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Plasmons and/in Graphene
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Edge vs bulk plasmons
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Edge magneto-plasmons applications
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possibility of chiral plasmonics
(gated rf-isolators, circulators, ... )

Graphene:
B = 2 Tesla, T=300K

u ~10*Vem2st

Hall angle > 45°

FIG. 15. An exploded view of a sandwich structure, based
on the capabilities recently reported in [62]. A graphene flake

is encapsulated between two layers of insulating boron ni- enough for IOW |OSS
tride (BN). Four edge electrodes grown above the structure .
as shown could serve as the four capacitive contacts of the circulator

two-port gyrator.

dynamics mediated by Edge Magneto-plasmons
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evidence for chiral propagation
velocity of EMP mode
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Edge Magneto-Plasmons (EMP)
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Edge Magneto-Plasmons (EMP) are classical
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Edge Magneto-Plasmons (EMP) are classical
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Edge Magneto-Plasmons (EMP) are classical
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Edge Magneto-Plasmons (EMP) In
the Quantum Hall Regime
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Edge Magneto-Plasmons (EMP) In
the Quantum Hall Regime
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Edge Magneto-Plasmons (EMP) in
the Quantum Hall Regime
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Quantum Hall Effect in Graphene
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QHE Edge States in Graphene
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QHE Edge States in Graphene
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CHIRAL QHE Edge States in Graphene
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CHIRAL QHE Edge States in Graphene
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CHIRAL EDGE MAGNETO-PLASMONS
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CHIRALITY remained to be SHOWN

DRIFT VELOCITY not MEASURED
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Sample Fabrication

Exfoliated Graphene (natural graphite)

30X30 um? flake pattern as ellipsoidal shape by nanolithography

sample photo
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SIMILARLY PREPARED SAMPLE SHOWED GOOD QHE in TRANSPORT
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Experimental setup
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Modulated transmission as function of field
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Propagation time vs field
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 Introduction

what are edge magnetoplasmons (EMP)?
classical
guantum (QH regime)

EMP in graphene

« EXperiment | (exfoliated graphene 40um perimeter)

evidence for chiral propagation
velocity of EMP mode
carrier drift velocity

—> . Experiment Il (SiC graphene 200um /1mm perimeter)

check EMP dispersion relation
measure damping of EMPs

« Conclusion and Perspectives



Intrinsic and extrinsic decay of edge magnetoplasmons in graphene
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Dated: June 27, 2014 )
(Det : (to appear in Phys. Rev. Lett.)

S

Detector

Graphene on SiC ( from NTT Atsugi Jpn)
larger size : 1mm and 200um perimeter

dc- 50GHz CEA Saclay microwave set-up

I =

Injector

capacitive coupling

mobility ~ 10 000 cm? V-1s1 (input and output)
| density ~ 6 101! cm?
) S AL S S swept frequency
-10 -5 0 5 10 or

Magnetic fisld (T}
time domain measurents
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frequency domain measurements :

Magnetic field (T)
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(N. Kumada et al., PRL 113, 266601 (2014)
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Vp =0.5+0.1 10% cm/s (consistent with 0.7+0.1 108 found by I. Petkovic PRL 2013)
W =4 nm ( much smaller than in GaAs/GaAlAs = 500 nm )



Decay time of the Graphene Edge MagnetoPlasmons
time domain measurements : (N. Kumada et al., PRL 113, 266601 (2014)

Magnetic field (T)

0.0 0.5 1.0 15 2.0

pulse rise time: 70 ps



Decay time of the Graphene Edge MagnetoPlasmons

time domain measurements : (N. Kumada et al., PRL 113, 266601 (2014)
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Decay time of the Graphene Edge MagnetoPlasmons
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EMP damping arises from
- capacitive coupling to localized edge states in the bulk
p p g g =0 f 2 +B(T)

(low temperature)
- finite longitudinal resistance (high >20K temperature )



Decay time of the Graphene Edge MagnetoPlasmons
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EMP damping arises from

capacitive coupling to localized edge states in the bulk

(low temperature)
finite longitudinal resistance (high >20K temperature )

1:0cf2+[3(T)
T

B(T)ecexpl— (T, /T)?)

consistent with Efros-Shklovskii Var. Range Hopping with T, ~ 730K
also consistent with tranport measurements of To ~ 900 K in graphene
see K. Bennaceur et al. Phys. Rev. B 86, 085433 (2012).

analysis of data give a constant and :
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EMP damping arises from
- capacitive coupling to localized edge states in the bulk

(low temperature)
- finite longitudinal resistance (high >20K temperature )
Typical EMP resonance quality factor:

Q=15@ 1.7 GHzand Q=8.5 @ 7.6 GHz (at T=4.2°K)



Conclusion & Perspectives

existence of EMP in graphene in QH regime

chiral propagation

provide first exp. estimation of drift velocity ~(0.7 +/-0.2) 10°m/s

full check of EMP dispersion relation

EMP lifetime measurement and identification of damping mechanisir
very high Q at GHz frequency

Edge vs bulk plasmons
BULK EDGE
(x)NﬂlMNVéM m~n~V g
non chiral chiral
weak gate dependence reversible with gate or field
damped < inverse relaxation time (~THz) weakly damped on Hall plateaus
THz to Infrared domain GHz to THz domain

possibility of chiral plasmonics
(gated rf-isolators, circulators,... )
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Why there is no echo

reciprocity

modulation much more efficient on one side -
one ohmic and one capacitive contact

>

11 (¢1) 12

U
| (&) no echo is expected
p; _

contact

capacitive
contact C,

(D. C. Glattli et al., supplementary material, arXiv:1206.2940 (2012)
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Figure 1 | Graphene on SiC and the experimental techniques. (a) Atomic
force microscopy phase image of graphene on 5iC (ref 27). Scale bar, 1pum.
Single-layer graphene (brown colour in majority regions) covers the
substrate, while two or more graphene layers (yellow colour in minority
regions) are formed along the terrace edge. As few-layer graphene regions
are fragmented, the single-layer graphene dominates carrier transport.

(b) R, and R, at 1.5K of a Hall bar device with the channel width and length
of 0.2 and 1.1 mm, respectively. The mobility is 12,000cmZV ~Ts— 1,

(€) Schematic illustration (not to scale) of the sample structure and the
experimental setup for the time-resolved transport measurement.



