiO2

supported graphene showed that the external
arriers via the high

In a -

onformation of the underlying

substrate.

graphene plane that

103 T.

Bk

ouples to the orbital motion of

orrugations leading to a magnetoresistan e whi h depends

8, 9

on the topography of the devi e.
Nevertheless, an atomi ally at

ondu ting system

an be a hieved by pla ing

10, 11 As des ribed in Chapter 2,

graphene on hexagonal boron-nitride (hBN).

graphene sandwi hed between two atomi ally at hBN surfa es gives rise to
an ultimately sharp potential well with a

hara teristi

width of one atom,

12

representing an ideal playground to probe the ee ts of an in-plane magneti
eld on the ele tron transport of a truly 2D system.
An in-plane magneti

eld modies the density of states of at graphene only

due to the Zeeman splitting
and
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µB

EZ = gµB B ,

where

g = 2 is the ele
EZ ≈ 3.5 meV

is the Bohr magneton, leading to a value

g-fa tor
B = 30 T.

tron
at

5.2 Experimental details
One

an

al ulate the

harge

arrier density

n

of graphene in the presen e of

nite Zeeman splitting as

n = nh+ + nh− − ne+ − ne− .
neσ

Here,

σ=±

and

nhσ

(5.1)

are the ele tron and hole densities for dierent spin spe ies

given by

ne,h
σ

=

Z

∞
0

DOS(E)fσe,h (E) dE

(5.2)

fσe (E) = [1 + exp [(E − σEZ /2 − µ)/(kB T )]]−1 is the ele tron Fermi dise
h
tribution fun tion, fσ (E) = 1 − fσ (−E), µ is the hemi al potential, kB is the
Boltzmann onstant, and DOS(E) = DOS(−E) is density of states per spin
where

whi h is taken to be symmetri

with respe t to the Dira

DOS(E) = |E|/π~2 vF2
(CNP) n = 0.

lean graphene in zero eld
harge neutrality point

point.

For ideally

(see se tion 2.1.1). At the

The splitting of the spin sub-bands due to the Zeeman ee t makes the

DOS

of graphene nite even at the CNP leading to a non-zero quasiparti le density

nQ

dened as

nQ = ne+ + ne− + nh+ + nh− .

Therefore, a strong in-plane magneti

eld is expe ted to ae t magneto-transport

properties of graphene only in the limit of low
and low temperature,

(5.3)

T < EZ .13

harge

arrier density,

n < nQ ,

In this Chapter, we investigate the resistivity of high-quality hBN supported
graphene in the presen e of a large in plane magneti
any

hange of resistivity indu ed by

Bk

neither at

eld. We do not observe
harge neutrality nor for

Bk as large as 30 T. Despite the high mobility of
µn ≈ 50000 m2 V−1 s−1 , the ele trostati potential

large doping at 1.4 K and for
harge

arriers in the sample

u tuations around the

harge neutrality point (CNP) are su iently strong to

average out possible ee ts of Zeeman splitting.

5.2 Experimental details
L/W = 2
L ≈ 3 µm and the width W ≈ 1.5 µm), similar to

Our sample is a Hall-bar shaped graphene devi e with an aspe t ratio
(the distan e between

onta ts

the one des ribed in se tion 2.2 and depi ted in Figure 2.3. The graphene ake,
sandwi hed between two thin layers of hBN, is

onne ted to Ti/Au

onta ts.

The system is pla ed on top of a doped Si/SiO2 wafer, whi h a ts as a ba k gate.
Low temperature (T

= 1.4 K)

transport measurements were performed using a

low frequen y lo k-in te hnique with a

10 nA

ex itation. The longitudinal

ρxx
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and Hall

VG

ρxy

resistivities were measured as a fun tion of the ba k gate voltage

and the external magneti

The

eld

B

that varies up to 30 T.

harge neutrality point is asso iated with the maximum of

−10.5 V,
harge

irrespe tive of the value of magneti

arrier

on entration

ρxx

VG =

at

eld (see Figure 5.1(a)).

n is assumed to be proportional

The

to the gate voltage

n = α (VG − VCNP ), where the proportionality oe ient is set by α = 4.7 ×
1014 m−2 V−1 . The value of α is obtained experimentally from the dependen e
of Shubnikov-de-Haas os illations on VG for a given perpendi ular omponent
of the eld B⊥ .
As des ribed in Se tion 2.2, a linear t of the ondu tivity at large n, σxx =
eµn |n|, gives rise to an estimate of mobility of arriers. In our ase we obtain
2 −1 s−1 . In what
for the mobility of the holes in our system µn ≈ 50000 m V
follows we fo us mostly on the hole-doped region VG < VCNP sin e the hole
mobility in the sample appears to be higher than the ele tron one. The high
quality of our sample is testied by the observation of the fully developed integer
quantum Hall ee t at

B⊥ = 2.5 T

degenera y of the Landau levels at

and the observation of the lifting of the spin

B⊥ = 10 T,

as des ribed in Chapter 3.

The sample is mounted on a platform that allows us to rotate the sample with
respe t to dire tion of the external magneti

angle between the dire tion of external magneti
graphene plane as shown in Figure 2.13.

For

BT .

eld

We dene

θ

as the

eld and the normal to the

θ = 90◦

the eld is entirely in

B⊥ = BT cos θ = 0.
The angle θ is estimated from the measurement of Hall resistivity by using
−1 whi h holds for su iently large n in the
the expression ρxy = BT cos θ(en)
plane,

single- omponent

θ = 90◦

lassi al Hall regime. With our experimental setup we a hieve

0.1◦ , whi h orresponds
eld BT = 30 T.

within less than

at the maximal applied

to

Bk ≈ BT

and

B⊥ . 50 mT

5.3 Magnetotransport in a parallel magneti eld
Figure 5.1 (a) shows the resistivity
the best parallel-eld

ρxx

as a fun tion of the gate voltage

onguration with

θ = 89.91◦ .

the signal in the absen e of the eld while the bla k
external eld

BT = 30 T.

The grey
urve

VG

for

urve represents

orresponds to the

Away from the CNP the two tra es are indistinguish-

able. A small in rease in resistivity is observed in the region around the CNP
(see inset of Figure 5.1(a)) at maximum eld.
To illustrate the response of
magnetoresistan e (dened as
eld in the best parallel-eld

90

ρxx to BT better,
ρxx (BT ) − ρxx (0))

we plot in Figure 5.1(b) the
as a fun tion of the magneti

onguration for spe i

gate voltage values indi-

5.3 Magnetotransport in a parallel magneti eld
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Panel (a): Resistivity ρxx versus gate voltage VG for BT = 0
(grey solid line) and BT = 30 T (bla k line). Inset: Resistivity ρxx versus VG
in the vi inity of the CNP. Panel (b): Magnetoresistan e as a fun tion of BT
in the best parallel-eld onguration, θ = 89.91◦ ± 0.01◦ . Dierent lines are
for dierent on entrations of harge arriers: orresponding gate voltages are
indi ated with the dashed lines in panel (a).
Figure 5.1:
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600

CNP

300

T

(B )-

xx

(0) (

)

1.4 K

xx

88.10°

0

89.39°
89.91°

0

0.1

0.2

B
Magnetoresistan e at the CNP as a fun tion of B⊥ at 1.4 K for
three dierent angles θ.

Figure 5.2:

orresponding to the CNP n = 0 (bla k
n = 7 × 1010 m−2 (green line), n = 2.1 × 1011 m−2 (orange line) and
n = 9.2 × 1011 m−2 (blue line).
At high n (blue and orange urves) the resistivity is not sensitive to BT ≈ Bk
while a dependen e ρxx (BT ) is seen in a vi inity of the CNP (green and bla k
ated by the dashed lines in Fig. 5.1a,

line),

lines).
One

an

learly see that the observed magnetoresistan e is maximized at the

BT ≈ 15 T and it in reases for
BT ≈ 25 T. A similar non-monotoni
10 m−2 (green line), though ρ
an also be seen for n = 7 × 10
xx
zero eld value at BT ≈ 30 T.

CNP. It rea hes a maximal negative value for
larger elds. Eventually it
behaviour
rea hes its

hanges sign at

However, this seemingly non-trivial magnetoresistan e is indu ed entirely by the
remaining perpendi ular

omponent of the eld

B⊥ ,

whi h

annot be ignored

in the vi inity of the CNP.

B⊥ , we
◦
measure the magnetoresistan e for slightly dierent tilt angles around θ = 90 .
◦
◦
In Fig. 5.2 we plot the data for three dierent angles: θ = 83.39 , θ = 88.1 and
θ = 89.91◦ . The urves fall on top of ea h other when plotted with respe t to
In order to prove that the observed
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hanges of

ρxx

are indeed related to

5.4 Dis ussion
B⊥ = BT cos θ .

These experimental results suggest that the magnetoresistan e

observed in the vi inity of the CNP for
di ular

omponent of the eld and that

θ ≈ 90◦ is entirely due to the perpenBk does not produ e any sizeable ee t

in the resistivity of our devi e.

5.4 Dis ussion
The observed dependen e

ρxx (B⊥ )

at the CNP

The initial de rease in resistan e is

an be explained as follows.

ompatible with the suppression of weak

14 due to external magneti eld. This phenomenon an be expe ted
15
at su h a low temperature and small B⊥ .
lo alization

The in rease of

ρxx

for larger values of

B⊥

an be asso iated with a purely

las-

si al ee t of two-liquid transport (see e. g. Refs. 16, 17 and referen es therein).
This would also explain why su h an ee t qui kly disappears away from the
CNP.
Let us now dis uss the experimental results from the point of view of a simple

18 As-

Drude theory whi h does not take into a

ount lo alisation phenomena.

suming equal mobilities of ele tron- and hole-like quasiparti les, one obtains the
resistivity tensor

ρxx =

2
nQ 1 + µ2n B⊥
2 ,
eµn n2Q + n2 µ2n B⊥

where the quasiparti le density

nQ

ρxy =

and the

harge

n
µn B⊥ ρxx ,
nQ

(5.4)

arrier density

n

are dened

in equations 5.3 and 5.1, respe tively.
At large doping (n
dependen e on

B⊥ .

= ±nQ ),

ρxx = 1/eµn |n|, whi h la ks an expli it
2)
= 0), one nds ρxx = (eµn nQ )−1 (1 + µ2n B⊥
B⊥ . The quadrati dependen e on B⊥ in the

one nds

At the CNP (n

whi h manifestly in reases with

homogeneous Drude model is transformed into a linear one (whi h is

learly seen

in Fig. 5.2) due to the boundary ee ts or large-s ale ele trostati

potentials

17, 19 The detailed analysis of this phenomenon is, however, beyond
variations.

the s ope of the present work.
The transport properties at the CNP are governed by the quasi-parti le density

nQ , whi h, in
nQ = n = 0.

the

ase of pristine graphene without the Zeeman splitting, is

In an a tual devi e, however, when the gate voltage is swept

a ross the

harge neutrality region, the quasiparti le density saturates around a

nite value

n∗Q

whi h is the minimum quasiparti le density that

an be a hieved

experimentally. The most obvious reason for a nite value of the density of states
in the vi inity of the Dira
e. g. by

point is the ele trostati

harged (or Coulomb) impurities.

20, 21

potential variation indu ed
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1
-2
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Longitudinal ondu tivity σxx = 1/ρxx as a fun tion of harge
arrier density n for T = 1.4 K and BT = 0 for hole doping. The red dashed
line represents a linear t to log(σxx ). The inter ept of the linear t with the
value of the residual ondu tivity (horizontal gray dashed line) indi ate the
residual quasiparti le density n∗Q due to ele trostati potential u tuations.
Figure 5.3:

An estimate of

σxx

n∗Q

an be obtained from the measurement of the

In Figure 5.3 we show σxx as a
n at 0 T and 1.4 K. Around the CNP the
−4 S, whi h is indi ated by the
tivity saturates at the value σxx = 3.2 × 10

of the devi e in zero magneti

fun tion of the
ondu

ondu tivity

22
eld.

harge

arried density

horizontal dashed line. The interse tion of this dashed lines with the linear t

log(σxx ) provides us with an estimate
n∗Q = 4.5 × 1010 m−2 at the CNP.
to

for the minimal quasiparti le density

We nd this value to be mu h larger than what is expe ted in the
thermally ex ited quasiparti les in

lean graphene. If we

ase of

onsider the density

DOS(E), from equation 5.2 at nite temperature and zero magneti
nQ (n = 0) = πT 2 /3~2 vF2 . For T = 1.4 K this amounts to
nQ (n = 0) = 3.5 × 106 m−2 . This value is four orders of magnitude smaller
∗
than nQ , meaning that the realisti density of states DOS(E) at the CNP is
of state

eld we obtain

mu h larger than the one for ideal graphene and that the origin of the large
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5.5 Con lusions
quasiparti le density is intrinsi
The Zeeman ee t provides a

of the devi e.
ompeting me hanism whi h indu es a nite den-

sity of states at the CNP. For ideal graphene at zero temperature one nds from

nQ (n = 0) = EZ2 /4π~2 vF2 . For a eld of 30 T this estimate
8 m−2 whi h is, however, still two orders of
gives the gure nQ (n = 0) = 2.2 × 10
∗
magnitude smaller than nQ . Despite the low temperature and the large Bk employed in the experiment su h that T ≪ EZ , the Zeeman splitting is most likely

equation 5.2 that

masked by the potential u tuations around the CNP and therefore

annot be

dete ted in our experiment.
Owing to the development in the devi e fabri ation te hnique, it is nowadays possible to a hieve the quasiparti le density in graphene to be as low as

108

−2 .23 We may, therefore, expe t that new experiments will soon be able

m

to address the spin physi s of graphene in a parallel magneti

eld.

5.5 Con lusions
In

on lusion, we measured the resistivity of graphene on hBN in a parallel

magneti

eld.

dependen e of
the

At high

ρxx

harge

arrier

on the external magneti

hanges observed at low

n

man splitting up to

3.5 meV

eld and we demonstrated that all

and at the CNP

indi ates that the large parallel magneti

an be as ribed to

eld up to

30 T and,

B⊥ .

This

onsequently, Zee-

do not have any ee t on the transport properties

despite the rather high mobility
servation is

on entrations we do not observe any

µn ≈ 50000

2

−1 s−1 in the sample. This ob-

m V

ompatible with the leading role of Coulomb impurities in graphene

that indu e sizeable smooth variations of ele trostati
trality without redu ing the mobility of
presen e of a smooth ele trostati

harge

arriers.

potential at

harge neu-

24 We on lude that the

potential variation in the sample fully masks

the ee ts of Zeeman splitting in our samples.
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APPENDIX A

Conversion of apa itan e data into DOS

In Chapter 4 we addressed the nature of the ground state at
by means of
of the

ν=0

and

ν = ±1

apa itan e spe tros opy. The analysis is based on the extra tion

hemi al potential from the experimental data integrating the inverse of

CQ

the quantum

apa itan e

eq.4.1.

an be done easily provided that the values of

This

known a

over the

harge

urately. As des ribed in se tion 2.4,

apa itan e of the devi e and the parasiti

CG

and

CP

CG

and

area of the devi e), the diele tri
apa itan e

are

CQ , respe

tively. For a s hemati

ir uit equivalent to the system, see Figure 2.9 (b).

As mentioned in Chapter 4 there is some un ertainty on the values of
parasiti

CP

are the geometri al

apa itan e (due to the experimental

set up), whi h a t in series and in parallel with
representation of the

arrier density, as des ribed by

S

(the

onstant of the thin layer of hBN and the

CP .

In this Appendix we report the pro edure we use in order to extra t the mentioned parameters from the experimental tra es. We rst des ribe how to
ulate an ee tive diele tri
obtain the values of
We

CG

and

al-

onstant of hBN for our devi es and then how to

CP

onverting the

onsider two dierent samples

apa itan e tra es into DOS.

alled A and B. The ele troni

Sample A are des ribed in Chapter 4, while the

properties of

apa itan e tra es for Sample

B are shown in Chapters 2 and 3.
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Figure A.1:

The diele tri

onstant of hBN

onstant of the thin layer of hexagonal BN pla ed between the

graphene and the Au ele trode

an be dire tly obtained from the periodi ity in

of the quantum os illations in a xed perpendi ular magneti

ea h integer

ν,

the

arrier density

n

If we

onsider two

then the amount of
fa tor by

∆ν

eld

B⊥ .

At

is known and given by

n=

eB⊥ ν
.
h

(A.1)

onse utive lling fa tor appearing as sharp minima in
harge ne essary to ll a Landau level and

CT ,

hange the lling

an be approximated by

∆n =

100

(V)

CT as a fun tion of the gate voltage for Sample A at 4 T and 1.4 K.

A.1 Diele tri
VG

2

CG
∆VG
Se

(A.2)

A.2 Determining CG and CP
where

∆VG is the distan e in gate voltage between two
CG = ǫ0 ǫBN S/d is the geometri al apa itan

A.1) and

as a parallel plate

onse utive

ν

(see Figure

e of the devi e modelled

apa itor. Combining the two equations we get that

VG
e2 d
=
ν.
B⊥
hǫ0 ǫBN

(A.3)

Figure A.2(a) shows the gate voltage values normalized by the magneti
for ea h lling fa tor. The solid lines are linear ts a
slope of those lines depends on the ratio

d/ǫBN .

Sin e the thi kness of the

hBN layer is known from AFM measurements, we
diele tri

onstant

ǫBN

for ea h magneti

A are displayed in Figure A.2(b).
and the value it is

ǫBN

an

al ulate the ee tive

eld. The obtained values for Sample
does not depend on the magneti

eld

onstant within the error bars. Performing an average over

the dierent values obtained at dierent magneti
the

eld

ording to eq.A.3. The

onsidered sample. For sample B we obtain

Note that with this approa h, we

elds, we get

ǫBN = 2.42

for

ǫBN = 2.58.

onsider the position of the minima and not

their absolute value, therefore, it is not ae ted by the un ertainty of

CP

and

CG .

A.2 Determining CG and CP
Now the un ertainty is restri ted to the value of

S and CP .

In order to determine

them, we follow a two step approa h, illustrated in Figure A.3. In the rst one,
we obtain the value

CG + CP .

into density of states. We a

To this end, we x
ept only the values

linear shape of the DOS. The se ond step
until the

CG and we
of CG + CP

onsists of varying

al ulated DOS approa hes the one of

onvert the data
whi h lead to a

S,

and thus

CG ,

lean graphene (see Figure 2.2)

and des ribed by

DOS =

8π|µ|
.
h2 vF2

(A.4)

At the end of the pro edure we have an unique set of values of
whi h allow us to preform a reliable

CP

and

CG

al ulation of the DOS and the

hemi al

potential of our system. In what follows, we will des ribe in details the

omplete

pro edure.
The rst step is to determine the value

CG + CP .

In an external magneti

eld,

the total

apa itan e of the devi es approa hes this value when the

potential

rosses one highly populated Landau level (see the horizontal dashed

line in Figure A.1). We

Smax

hoose an arbitrary a value of

(see the area dieren e in Figure 2.9) and we

S

hemi al

Smin ≤ S ≤
CG = (Sǫ0 ǫBN )/d.

su h that

al ulate
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4 T
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/B

0.0

G
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2.50

BN

2.45

2.40
2.35

Sample A
Thickness hBN: 25 nm

2.30

2

4

6

8

B (T)
Cal ulation of the diele tri onstant of hBN from the periodi ity
of the os illations of CT . (a): VG /B⊥ as a fun tion of the lling fa tor for three
dierent magneti elds B = 3 T (blue symbols), B = 4 T (orange ir les), and
B = 7.5 T (bla k squares). The solid lines are liner ts to the experimental
points. (b): value of the diele tri onstant of hBN al ulated for the dierent
values of the external magneti eld B⊥ . The error bars are the one given by
the linear ts. The red dashed line is the average value 2.42.
Figure A.2:

While keeping

CG

su h that the sum

onstant, we

CG + CP

in a quantizing magneti
The result of these

is

al ulated the DOS for dierent values of

ompatible with the ba kground of the

al ulations are shown in Figure A.3 (a) and ( ), for the two

the DOS obtained using the same value of
The shape of the DOS

hanges

CG

ept the value that leads to a linear DOS. In

line in panel ( )) we get

al ulations of

but three dierent ones for

onsiderably for small variations of

CP

CP .

and we

ase of Sample A the linear DOS

CG +CP = 0.137 pF, for sample B (bla k
CG + CP = 0.347 pF. The other values of CG + CP are

(bla k line in panel (a)) is obtained for
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CP

tra es

eld within the experimental un ertainty.

samples A and B, respe tively. Ea h panel shows three dierent

a

CT

A.2 Determining CG and CP
disregarded as they provide unphysi al results (the orange and the green

urves

in both panels). As a result of this pro edure, we obtain a DOS whi h is linear
hemi al potential away from the CNP (µ

on the

On e the sum

CG + CP

= 0).

is determined, we pro eed with the se ond step. The

slope of the linear part of the density of states depends on
al ulate the DOS keeping

S,

and we

CG +CP

CG , and thus on S .

We

onstant and

hanging the area of the devi e

ompare it with the expe ted value a

ording to eq.A.4. Figure A.3

(b) and (d) shows the out ome of this pro ess. The red dashed lines represent
the ideal DOS for graphene. For sample A the value
good resemblan e between the

S = 187 µm2

provides a

al ulated DOS (bla k line in panel (b)) and its

expe ted value. However, given the high noise present in the experimental data,
a good agreement is provided also by other

S

values up to

As mentioned in se tion 4.2, we use both values when

Smax = 203 µm2 .

al ulating the

hemi al

potential and the energy gaps.
In

ase of Sample B, we get the experimental data follow the theoreti al tra e

of the

DOS

for

S = 340 µm2 .

The

hoi e of a bigger (smaller) value leads to

an in rease (de rease) of the slope of the
is related to the Fermi velo ity,

urves. Sin e the slope of the

onsidering a dierent value of

again, to an unphysi al result (orange and green

S

urves

leads, on e

urves in both panels (b) and

(d)).
In this way we obtain reliably the parameters
that are ne essary to

al ulate the

CG

(from

S

and

ǫBN )

and

CP

hemi al potential and the DOS reported in

Chapter 4.
The des ribed pro edure relies on the assumption of resemblan e between the
experimental data and the theoreti al
a

onstant value for the Fermi velo ity

al ulation of the DOS. We also assume

vF = 1 × 106 m/s.

14
are justied by several experimental works
between DOS and

onrming the linear relationship

hemi al potential and the value for

Our approa h, however,

annot take into a

These assumptions

vF ≈ 106 m/s.

ount the re-normalization of the

Fermi velo ity due to ele tron-ele tron intera tions whi h takes pla e a low
harge

arrier density

5, 6 in high quality samples. Su h ee ts produ e a devia-

tion from the linear behaviour in the DOS at low densities and an enhan ement
of

vF

around the CNP. However, away from the CNP where we assume the

linear dependen e of the
value of

vF

approa hes a

DOS

over

µ,

these ee ts play a minor role and the

onstant values determined by the slope of the linear

6 Therefore, our pro edure provides us with all the ne essary

part of the DOS.

parameters to perform a reliable

onversion of the

apa itan e data into DOS.
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Figure A.3: Pro edure to extra t CG and CP from the experimental data.
Panels (a) and ( ) depi ts the rst step of the pro edure for sample A and B,
panel (b) and (d) illustrate the se ond step. Density of states as a fun tion of
the hemi al potential at zero magneti eld and 1.4 K. (a): the three tra es
are al ulated having the same value of S = 203 µm2 , and thus the same CG ,
and hanging CP . The numbers lose to ea h tra e indi ates CG + CP . (b):
The tra es are al ulated keeping CG + CP = 0.137 pF onstant and hanging
the value of S , whi h is reported lose to ea h tra e. The experimental DOS
is ompared with the red dashed line representing the expe ted DOS for lean
graphene for vF = 1 × 106 m/s. ( ) and (d) same as in panel (a) and (b),
respe tively but in the ase of Sample B.
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Summary

This thesis presents an experimental study of the ele troni
Landau levels of graphene in high magneti

apa itan e measurements in high tilted magneti
polarization of the ele troni

properties and the

elds. By means of transport and
elds, we address the spin

states resulting from the splitting of the Landau

levels (Chapters 3 and 4) and the ee ts of the Zeeman splitting on the transport
properties of graphene (Chapter 5).
In this work, we

onsider devi es made of graphene sandwi hed between two

thin layers of hexagonal boron nitride. In parti ular, we employ graphene based
eld ee t transistors and
peratures (down to

1.4 K)

apa itors. The devi es are investigated at low temand in high (tilted) magneti

elds. In a tilted eld

experiment, the sample is tilted with respe t to the external magneti
(BT ).

The resistan e or the

eld

apa itan e of the devi es is measured for dif-

ferent tilt angles

θ

(B⊥

xed. This kind of experiments enables one to de ouple the

= BT cos θ )

having the perpendi ular

ee ts of the magneti
only on

B⊥ )

omponent of the magneti

eld on the orbital motion of the

from the ee ts related to the spin of the

eld

arriers (dependent

arriers (dependent on

BT ).
The thesis begins with a general introdu tion (Chapter 1) whi h frames the
resear h eld and highlights the importan e of high tilted magneti

eld for

these investigations.
In Chapter 2, we present the ele troni
used in the experiments.

properties of graphene and the devi es

In parti ular, we des ribe the density of states of

graphene and its Landau levels and we show how these
mentally by means of the transport and
levels are derived

an be addressed experi-

apa itan e measurements. The Landau

onsidering non intera ting ele trons obeying the Dira

Hamil-

tonian and, in this des ription, are four fold degenerate, ree ting the spin and
valley degenera y of the spe trum of the

arriers in zero magneti

eld. In ad-

dition, graphene presents a zero energy level equally populated by ele trons and
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holes. The degenera y of the Landau levels is lifted by the Zeeman ee t and by
ele tron-ele tron intera tions, thus, ea h level
When the splitting o
and

urs, new ele troni

an split into four distin t ones.

states

an be revealed by transport

apa itan e measurements. In addition, Chapter 2 des ribes in more detail

the devi es ( graphene based eld-ee t transistors and
experiments, and the tilted eld

apa itors) used in the

onguration.

Chapter 3 deals with the splitting of the Landau levels and the

hara terization

of the ele troni

states resulting from it. Spe i ally, we investigate the states

at lling fa tors

ν = −1, −3, −4, −5, −7, −8

and

−12,

whi h are observed as

quantum Hall states in the transport measurements. By performing thermally
a tivated transport, we extra t the energy gaps asso iated to most of the lling
fa tors, both in a purely perpendi ular and a tilted magneti

elds. The tilted

elds experiments show that the lowest energy Landau level behaves dierently
from all the other levels: whereas the higher levels have a spin polarized state at
half lling (ν
level o

= −4, −8

ur at quarter

by the

−12), the spin polarized states in the lowest energy
lling (ν = ±1). This result is supported qualitatively
and

apa itan e experiments performed on a dierent devi e. Moreover, the

analysis of the size of the gaps shows that ele tron-ele tron intera tions are the
leading splitting me hanism in the lowest energy level, while the gaps at even
lling fa tors in the higher levels (ν

= −4, −8

and

the size of the single parti le Zeeman ee t.

−12)

are

In Chapter 4, we address the splitting of the lowest energy (N
by means of

apa itan e spe tros opy. In this

information from the
the

apa itan e data and we

ompatible with

= 0) Landau level

hapter, we extra t quantitative
al ulate the density of states and

hemi al potential of the system in zero and in a low perpendi ular magneti

eld magneti

eld. The splitting of the

the high magneti

N =0

level o

urs at

B⊥ ≈ 4 T,

thus,

elds available at the HFML enable us tilt the sample up to

≈ 81◦ ). At the lowest angles, the state at ν = 0 is suppressed by
the in rease in the BT , while the states at ν = ±1 are enhan ed. This indi ates,
in agreement with the ndings of Chapter 3, that the states at ν ± 1 are spin
polarized while the state at ν = 0 is not. By tilting the devi e further, we
observe a hange in the spin polarization of the states when BT ≃ 5 × B⊥ . At
the highest θ thus, the state ν = 0 is enhan ed by an in rease in the external
high angles (θ

magneti

eld, indi ating that this state is spin-polarized.

Chapter 5 presents transport measurements in the presen e of a large in-plane
magneti

eld. The devi e is tilted su h that the

graphene plane. In this
of the

BT

is almost parallel to the

onguration, the eld does not

ouple to the motion

arriers, but indu es the splitting of the density of states be ause of the

Zeeman ee t. We show that, despite the large size of the Zeeman splitting at

30 T,
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the transport properties of graphene are not ae ted by a high magneti

Summary
eld. The magnetoresistan e observed at the
to be
that

aused by the small

B⊥

harge neutrality point is found

resulting from a small (<

annot be avoided in these experiments. At the

the devi e shows a nite quasiparti le density
due to the presen e of

0.1◦ )

misalignment

harge neutrality point,

nQ = 4.5 × 1010

−2 , probably

m

harge puddles, whi h is two orders of magnitude larger

than the quasiparti le density indu ed by the Zeeman splitting of the density of
states. We argue that the inhomogeneity of the sample resulting in a nite
at the

nQ

harge neutrality point hides the ee ts of the Zeeman splitting on the

transport properties of the devi e.
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Dit proefs hrift presenteert een experimentele studie van de elektronis he eigens happen en Landau niveaus van grafeen in hoge magneetvelden. Door middel
van transport en

apa iteit metingen in sterke, gekantelde magneetvelden, be-

handelen we de spin polarisatie van de elektronis he toestanden resulterend uit
het splitsen van de Landau niveaus (hoofdstukken 3 en 4) en de ee ten van de
Zeeman splitsing op de transporteigens happen van grafeen (hoofdstuk 5).
In dit werk bes houwen we devi es gemaakt van grafeen tussen twee dunne lagen
hexagonaal boron nitride. In het bijzonder gebruiken we veldee transistoren
en

ondensatoren.

De devi es worden onderzo ht bij lage temperaturen (tot

1.4 K) en in hoge (gekantelde) magneetvelden.

In een gekanteld veld-experiment

wordt het sample gekanteld ten opzi hte van het externe magneetveld (BT ).
De weerstand of de
kantelhoeken

BT cos θ )

θ,

apa iteit van de devi es wordt gemeten bij vers hillende

waarbij de loodre hte

omponent van het magneetveld (B⊥

=

onstant wordt gehouden. Dit soort experimenten stelt men in staat

om de ee ten van het magneetveld op de baanbeweging van de ladingsdragers
(alleen afhankelijk van

B⊥ )

te ontkoppelen van de ee ten die gerelateerd zijn

aan de spin van de ladingsdragers (alleen afhankelijk van

BT ).

Dit proefs hrift begint met een algemene introdu tie (hoofdstuk 1), die het
onderzoeksveld in een kader plaatst en de waarde van hoge, gekantelde magneetvelden voor deze onderzoeken beli ht.
In hoofdstuk 2 presenteren we de elektronis he eigens happen van grafeen en
de devi es gebruikt in de experimenten.

In het bijzonder bes hrijven we de

toestandsdi htheid van grafeen en zijn Landau niveaus en we laten zien hoe
deze experimenteel kunnen worden behandeld door middel van transport en
apa iteit metingen. De Landau niveaus worden afgeleid met niet interagerende
elektronen in bes houwing, voldoen aan de Dira

hamiltoniaan en zijn in deze

bes hrijving viervoudig gedegenereerd, wat de spin en valley degeneratie van
het spe trum van ladingsdragers in nul magnetis h veld weerspiegelt.

Verder
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toont grafeen een nulenergie niveau dat in gelijke mate gevuld is met elektronen
en met gaten.

De degeneratie van de Landau niveaus wordt opgeheven door

het Zeeman ee t en door elektron-elektron intera ties, zodat elk niveau kan
opsplitsen in vier afzonderlijke. Wanneer dit opsplitsen plaatsvindt, kunnen de
nieuwe elektronis he toestanden onthuld worden door transport en
metingen.
en

apa iteit

Bovendien bes hrijft hoofdstuk 2 de devi es (veldee ttransistoren

ondensatoren gebaseerd op grafeen) die gebruikt worden in de experimenten

in meer detail, evenals de gekanteld veld- onguratie.
Hoofdstuk 3 gaat over het splitsen van de Landau niveaus en de karakterisatie
van de elektronis he toestanden die hieruit volgen. In het bijzonder onderzoeken
we de toestanden bij lling fa tors

ν = −1, −4, −5, −7, −8

en

−12,

welke geob-

serveerd worden als quantum Hall toestanden in de transportmetingen. Door
thermis h gea tiveerd transport uit te voeren, bepalen we de energie gaps geasso ieerd met de meeste lling fa tors, zowel in puur loodre hte velden als in
gekantelde. De gekanteld veld-experimenten tonen aan dat het laagste-energie
Landau niveau zi h anders gedraagt dan al de andere: terwijl de hogere niveaus
een spin gepolariseerde toestand hebben bij halve vulling (ν

= −4, −8

en

−12),

vinden de spin gepolariseerde toestanden in het laagste energieniveau plaats bij
een kwart vulling (ν
de

= ±1).

Dit resultaat wordt kwalitatief ondersteund door

apa iteit metingen uitgevoerd met een vers hillend devi e. Bovendien toont

de analyse van de grootte van de gaps aan dat elektron-elektron intera ties het
leidende splitsingsme hanisme zijn in het laagste energieniveau, terwijl de gaps

= −4, −8

bij even lling fa tors in de hogere niveaus (ν

en

zijn met de grootte van het één-deeltje Zeeman ee t.

−12)

In hoofdstuk 4 bespreken we het splitsen van het laagste-energie (N
niveau door middel van

= 0) Landau

apa iteit spe ros opie. In dit hoofdstuk halen we kwan-

titative informatie uit de
en the

ompatibel

apa iteit data en berekenen we de toestandsdi htheid

hemis he potentiaal van het systeem in nul en in laag loodre ht mag-

netis h veld.

Het splitsen van het

N =0

niveau vindt plaats bij

B⊥ 4 T,

dus

de hoge magneetvelden bes hikbaar bij het HFML stellen ons in staat om het
sample tot grote hoeken te kantelen (θ
toestand bij
bij

ν = ±1

ν =0

≈ 81◦ ).

Bij de laagste hoeken wordt de

onderdrukt door de toename in

BT ,

terwijl de toestanden

worden versterkt. Dit betekent, in overeenkomst met de vindingen

uit hoofdstuk 3, dat de toestanden bij
de toestand bij

ν = 0

dat niet is.

ν = ±1

spin gepolariseerd zijn terwijl

Wanneer we het devi e verder te kante-

len, observeren we een verandering in de spin polarisatie van de toestanden als

BT ≃ 5 × B⊥ .

Bij de hoogste

θ

wordt dus de toestand

ν=0

versterkt door een

toename van het externe magnetis h veld, wat aantoont dat deze toestand spin

gepolariseerd is.
Hoofdstuk 5 presenteert transport meting in de aanwezigheid van een sterk mag-
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neetveld in het vlak. Het devi e is zodanig gekanteld dat
aan het grafeen vlak. In deze

BT

bijna parallel is

onguratie koppelt het veld niet aan de beweging

van de ladingsdragers, maar indu eert het splitsing van de toestandsdi htheid
door middel van het Zeeman ee t. We laten zien dat, ondanks de grote Zeeman
splitsing bij

30 T,

de transporteigens happen van grafeen niet worden beinvloed

door een hoog magneetveld. Er wordt gevonden dat de magnetoweerstand geobserveerd bij het ladingsneutraliteitspunt veroorzaakt wordt door de kleine
die het resultaat is van de kleine (<

0.1◦ )

B⊥

uitlijningsfout die niet vermeden kan

worden in deze experimenten. Bij het ladingsneutraliteitspunt toont het devi e
een eindige quasideeltjesdi htheid

nQ = 4.5 × 1010

−2 , waars hijnlijk door de

m

aanwezigheid van zogenaamde  harge puddles. Dit is twee ordes van grootte
meer dan de quasideeltjesdi htheid geïndu eerd door de Zeeman splitsing van de
toestandsdi htheid. We beargumenteren dat de inhomogeniteit van het sample,
die resulteert in een eindige

nQ

bij het ladingsneutraliteitspunt, de ee ten van

Zeeman splitsing op de transporteigens happen van het devi e verbergt.
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