
 1

 

 
 

 Department of Physics  Département de Physique 
 
McGill University   Université McGill 
Rutherford Physics Building  Pavillon Rutherford de Physique 
3600 University Street   3600 rue Université 
Montreal, Quebec            Montréal (Québec) 
H3A 2T8 Canada   H3A 2T8 Canada 

                           June 7, 2015 

 

 

 

To Whom It May Concern, 

 

In the following, I will report and describe the details of my activities regarding my visit to CNR-

Nano Pisa from May 23 until June 6 2015, inclusively. In my view, this stay was a great success, 

and most importantly it opens several doors to important new collaborative works.  

 

-I arrived in Pisa on Saturday May 23 and Dr. Heun graciously came to pick me up the airport. 

During my stay, I resided at the Gorki pension house in the center of Pisa, one block from the 

Scuola Normale Superiore and 10 min walk from CNR-Nano. 

 

-In the beginning of the first week, I have had several important discussions with Dr. Heun, as 

well as his current Post-doctoral researchers Dr. Yuya Murata and Dr. Shaohua Xiang, and 

students, Stefano Guiducci and Abhishek Kumar. We mostly focused of finishing the writing of 

an article on the properties of hydrogenated graphene. This work was started two years ago and 

the McGill group (including Prof. Szkopek from McGill engineering and myself) performed 

high-magnetic field measurements at low temperatures, and the CNR-Nano Pisa group performed 

STM microscopy. Thanks to this short term mobility grant, the manuscript is now complete and it 

will be submitted within two weeks to the APS journal Physical Review B. This preprint is 

included with this report. The short term mobility grant by CNR is acknowledged in this paper. 

 

-On June 2nd I have spent part of the day with Dr. Heun and Dr. Roddaro from CNR-Nano, and I 

focused mostly on the challenges of contacting electrically encapsulated nanowires 

independently, as those grown and fabricated by Dr. Sorba (director of CNR-Nano). While I am 

not an expert for such system, I have great experience with "coulomb drag measurements" in 

independently contacted quantum wires, and we discussed in length the possibilities of stepping 

up this research direction and perform "thermal drag measurements".  

 

-I have also given two seminars, the first at the CNR-Nano in Pisa titled "Time-Resolved 

Thermodynamics Measurements of a 2DEG", on Tuesday May 26,  and a second during the 2nd 

week held at CNR-ICCOM Firenze titled "Black-Phosphorous: a Puckered Graphene 

Experiment". This latter one was held on June the 3rd (see the announcement for the seminar 

appended with this report) and throughout the day I greatly interacted with chemists, and in 

particular with Dr. Maurizio Peruzzini. Dr. Peruzzini is a world leading expert in the synthesis of 

black phosphorous and he has recently led a successful ERC grant on that topic with Dr. Heun as 

a collaborator. The timing could not be better, for my group at McGill just had a paper accepted 

in Nature Communications  regarding quantum oscillations in black-phosphorous transistors (in 

fact, it was formally accepted during my CNR visit,  on June 1st). So during, my visit at CNR-

Firenze, it was agreed that Dr. Maurizio Peruzzini would provide me high-quality materials and 
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that our group would fabricate a new series of black-phosphorous devices as soon as possible. It 

was also agreed that some of these would be investigated at McGill and others be shipped to 

CNR-Nano Pisa for scanning probe microscopy measurements, a topic of which Dr. Heun is a 

world leading expert. 

 

 

-I have also spent time during both weeks with Dr. Fabio Taddei from CNR Nano, and his 

students, Stefano Valentini and Francesco Mazza. In particular, Dr. Taddei and his students 

devised an ingenious scheme for "cooling on-a-chip" as well as a "heat management process" and 

a "heat router". These ideas are provocative, yet extremely sound, and profound. Prof. Szkopek 

and I at McGill currently have an academic-industry partnership grant with the (quantum) 

computing canadian company D-wave in Vancouver on a topic that goes along the same set of 

ideas. I have strongly recommended to Dr. Taddei to have his ideas patented and independently I 

hope that my team at McGill can test some of them within a reasonable timescale. 

 

Finally, I have discussed at great length with Dr. Giazotto from CNR-Nano his (several) lines of 

research, in particular his important advances in the field of "nanoscale coherent heat flow".  In 

fact, I have all reasons to believe that he invented the field. He has also made an important 

advance regarding thermometry at the nanoscale, an advance that could become extremely 

important for my research on high-mobility two-dimensional electron gases measurements that 

are performed in my group. It was agreed that collaborative work should be pursued so as to 

adapt his advance on our own "flip-chip device" 2DEG technique that we recently patented. It 

was also agreed that Dr. Giazotto should come visit us at McGill during the next year, but 

preferably sooner than later. McGill will offer hospitality and pay all expenses. 

 

This summarizes my interactions with CNR-Nano Pisa, as well as CNR-Firenze. 

 

    
 

Yours sincerely,  

 
Guillaume Gervais 

Professor of Physics 

McGill University 
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Speaker: Prof. Guillaume Gervais

(McGill University, Montreal, Qc, Canada)

Title: Time-resolved Thermal Relaxa6on Measurements in a Single 2DEG
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Abstract:

In recent years, there have been a number of proposals put forward to probe the entropy

of frac6onal quantum Hall states (FQHS) via bulk thermodynamic measurements, with the

goal of detec6ng the predicted non-Abelian entropy of the 5/2 FQHS. In other systems,

such as superfluid helium-3 and exo6c superconduc6ng materials, the specific heat provides

a measurable proxy to the entropy that can also be calculated by theorists. However,

measurement of the specific heat of a two-dimensional electron gas (2DEG) by conven6onal

means is difficult since it is dwarfed by the much larger heat capacity of the host substrate.

Here, I will discuss measurements performed in an ultra-high mobility Corbino device (perhaps

the very highest ever). By using the Corbino geometry, we are able to probe the bulk of the

sample without complica6ons due to edge effects. This talk will focus on 6me-resolved

measurements of the thermal relaxa6on of the 2DEG via phonon emission. In conjunc6on with

DC measurements of the phonon emission rate, this allows us to extract the heat capacity of

the 2DEG. Results will be presented for both the Shubnikov de Haas and quantum Hall regimes

at temperatures below 100 mK.
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stefan.heun@nano.cnr.it

Seminar	announcement:	26/05-	Prof.	Guillaume	Gervais mailbox:///c:/Stefan/Mail/Pro�iles/syh7y0f8.default/Mail/Local	...

1	of	1 11/06/2015	15:19



 

 
 

 
      Istituto di Chimica dei Composti Organometallici 
 

 

 
 

  Mercoledì 3 Giugno 2015 
 

Alle ore 11:00 
 

presso l’aula 2 dell’Edificio F, 
Area della Ricerca CNR, Via Madonna del Piano,10 - Sesto F.no 

 
 
 

GGUUIILLLLAAUUMMEE  GGEERRVVAAIISS      
McGill University di Montreal (Canada), terrà il seguente 

seminario: 
 

" Black Phosphorus: a 'Puckered Graphene' experiment " 
 

     
 

 Dr. Maurizio Peruzzini 
Direttore ICCOM-CNR 

  
 
Sommario:  
Black phosphorus (BP) is the second known elemental allotrope with a layered crystal 
structure that can be mechanically exfoliated down to atomic layer thickness. In the Fall 
of 2014, four independent team around the World  (including ours) reported nearly 
simultaneously the observation of quantum oscillations (Shubnikov-de Haas) in BP field-
effect transistor (FET) with thickness ranging from ~1 to 50 nm. 
In all cases, the deleterious effects of photo-oxidation had to be mitigated by using BP 
layers thicker than a few atomic layers and then encapsulate the BP with another 
material so as to form an overall surface-protected heterostructure. 
 
After providing a general introduction, I will discuss the overall 'physics' that has been 
observed thus far in BP, and then I will discuss how its puckered honeycomb atomic 
structure could lead to a tunable "graphene system" where the Dirac physics and Berry 
phase could perhaps be controlled on-demand. 
 
     



Measurement of Topological Berry Phase in Highly Disordered Graphene
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We have observed the quantum Hall effect (QHE) and Shubnikov-de Haas (SdH) oscillations in
highly disordered graphene at magnetic fields up to 65 T. Disorder was introduced by hydrogenation
of the graphene up to a ratio H/C ≈ 0.1%. The analysis of SdH oscillations and QHE indicates
that the topological part of the Berry phase, proportional to the pseudo-spin winding number, is
preserved upon introduction of disorder by hydrogenation in large scale graphene.

PACS numbers: 72.80.Vp, 75.47.-m, 03.65.Vf

I. INTRODUCTION

Berry phases play an important role in the electronic
properties of materials1. For example, the Berry phase
contribution to the closed cyclotron orbits of charge
carriers confined to two dimensions in the presence of
a perpendicular magnetic field shifts the Landau level
(LL) sequence. The Berry phase shift can be observed in
the quantum Hall effect (QHE) sequence and the phase
of Shubnikov-de Haas (SdH) oscillations. A Berry phase
of β = π has been measured in monolayer graphene2,3,
in accordance with the LL sequence for graphene first
predicted by McClure4. The unusual LL sequence
of graphene is a consequence of the (pseudo) spinor
structure of massless Dirac fermions, where a topological
phase shift of π is accrued by charge carriers upon 2π
rotation of pseudo-spin in the course of a cyclotron
orbit. The π Berry phase in monolayer graphene also
manifests itself in weak anti-localization that enhances
conduction by quantum interference of electrons on
closed trajectories, but is readily obscured by the
onset of weak localization due to elastic intravalley and
intervalley scattering5.

The complete Berry phase Γ =
∮
C
dk · i 〈uk | ∇kuk〉

of the Bloch wave function | uk〉 on a closed cyclotron
orbit is the sum of an energy-dependent non-topological
component and a topological component β = πWC ,
where WC is the winding number of the orbit C about
valley minimum6,7. In a semi-classical analysis of LL
quantization, the non-topological component of the
Berry phase is cancelled by the phase accumulated via
orbital diamagnetism6. The anomalous LL sequence
for the honeycomb lattice is thus a manifestation of
a topological Berry phase β = π, that is predicted to
persist even in the presence of sub-lattice symmetry

breaking and subsequent gap opening in accordance with
a full quantum calculation on the honeycomb lattice8. In
contrast, conventional semiconductors with Schrödinger
fermions exhibit a total Berry phase Γ = 0.

The question thus arises: how robust is the Berry
phase contribution to the LL sequence of graphene in
the presence of disorder on the honeycomb lattice? We
report here magnetotransport measurements, including
SdH oscillations and QHE, of macroscopic hydrogenated
graphene monolayers (H/C ratio ≈ 0.1%) demonstrating
experimentally that the Berry phase remains β = π in the
presence of disorder that is sufficiently strong to impart
insulating electron transport behaviour (dR/dT < 0).
Hydrogen adsorbates disrupt the sp2 lattice of graphene
through the sp3 distortion necessary to accommodate the
C-H bond, and are thus expected to act as neutral point
defects. Moreover, a variety of theoretical works show
that hydrogenation opens a bandgap in graphene9–13,
with a recent density functional theory covering a wide
range of hydrogen coverage14 giving an empirical gap
Eg ≈ 3.8eV × (H/C)0.6. Angle resolved photo-emission
spectroscopy (ARPES) and photocurrent measurements
give evidence for the onset of insulating electron trans-
port behaviour at H/C≈ 0.1%15, with higher hydrogen
coverage giving clear evidence of gap formation and the
presence of mid-gap states19,20. STM imaging21,22 has
mapped the local density of states in the vicinity of
both lone hydrogen adsorbates and hydrogen adsorbate
pairs. Previous magnetotransport measurements show
that the ν = 2 QHE state can be observed in hydro-
genated graphene16, as well as in disordered graphene
grown by sublimation of SiC17,18. Thus far, the topo-
logical Berry phase in highly disordered graphene has
remained unmeasured.
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II. SAMPLE PREPARATION AND
CHARACTERIZATION

Our hydrogenated graphene samples were prepared
from pristine monolayer graphene grown by chemical va-
por deposition (CVD) on Cu foils24, and then transferred
to oxidized Si substrates for back-gating as previously
reported25. Electrical contacts (Ti/Au) were deposited
by shadow mask technique, thereby minimizing the sur-
face contamination of a lithography process. Both two-
point and Hall bar sample geometries were used, as sum-
marized in Table 1. Hydrogenation of graphene on ox-
idized Si substrates was performed in a UHV chamber
with a thermally cracked atomic hydrogen source as pre-
viously detailed in Ref. 16. Varying doses of hydrogen
were used, ranging from 4 to 16 minutes at a hydrogen
pressure of ∼ 10−5 Torr. We have observed that the de-
gree of hydrogenation as inferred by Raman spectroscopy
and electron transport is coarsely controlled by hydrogen
dose, suggesting the possibility of graphene surface con-
tamination or other sources of variability in the hydro-
genation process that are not yet understood.

The introduction of point defects by hydrogenation
was confirmed by Raman spectroscopy performed before
and after hydrogenation. Raman point spectra were ac-
quired with an Invia (Renishaw) instrument with an ex-
citation laser line of 25 mW at λ=514 nm through a
50X objective (plan apochromat, NA=0.75). The laser
power on the sample was about 300 µW for a laser spot
of approximately 1 µm in diameter. The spectral re-
gion probed was 100 − 3200 cm−1 with a resolution of
±0.5 cm−1. An example of a Raman point spectrum is
shown in Fig. 1(a). The G, G∗, and G′ peaks are as-
sociated with pristine graphitic carbon, while the D, D′

and G+D peaks are associated with broken translational
symmetry26, which we ascribe to chemisorbed hydrogen
whose density can be estimated from the ratio of D peak
intensity to G peak intensity, ID/IG

27.

Raman spectral images were measured with a hyper-
spectral imager using tuneable Bragg filters28, with an
excitation laser line at λ = 532 nm, a laser power of
40 µW/µm2 and an acquisition time of 120 seconds per
frame, 1024×1024 pixels/frame and spectral resolution of
7 cm−1 per frame. The images were acquired with a 50X
objective (plan apochromat, NA=0.5) providing a field
of view of up to 230µm× 230 µm for a spatial resolution
of 230 nm per pixel. The spectral regions probed were
1250− 1650 cm−1 and 2600− 2800 cm−1. Spectral anal-
ysis was performed with D, G, G’ Raman Stokes peaks.
A third order polynomial background was subtracted fol-
lowed by fitting to a pseudo-Voigt curve (a combination
of Gaussian and Lorentzian broadening) to obtain peak
intensity, integrated area, position and full width at half
height. The ratio of D peak intensity ID to G-peak inten-
sity IG was thus calculated for each pixel in the image.
Alignment marks were used to ensure that the same sam-
ple area was imaged before and after hydrogenation. A
representative Raman map of ID/IG measured on the
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FIG. 1. (a) Raman spectrum of graphene with 4 minutes of
hydrogenation exposure (red) and pristine graphene (blue).
(b) Raman map of the peak intensity ratio ID/IG of the same
region of a graphene sheet on SiO2/Si before and after an 8
minute hydrogenation exposure. Macroscopic inhomogene-
ity is observed, including striations associated with the Cu
growth substrate. (c) Conductivity σxx of pristine graphene
and hydrogenated graphene versus carrier density n shows
a trend of decreasing conductivity upon hydrogenation, A
general trend of reduced conductivity upon hydrogenation is
observed although hydrogenated graphene sample HG75 is of
comparable conductivity to pristine graphene sample G81.

same graphene area before and after hydrogenation is
shown in Fig. 1(b). The striations in ID/IG following
hydrogenation correlate with the striations in the cold-
rolled Cu foil used for graphene CVD growth. With a
typical ID/IG ≈ 2± 0.5 for the samples studied here, we
estimate an H/C ratio ≈ 0.07 ± 0.02%. The extremal
Raman intensity ratios ID/IG ≈ 4 and ID/IG ≈ 1 at in-
homogeneities correspond to H/C ratios of ≈ 0.15% and
≈ 0.03%, respectively.
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TABLE I. Summary of six hydrogenated graphene samples (HG) and two pristine graphene samples (G) including hydrogenation
time (H-time), field effect mobility at a carrier density of n = −4 × 1012cm−2 and temperature T = 1.8 K. The back-gate
voltage of the neutrality point is estimated from the maximum two-point resistance at T = 1.8 K. Samples HG78 and G79
were measured twice with two different doping levels as controlled by an applied gate voltage during cool-down from room
temperature to fix a charge density on the oxide substrate. The maximum magnetic field applied in our experiments and the
sample geometry are reported: two-point configuration (2pt) or Hall bar configuration (HB). The Berry phase, β/2π, is also
reported. The QHE sequence was observed in G79. SdH oscillation phase was directly measured in samples HGTO1, HGTO2,
HG75, and HG78. Insufficient SdH oscillations were observed in G81, HG70 and HG74 to extract Berry phase. Further details
of phase extraction are given in the text.

Sample H-time [min] Geometry Mobility µFE [cm2/V·s] Neutrality [V] Max. field [T] Berry phase β/2π

HGTO1 8 2pt 100 30 V 65 T −0.73± 0.02

HGTO2 5 2pt 200 28 V 55 T −0.64± 0.05

HG70 4 HB 21 7 V 35 T -

HG74 6 HB 55 80 V 35 T -

HG75 7 HB 260 30 V 35 T −0.49± 0.07

HG78 10 HB 20-35 25-65 V 35 T −0.53± 0.07

G79 0 HB 750-1050 10-85 V 35 T -1/2

G81 0 HB 550 24 V 35 T -

Scanning tunnelling spectroscopy (STS) and mi-
croscopy (STM) were performed on pristine and hydro-
genated graphene using an RHK Technology STM in an
ultra-high vacuum (UHV) chamber with a base pressure
of 1×10−10 mbar at 300K. The STM was equipped with a
Tectra hydrogen source that produces atomic hydrogen
by thermal cracking. After introducing CVD graphene
samples into the UHV chamber, they were annealed at
673 K for 2 hours in order to remove water and other ad-
sorbates. At this temperature, it was observed that hy-
drogen does not desorb from similar samples of graphene
on silicon carbide22. The temperature was measured by
a type K thermocouple at the position of the sample
and cross-calibrated by an optical pyrometer. Despite
the cleaning process, atomic resolution STM images of
pristine graphene were not attained, most likely due to
residual polymer from the PMMA handle used in the
transfer process of large area graphene. Comparison of
the atomic hydrogen exposure dose versus the observed
ID/IG Raman peak ratio indicates a low atomic hydrogen
sticking coefficient of ≈ 10−4, consistent with a polymer
residue layer that suppresses atomic hydrogen adsorp-
tion to the graphene lattice. For comparison, a stick-
ing coefficient of ≈ 1 is observed for hydrogen incident
on graphene grown directly on silicon carbide without
a polymer transfer process22. A gap was not observed
in STS of graphene hydrogenated prior to introduction
to the STM UHV chamber, and graphene hydrogenated
within the STM UHV chamber with the same hydrogen
dose. At an H/C coverage of ≈ 0.07± 0.02%, the gap is
theoretically predicted14 to be 50 ± 10 meV, below the
energy resolution limit of room temperature STS23 and
in agreement with our measurements. [Why ’in agree-
ment with our measurments’? Did we measure a gap? I
would suggest to delete the blue part.]

The measured sheet conductivity σxx at T = 1.8 K is

plotted as a function of carrier density in Fig. 1(c). A
general trend of reduced conductivity upon hydrogena-
tion is observed, although hydrogenated graphene sample
HG75 is of comparable conductivity to pristine graphene
sample G81. All samples, pristine and hydrogenated, dis-
played insulating behaviour, dR/dT < 0, upon cooling
in zero magnetic field. For all samples reported in this
work, several relevant parameters are summarized in Ta-
ble 1. Pristine graphene samples typically exhibited a
conductivity σxx ∼ 10e2/h at T = 1.8 K and at a hole
density ∼ 3 × 1012cm−2 tuned by application of a back
gate potential, with a corresponding Ioffe-Regel disorder
parameter (kFλ)−1 ' (2e2/h)/σxx ∼ 0.2 , where kF is
the Fermi wave-vector and λ the carrier mean free path.
In contrast, hydrogenated graphene samples typically ex-
hibited a conductivity σxx ∼ 0.5e2/h at T = 1.8 K and
at hole density ∼ 3×1012cm−2 tuned by application of a
back gate potential, with a corresponding Ioffe-Regel dis-
order parameter (kFλ)−1 > 1. The two–point resistance
R2pt at charge neutrality was generally found to exhibit
steeper temperature dependence dR/dT for samples with
larger Ioffe-Regel disorder parameter. We have previ-
ously observed that hydrogenated samples with disorder
parameter well beyond the Ioffe-Regel limit for metallic
conduction are still capable of supporting a QHE state16.

III. MAGNETO-TRANSPORT

The resistance of six hydrogenated graphene samples
and two pristine graphene samples were measured at
low temperature, 0.3K − 1.5K, and high magnetic field.
Quasi-dc magnetic fields were applied by either a 35 T re-
sistive magnet or a 45 T hybrid resistive/superconducting
magnet at NHMFL Tallahassee. Pulsed magnetic fields
were applied at LNCMI Toulouse up to 55 T (28 mm
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bore) or 65 T (13 mm bore)29. The two-point resistance
R2pt was measured for all samples. The longitudinal
resistance Rxx and the Hall resistance Rxy were mea-
sured on Hall bars. Sample resistance was measured by
standard lock-in technique with quasi-dc magnetic fields,
while high-speed baseband measurements were used in
pulsed magnetic fields. The carrier density was tuned
with a back-gate voltage.

G79
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-80
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Rxy ν=+2

-60 -40 -20 0 20 40 60 80

0.0
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0.4

0.6
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-0.4

VG  [V]

R
  [h

/e
2 ]

FIG. 2. The measured longitudinal resistance Rxx and Hall
resistance Rxy of a large area CVD graphene sample G79
versus back gate voltage VG at temperature T = 0.3 K and
constant magnetic field B = 35 T. The observed QHE filling
factor sequence ν = −6,−2,+2 corresponds to the anoma-
lous Hall sequence for massless Dirac fermions in monolayer
graphene.

The longitudinal and Hall resistance of large area
graphene sample G79 is shown in Fig. 2 at low tempera-
ture T = 0.3 K and constant magnetic field B = 35 T.
The longitudinal resistance Rxx is minimized while the
Hall resistance Rxy approaches quantized values h/νe2,
identifying the QHE filling factors ν = −6,−2,+2. The
filling factor sequence corresponds to the LL sequence
of massless Dirac fermions with topological Berry phase
β/2π = ±1/2. Prior to hydrogenation, CVD-grown
millimetre scale graphene exhibits the same LL sequence
as that observed in pristine exfoliated graphene2,3.

Representative magneto-transport measurements of
hydrogenated graphene samples are shown in Fig. 3.
The measured R2pt of hydrogenated graphene sample
HGTO2 versus magnetic field at fixed gate voltages
is shown in Fig. 3(a). The magnetoresistance shows
weak localization at small fields, SdH oscillations, and a
strong positive magnetoresistance at charge neutrality.
The measured Hall resistance Rxy of sample HG78
versus gate voltage at fixed magnetic field is shown in
Fig. 3(b). At applied magnetic fields exceeding 20 T, a
plateau emerges at Rxy = 12550 Ω, within 3% of h/2e2

for a ν = −2 QHE state. The ν = −2 QHE state has
been previously observed in hydrogenated graphene, and
all samples studied here exhibited evidence of a ν = −2
QHE state.

The temperature dependence of Rxx versus gate volt-
age at B = 35 T is shown in Fig. 3(c) for a pristine
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FIG. 3. (a) The measured R2pt of hydrogenated graphene
sample HGTO2 on a logarithmic scale versus applied mag-
netic field B and back-gate voltage VG, at a sample tempera-
ture T = 1.5 K. SdH oscillations and a strong positive magne-
toresistance near neutrality are observed. (b) The measured
Rxy of hydrogenated graphene sample HG78 on a logarithmic
scale versus applied magnetic field B and back-gate voltage
VG, at a sample temperature T = 0.3 K. A ν = −2 plateau at
Rxy = 12550 Ω is observed above a field of 20 T. (c) The mea-
sured Rxx of hydrogenated graphene sample HG78 (log-scale)
and pristine graphene sample G79 (linear scale) versus applied
gate voltage, over a temperature range T = 0.3 K− 83 K at
a constant field of B = 35T. The minima in Rxx are labelled
with corresponding filling factors.

graphene sample (G79) and a hydrogenated graphene
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sample (HG78). The minima of Rxx at ν = −2 fit
well with a Mott variable range hopping law Rmin

xx ∝
σmin
xx ∝ exp(−(T0/T )1/3) for both hydrogenated and

pristine graphene, as has been observed in pristine ex-
foliated graphene33. The Rxx at neutrality shows weak
temperature dependence for pristine graphene G79. In
contrast, Rxx of hydrogenated graphene HG78 grows over
one order of magnitude at neutrality over the same tem-
perature interval from T = 83 K − 0.3K. Similar be-
haviour has been observed in pristine graphene and in-
terpreted as a phase transition to a strongly insulating
N = 0 LL30–32 bounded by critical points of temperature
independent Rxx. The mechanism by which hydrogena-
tion induces a strongly insulating N = 0 LL is unknown,
and we speculate that local sub-lattice symmetry break-
ing in the immediate vicinity of isolated hydrogen ad-
sorbates may play a role. Hydrogenated graphene sam-
ples exhibited electron-hole asymmetry in the form of
lower electron conduction as compared to hole conduc-
tion, as predicted theoretically for both zero-field34 and
high-field35 transport. The origin of the dip in Rxx of
sample HG78 near neutrality at VG = 65V and T = 0.3K
is unclear.
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FIG. 4. (a) The measured R2pt versus 1/B of HG78 at a gate
voltage VG = −90 V. The local minima and maxima of R2pt

versus 1/B are identified. (b) A Landau fan diagram of LL
index versus 1/B for sample HG78 at different gate voltages.
The SdH frequency BF at each gate voltage is extracted from
the slope of the LL fan (linear fit indicated by dashed lines).
The intercept β/2π = −0.53±0.07 is in good agreement with
β = π.

IV. LANDAU LEVEL ANALYSIS

We now turn our attention to the LL sequence inferred
from SdH oscillations, generally expected to be of the
Landau-Kosevich form ∆Rxx = R(B, T ) cos[2π(BF /B +
1/2) + β] where BF is the frequency of the oscillations,
β is the (topological) Berry phase, and R(B, T ) is an
envelope dependent upon both temperature and field. In
the limit where Rxy � Rxx, we find the SdH oscillations
∆R2pt ∝ ∆Rxx.

To determine the Berry phase, we constructed Landau
fan diagrams, as shown in Fig. 4(b) for sample HG78,
in which the index N corresponding to the N th mini-
mum in R2pt is plotted versus the reciprocal field 1/B
at which the minimum occurs for a range of back-gate
voltages VG. Also plotted are indices N + 1/2 for the
N th maxima in R2pt versus the reciprocal field 1/B at
which the maxima occur. At each back gate voltage,
the slope of N versus 1/B (or N + 1/2 versus 1/B )
gives the frequency δN/δ(1/B) = BF . The intercept at
1/B = 0, which we determine by extending a linear fit at
each gate voltage, corresponds to the Berry phase shift
β/2π.2 For the sample HG78, the intercept gives a Berry
phase β = −π · (1.06 ± 0.14) in good agreement with
β = π modulo 2π. For comparison, the Berry phase ex-
perimentally extracted by Landau fan diagram intercept
for pristine graphene in the hole doped regime has been
reported to be β ≈ −π · 1.2.2 The normalized topological
Berry phase can be identified with Diracness, a metric
quantifying SdH phase between that of Schrödinger and
massive Dirac fermions37, as δ = |β|/π. One might have
expected, from tight-binding calculations, a slight devia-
tion from pure Dirac fermions, δ ' 1− 0.2∆/t, in terms
of the energy gap ∆ at K,K’ and the nearest-neighbour
hopping parameter t ' 3 eV, due to a contribution from
second-nearest-neighbour hopping. However, this devia-
tion is below our experimental resolution.

Landau fan diagrams constructed from the two-point
resistance R2pt of samples HG75, HGTO2 and HGTO1
are shown in Fig. 5. The amplitude of SdH oscillations
were observed to be larger in R2pt than in Rxx, and were
thus analyzed for improved signal to noise ratio at the
expense of a systematic error introduced by the addi-
tion of Hall resistance Rxy component in R2pt. The ac-
curacy of the extraction of topological Berry phase, β,
from the intercept at 1/B = 0 improves with increasing
number of SdH oscillations, and we therefore only used
measurements performed at gate voltages (carrier densi-
ties) that resulted in at least two minima and two max-
ima in R2pt. The indicated error in β/2π for each sam-
ple is the standard deviation of the mean over different
carrier densities. The normalized Berry phase β/2π mea-
sured from Landau diagram intercepts for samples HG75,
HGTO2 and HGTO1 are −0.49± 0.07, −0.64± 0.05 and
−0.73± 0.02, respectively. The lowest mobility samples,
HG70 and HG74, did not give a sufficient number of SdH
oscillations to determine Berry phase.

We next consider the damping of the observed SdH
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FIG. 5. The Landau fan diagrams of samples (a) HG75 at
T = 0.3 K, (b) HGTO2 at T = 1.5 K and (c) HGTO1 at
T = 1.5 K. The topological Berry phase β is extracted for
each sample from the intercept at 1/B = 0 of the best-fit lines
to at least two LL’s.

oscillations caused by disorder–induced LL broadening.
We approximate the envelope R(B, T ) with a simple
Dingle damping factor accounting for the linear graphene
dispersion given by R(B, T ) = R0 · exp(−π~kF /eBvF τ)
where vF = 1.0× 106m/s is the graphene Fermi velocity
and kF is the Fermi wave-vector. The Fermi wave-vector
is in turn inferred from magnetic frequency via the
Onsager relation BF = Φ0k

2
F /4π, with Φ0 = h/e the

flux quantum. The disorder–induced effective scattering
time τ was determined by a best fit of the measured re-
sistance oscillations to R(B, T ) cos[2π(BF /B+1/2)+β].
The inferred scattering times are plotted in Fig. 6
for six samples versus charge carrier density n. The
observed scattering times τ = 5-13 fs correspond to
Dingle temperatures TD = ~/2πkBτ = 90-240 K that
characterize the observed LL broadening. Surprisingly,
the variation in LL broadening amongst samples is
small, varying by less than a factor of three, and it is the
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FIG. 6. The scattering time τ extracted by an LK [Explain
what LK means] best-fit to SdH oscillations with a Dingle
damping factor R(B, T ) = R0 · exp(−π~kF /eBvF τ), plotted
versus carrier density n, for six graphene samples.

pristine graphene sample G81 that suffers the greatest
LL broadening, indicative of a common inhomogeneous
broadening mechanism. The charge density fluctuation
of electron-hole puddles common to graphene on oxide
substrates is the most likely source of the LL broadening
observed in our work. We note that in our previous work
with more heavily hydrogenated graphene samples16, a
direct transition from the insulating state to the ν = −2
QHE state was observed without the observation of SdH
oscillations at lower magnetic fields.

B F
  [

 T
 ]

n·Φ0  [ T ]

0

20

40

60

80

100

0-100-200-300-400-500 100 200

δBF
δn·Φ0 

= 0.228±0.022

FIG. 7. The extracted SdH frequency BF versus carrier den-
sity scaled by the flux quantum nΦ0 for six graphene samples.
The best fit slope (black dashed line) on the hole side for hy-
drogenated graphene samples is δBF /|δnΦ0| = 0.228± 0.022,
in agreement with 4-fold LL degeneracy. Extension of the
best fit slope to the electron side is shown with a grey dashed
line.

Finally, we analyzed the LL sequence in further de-
tail. The degeneracy g of the LLs can be experimentally
determined from the relation BF = nΦ0/g, where n is
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the charge carrier density. The magnetic frequency BF

versus nΦ0 is shown in Fig. 7 for a variety of graphene
samples. For each sample, the charge neutrality point
(n = 0) and slope δBF /|δnΦ0| = 1/g was determined by
a linear fit of BF versus ∆nΦ0 = (h/e2) ·CVG where ∆n
is the carrier density induced by field effect through the
back-gate capacitance C = 11.5 nF/cm2. For the four
hydrogenated graphene samples with at least two SdH os-
cillations observed, the slope δBF /|δnΦ0| = 0.228±0.022
on the hole side, corresponding to a LL degeneracy
g = 4.4 ± 0.4. In other words, there is no indication
of either spin or valley degeneracy breaking. The LL
degeneracy on the electron side of the neutrality point
could not be determined due to an insufficient number of
oscillations within the experimentally accessible carrier
density and magnetic field ranges.

V. CONCLUSIONS

For all hydrogenated samples, the ν = −2 filling factor
was observed and a four-fold spin and valley LL degen-
eracy at filling |ν| > 2 was observed in SdH. In other
words a sequence ν = −2,−6, ..., leads us to conclude
that the LL sequence on the hole side in hydrogenated
graphene corresponds to that of pristine graphene with
a topological Berry phase β = π. This phase, or equiv-
alently the pseudo-spin winding number, is thus found
to be preserved despite hydrogenation at an H/C ratio
≈ 0.07 ± 0.02%. We emphasize that the robustness of
the topological Berry phase is remarkable in two aspects.
First, it survives unexpectedly for sufficient disorder to
impart insulating behaviour in hydrogenated graphene.

Second, it survives even if hydrogenation opens a gap
by locally breaking sub-lattice symmetry. Although we
do not have direct experimental evidence for this type of
symmetry breaking in our samples, one cannot exclude
this scenario in view of recent evidence for gap opening
in ARPES measurements19 and local sub-lattice symme-
try breaking in STM experiments21,22. However, further
experimental work is required to fully elucidate the rela-
tionship between adsorbate ordering, sub-lattice symme-
try, energy gap and Diracness in 2D materials37.
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