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Mid-infrared or terahertz light (wavelength 2-120μm, E=0.01-0.5eV)  couples with an atomic force microscope tip

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 

Near-field microscopy



Scattered light from the tip apex is collected in the far-field

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



The device is moved and the plasmon is excited at a different position

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



See also groups of  Hillenbrand, Basov, …

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 

Scattering near-field microscopy: 
probe light of VIS-IR-Terahertz with 20nm resolution

Probe propagating collective 
excitations

e.g. plasmons
acoustic plasmons
phonon polaritons

Probe optical conductivity
with 20nm resolution

σ(ω,q)
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probe light of VIS-IR-Terahertz with 20nm resolution

Probe optical conductivity
with 20nm resolution

σ(ω,q)

Probe propagating collective 
excitations

e.g. plasmons
acoustic plasmons
phonon polaritons

Photocurrent nanoscopy:
Seebeck
Domains

Density profiles



Cryogenic near-field microscopy
Temperature 6K



Polaritons in 2D materials

See reviews: 
Low et al., Polaritons in layered two-dimensional materials, Nature Materials (2016). 

Basov et al., Science (2016)



3.2. Plasmons in 2DEGs and graphene

material, so they are intrinsically different from surface plasmons, which in-
volve only charge carriers at the surface of an otherwise unperturbed bulk ma-
terial. This means that adding or removing electrons to the system strongly
affects the 2D plasmon properties, therefore plasmon tunability is achieved
by tuning the carrier density n . In addition, the 2D nature of the material im-
plies a very tight vertical confinement of the plasmons. A sketch of the basic
properties of 2D plasmons is shown in Fig.3.1, where we depict the charge and
electric field distribution in the 2D plane (Fig. 3.1a), the vertical field profile
(Fig. 3.1b), and the plasmon dispersion (Fig. 3.1c).

Figure 3.1: Sketch of the main features of graphene plasmons. a) amplitude (red and
blue for positive and negative values) and field lines of the in-plane electric field. b)
out-of-plane electric field confinement. c) plasmon dispersion.

Plasmon dispersion

A simple way to obtain the plasmon dispersion6, following Jablan et al. [2009],
is by matching the boundary conditions of a structure where a two dimen-
sional film of surface conductivity� lies between two dielectrics of permittiv-
ity "1 and "2. Equivalently, one can look for the poles of the Fresnel reflection

6We note that an alternative way to derive the plasmon dispersion is to use hydrodynamics
equations for the oscillation of the charge density as in A. N. Grigorenko , M. Polini et al. [2012].
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λplasmon=1/kp

1/kp

Pioneering theory work: 
Jablan et al, PRB (2009) 
Hwang et al,  PRB (2007) 
Polini et al, PRB (2008) 
Wunsch et al., NJP (2008) 
Koppens, Abajo, Nano Letters (2012)

Graphene “Dirac” plasmons

Many body excitation

Long-range Coulomb interaction

Can couple to lightPioneering experimental work: 
Basov 
Hillenbrand 
Atwater 
Halas 
Mortenson 
Pruneri 
Altug  
etc etc.
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Alcaraz, Science 2018

Normal	plasmon Screened	plasmon:	short-range	interactions

Confinement	down	to	one	atom

σ
k=

Acoustic 
plasmon

Alcaraz, Science 2018

Alonso-Gonzalez et al., Nature Nanotech (2017)
Acoustic	plasmon:

reduce	d

vFvF

velocity	~c/100 velocity	~c/300



-

d=0.3 nm 

Metal

d=5 nm 

Graphene - insulator - metal

Graphene non-local effects
(incl. e-e interactions, compressibility)

Propagation speed ~c/300

Lundeberg et al., Science 2017

Thesis: Christensen (Mortensen group)

�(!, q)

Fermi velocity renormalisation

See e.g. 
 Elias et al., Nat.Phys. 2011

Compressibility



Scattering optical near-field microscopy

Propagating phonon polaritons

Infrared Propagating plasmons Twisted graphene Correlated materials

Superconductors Quantum non-local
Electron interactions

See also groups of  Hillenbrand, Basov,  etc. …



Plasmons: Lego toolbox for light manipulation at atomic scale
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Figure 2 | Optical near-field images of the device. a
Overview scan of the device showing plasmon fringes reflected

from the edges of the tunnel junction region and wrinkles and

folds. The uniformity of the fringe spacing indicates a uni-

form gating e�ciency of the device. b Zoom at the top right

corner of a shows the plasmon fringes more detailed. The ap-

plied bias voltage is Vb = �1.5 V and the laser wavelength

is �0 = 10.6 µm in a and b. The white dashed line indicates

where the measurement in Fig. 3b was taken.

however, does not seem to influence the observed out-
of-phase mode significantly. This can be qualitatively
understood since this mode has a vanishing electric field
between the two graphene layers for plasmon wavelengths
much longer than the spacer thickness (see Eqs. (S3-S11)
in the supporting information). For this reason no ad-
ditional tunneling takes place due to the plasmon field,
carriers perform in-plane oscillation only, and these oscil-
lations are therefore insensitive to the tunneling charac-
teristics of the junction. Conversely, the acoustic mode
has a significant electric field in the spacer region. This
implies that carriers can also be exchanged between the
two layers during oscillations, and makes the frequency
of these oscillations sensitive to the tunneling coupling
between the two layers, and, therefore, to flakes align-
ment, as explained in Ref. 25. The symmetric behaviour
around Vb = 0 V indicates that the graphene top and
bottom layers do not have any appreciable intrinsic dop-
ing.

This symmetry allows us to analytically calculate the
carrier density of the top and bottom graphene lay-
ers taking into account the quantum capacitance of the
system:26
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Figure 3 | Carrier density dependence of the plasmon
wavelength. a Tunnelling current I as a function of applied

bias voltage Vb. The alignment between the two graphene

sheets leads to the observed negative di�erential resistance.
14

b Background subtracted optical signal from scan of tip posi-

tion perpendicular to the graphene edge (dashed-dotted line)

shows the bias voltage dependence of the plasmon fringes.

c Calculated voltage dependence of the plasmon wavelength

for N = 3 layers (blue shaded) and measured plasmon wave-

length (red dots). For comparison the expected wavelength for

N = 2, 4 layers is shown. The mode with the longer wave-

length is the optical and the one with the shorter wavelength

the acoustic mode.

where Vb is the bias voltage applied between top and bot-
tom graphene, e the elementary charge, EF the Fermi en-
ergy, ED the Dirac point energy, and n the carrier density
per layer. In order to correctly calculate the capacitance
of the system we include a vacuum gap with a thickness
of dgap and a permittivity of ‘vac between the graphene
and the h-BN.3 The thickness of this gap is half the inter-
layer spacing of graphene between the top graphene and
the top h-BN layer and half the layer spacing between the
bottom graphene and the bottom h-BN layer. In total
this leads to dvac = 0.33 nm and ‘vac = 1. The thickness
of the h-BN is dBN = N ◊ 0.33 nm, where N is the num-
ber of h-BN layers (N = 3 for the shown measurements)
and ‘BN = 3.56 is the out-of-plane component of the DC
permittivity of h-BN.4 Assuming no thermal smearing
and undoped top and bottom graphene at Vb = 0 V the
quantum capacitance e�ect is captured by the addition
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Plasmons	in	double	layer	graphene	quantum	tunnelling	device

Acoustic	THz	plasmons	in	graphene:	
Extreme	non-local	effects.	Electron	interaction	effects.	

(20). To detect the photocurrent, we left a nar-
row split in the AuPd metal layer (Fig. 2A, in-
set) so that a graphene p-n junction could be
formed by applying distinct gate voltages VL

and VR. As a second purpose, this sharp split
also served as a launching edge for graphene
plasmons.
Plasmons appear as interference fringes in the

dependence of photocurrent on tip position (Fig.
2B), due to tip-plasmon interference that modu-

lates the absorbed power (10, 19). Besides the
edge-reflection fringes examined in earlier works,
we also observed fringes associated with plas-
mons launching from the split in the AuPd gate,
particularly in the thinner-d devices. In either
case, the fringes allowed a determination of the
plasmonwavelength l = 2p/q (Fig. 2B) by fitting
to the photocurrent with an appropriately sub-
tracted background [see the supplementarymate-
rials for further details (13)]. This, in combination

with the known excitation frequency, directly
yields the plasmon phase velocity np.
In each of the three devices, we extracted the

plasmonphase velocity frommany scanning pho-
tocurrent maps, each taken with a different gate
voltage (Fig. 3). The data have been collated into
a common form by converting gate voltage to
carrier density ns (13), allowing a direct compar-
ison with theory. Qualitatively and consistent
with the map in Fig. 1C, the smallest plasmon
velocities are seen for the smallest ns and d. We
compare the experimental np values to two the-
ories: The local approximation theory (dashed
curve) shows a discrepancy with the data, where-
as the full nonlocal theory (shaded curve) shows
excellent agreement without any fitting param-
eters. We do observe a slight discrepancy in the
d = 27 nm case, likely connected to the different
type of fringe pattern that was used tomeasure l
in this device compared with the other two de-
vices (13). The local approximation predicts
plasmon velocities falling below nF for the 5.5-nm
device, in contrast to the full theory, which is
forbidden from this region (for reasons explained
below).
Figure 4A depicts the three layers of our non-

local theory, based on dominant effects known
from electron liquid theory (1, 2). Including all
nonlocal corrections, the conductivity takes the
following convenient form (for frequency and
wave vector below Fermi values, as in this
experiment)
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where the dimensionless d will be used to in-
troduce one of the corrections (see below). Using
this functional form, we can gradually introduce
the different layers of nonlocal response, which
are plotted in Fig. 3B. The local approximation
consists of ignoring the q-dependence [which
amounts to setting f (z) = 1], yielding a Drude
response s º i/w from Eq. 2.
The first layer of nonlocal response is to con-

sider the response of noninteracting electrons
(14, 15) [via randomphase approximation (RPA)],
which is the case of Eq. 3 with d = 0. In the RPA,
conductivity s increases with q, due to the change
in Fermi surface deformations. This is closely
related to Landau-Bohm-Gross dispersion (21)
in classical plasma physics: Some of the elec-
trons, those travelling with a velocity that nearly
matches np, can interact longer with each pass-
ing wavefront and thereby provide enhanced
response (Fig. 4A). Classically, this nonlocal
dispersion would come along with Landau
damping due to fast thermal electrons that fully
match the plasma velocity and dissipate energy;
this does not occur in a quantum degenerate
system due to the narrowly distributed electron
velocity (the Fermi velocity), which instead yields
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Fig. 1. Concept for enhancing nonlocal
effects by slowing down the graphene plas-
mon velocity. (A) Effect on graphene plasmon
velocity from changing separation d in the
graphene-metal system. Insets show plasmon
electric field distribution (red and blue colors) for
large or small separation d. The separation d is
controlled by the thickness of the dielectric
h-BN. (B) Frequency–wave number dispersion
of plasmon at various d; the solid lines are all
computed with equal carrier density ns = 1012 cm–2,
whereas the dashed line shows the smallest-d
case with a factor-10-lower carrier density
ns = 1011 cm–2. The horizontal dashed gray line indicates the frequency for which the experiment has
been performed. (C) Plasmon velocity dependence on d and carrier density ns. Contours indicate
discrepancy between local and nonlocal plasmon models.
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Fig. 2. Experimental setup and near-field imaging data. (A) A metallized tip (inverted pyramid)
scans over a graphene sheet that has been encapsulated in h-BN and placed on a split
metallic film. Terahertz laser light illuminates the entire device, launching plasmons (orange
arrows) at the tip and split. Gate voltages VL and VR control the electron density and the
junction photocurrent sensitivity. (B) Photocurrent traces in three different devices, each at
ns = 1.0 ! 1012 cm–2, showing interference fringes used to extract the plasmon wavelength l [and
hence velocity vp = l(w/2p)] via the indicated fits.
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Confine	plasmons	to	one	atom	

Infrared+THz	detection/generation

Alonso-Gonzalez, Nature Nanotech 2016 
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Figure 1 | Near-field photocurrent working principle and photocurrent from grain boundaries. a, Sketch of the scattering-

type scanning near-field optical microscope setup. A mid-infrared laser illuminates the atomic force microscope tip and generates a

near-field at the tip apex. The near-field is absorbed by the graphene and heats charge carriers in the graphene which consequently

leads to a position dependent photocurrent in the graphene. The blue region in the graphene lattice represents a grain boundary

with a modified Seebeck coe�cient which leads to a net current flow. The arrows indicate the direction in which the photocur-

rent flows (based on simulations, see Supplement). In the measurements for each position only magnitude and direction of the

current can be measured. The sketch is not on scale. b, Near-field photocurrent map of a CVD graphene device with three con-

tacts with the top left contact as drain contact, the bottom right as source contact and the contact on the left is grounded. Both

grain boundaries and wrinkles show characteristic photocurrent patterns. The green box shows the region where the measurements

in c,d were taken. c, Topography of etched CVD graphene does not show grain boundary but only wrinkles and other inhomo-

geneities due to the transfer process. d, Near-field photocurrent clearly shows grain boundary and a sign change around it. The

black dashed line indicates where the measurements in Fig. 2c,d where taken. e, Topography (brown) and near-field photocurrent

(red) taken at the brown dashed line in c and the red dashed line in d respectively. The photocurrent going to zero over a similar

distance as the topography shows that the photocurrent resolution is on the order of the size of the probe tip.

The measurement principle is sketched in Fig. 1a. The
setup is based on a scattering-type scanning near-field
optical microscope (s-SNOM)22,28,31–35 augmented with
electrical contact to the sample to measure currents in
situ. A mid-infrared laser at 10.6 µm wavelength illumi-
nates a metallized atomic force microscope probe, which
is tapping at its mechanical resonance frequency �. A
part of the light excites a strong near-field at the tip apex
on the order of 25 nm, limited only by the tip radius.28,29

The near and far fields impinging on the device induce
charge flows in the device (by mechanisms discussed be-
low), and drive currents into an external current amplifier
via attached contacts on the device. We isolate the part
of the current that is induced by near fields by demodu-
lating the current at the second harmonic of the tip tap-
ping frequency.28 This demodulated current is denoted
IPC and referred to as near-field photocurrent and is ob-
tained together with near-field optical and topography
information. A typical map of IPC, obtained by scanning

the tip over a CVD graphene device, is shown in Fig. 1b.
As can be seen in this map, IPC falls quickly to zero for
tip locations away from the graphene, demonstrating the
successful isolation of nearfield contributions.

The advantage of the near field photocurrent tech-
nique presented here is that resolution is una�ected by
light di�raction length scales, and instead limited by
the ≥ 25 nm near field extension. Indeed, in small
scale photocurrent maps (Fig. 1d) we observe features
at similar nanometer size scales as the sample topogra-
phy (Fig. 1c). In Fig. 1e we quantify the resolution by
observing the change in IPC as the tip is moved over the
edge of graphene. The full width at half maximum of the
photocurrent peak at this location is ≥ 100 nm, matching
the rise distance in the topographic signal. This resolu-
tion is indeed comparable to the tip radius of ≥ 25 nm,
and far below any limits relating to the 10 µm free space
light wavelength.

As to the physical mechanism of the photocurrent, we
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type scanning near-field optical microscope setup. A mid-infrared laser illuminates the atomic force microscope tip and generates a

near-field at the tip apex. The near-field is absorbed by the graphene and heats charge carriers in the graphene which consequently

leads to a position dependent photocurrent in the graphene. The blue region in the graphene lattice represents a grain boundary

with a modified Seebeck coe�cient which leads to a net current flow. The arrows indicate the direction in which the photocur-

rent flows (based on simulations, see Supplement). In the measurements for each position only magnitude and direction of the

current can be measured. The sketch is not on scale. b, Near-field photocurrent map of a CVD graphene device with three con-

tacts with the top left contact as drain contact, the bottom right as source contact and the contact on the left is grounded. Both

grain boundaries and wrinkles show characteristic photocurrent patterns. The green box shows the region where the measurements

in c,d were taken. c, Topography of etched CVD graphene does not show grain boundary but only wrinkles and other inhomo-

geneities due to the transfer process. d, Near-field photocurrent clearly shows grain boundary and a sign change around it. The

black dashed line indicates where the measurements in Fig. 2c,d where taken. e, Topography (brown) and near-field photocurrent

(red) taken at the brown dashed line in c and the red dashed line in d respectively. The photocurrent going to zero over a similar

distance as the topography shows that the photocurrent resolution is on the order of the size of the probe tip.

The measurement principle is sketched in Fig. 1a. The
setup is based on a scattering-type scanning near-field
optical microscope (s-SNOM)22,28,31–35 augmented with
electrical contact to the sample to measure currents in
situ. A mid-infrared laser at 10.6 µm wavelength illumi-
nates a metallized atomic force microscope probe, which
is tapping at its mechanical resonance frequency �. A
part of the light excites a strong near-field at the tip apex
on the order of 25 nm, limited only by the tip radius.28,29

The near and far fields impinging on the device induce
charge flows in the device (by mechanisms discussed be-
low), and drive currents into an external current amplifier
via attached contacts on the device. We isolate the part
of the current that is induced by near fields by demodu-
lating the current at the second harmonic of the tip tap-
ping frequency.28 This demodulated current is denoted
IPC and referred to as near-field photocurrent and is ob-
tained together with near-field optical and topography
information. A typical map of IPC, obtained by scanning

the tip over a CVD graphene device, is shown in Fig. 1b.
As can be seen in this map, IPC falls quickly to zero for
tip locations away from the graphene, demonstrating the
successful isolation of nearfield contributions.

The advantage of the near field photocurrent tech-
nique presented here is that resolution is una�ected by
light di�raction length scales, and instead limited by
the ≥ 25 nm near field extension. Indeed, in small
scale photocurrent maps (Fig. 1d) we observe features
at similar nanometer size scales as the sample topogra-
phy (Fig. 1c). In Fig. 1e we quantify the resolution by
observing the change in IPC as the tip is moved over the
edge of graphene. The full width at half maximum of the
photocurrent peak at this location is ≥ 100 nm, matching
the rise distance in the topographic signal. This resolu-
tion is indeed comparable to the tip radius of ≥ 25 nm,
and far below any limits relating to the 10 µm free space
light wavelength.

As to the physical mechanism of the photocurrent, we
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Figure 1 | Near-field photocurrent working principle and photocurrent from grain boundaries. a, Sketch of the scattering-

type scanning near-field optical microscope setup. A mid-infrared laser illuminates the atomic force microscope tip and generates a

near-field at the tip apex. The near-field is absorbed by the graphene and heats charge carriers in the graphene which consequently

leads to a position dependent photocurrent in the graphene. The blue region in the graphene lattice represents a grain boundary

with a modified Seebeck coe�cient which leads to a net current flow. The arrows indicate the direction in which the photocur-

rent flows (based on simulations, see Supplement). In the measurements for each position only magnitude and direction of the

current can be measured. The sketch is not on scale. b, Near-field photocurrent map of a CVD graphene device with three con-

tacts with the top left contact as drain contact, the bottom right as source contact and the contact on the left is grounded. Both

grain boundaries and wrinkles show characteristic photocurrent patterns. The green box shows the region where the measurements

in c,d were taken. c, Topography of etched CVD graphene does not show grain boundary but only wrinkles and other inhomo-

geneities due to the transfer process. d, Near-field photocurrent clearly shows grain boundary and a sign change around it. The

black dashed line indicates where the measurements in Fig. 2c,d where taken. e, Topography (brown) and near-field photocurrent

(red) taken at the brown dashed line in c and the red dashed line in d respectively. The photocurrent going to zero over a similar

distance as the topography shows that the photocurrent resolution is on the order of the size of the probe tip.

The measurement principle is sketched in Fig. 1a. The
setup is based on a scattering-type scanning near-field
optical microscope (s-SNOM)22,28,31–35 augmented with
electrical contact to the sample to measure currents in
situ. A mid-infrared laser at 10.6 µm wavelength illumi-
nates a metallized atomic force microscope probe, which
is tapping at its mechanical resonance frequency �. A
part of the light excites a strong near-field at the tip apex
on the order of 25 nm, limited only by the tip radius.28,29

The near and far fields impinging on the device induce
charge flows in the device (by mechanisms discussed be-
low), and drive currents into an external current amplifier
via attached contacts on the device. We isolate the part
of the current that is induced by near fields by demodu-
lating the current at the second harmonic of the tip tap-
ping frequency.28 This demodulated current is denoted
IPC and referred to as near-field photocurrent and is ob-
tained together with near-field optical and topography
information. A typical map of IPC, obtained by scanning

the tip over a CVD graphene device, is shown in Fig. 1b.
As can be seen in this map, IPC falls quickly to zero for
tip locations away from the graphene, demonstrating the
successful isolation of nearfield contributions.

The advantage of the near field photocurrent tech-
nique presented here is that resolution is una�ected by
light di�raction length scales, and instead limited by
the ≥ 25 nm near field extension. Indeed, in small
scale photocurrent maps (Fig. 1d) we observe features
at similar nanometer size scales as the sample topogra-
phy (Fig. 1c). In Fig. 1e we quantify the resolution by
observing the change in IPC as the tip is moved over the
edge of graphene. The full width at half maximum of the
photocurrent peak at this location is ≥ 100 nm, matching
the rise distance in the topographic signal. This resolu-
tion is indeed comparable to the tip radius of ≥ 25 nm,
and far below any limits relating to the 10 µm free space
light wavelength.

As to the physical mechanism of the photocurrent, we

Grain boundariesExcitation 10.000 nm CVD Graphene (mobility ~4000cm2/Vs)

Near-field photodetection for MIR/THz

Woessner, 2D materials and applications 2017 

Electrical Phonon polariton detection Electrical Plasmon polariton detection 

Woessner, Alonso-Gonzalez et al., Nature Com 2016 

Alonso-Gonzalez, Nature Nanotech 2016 
Lundeberg, Nature Materials 2016



Light-matter interactions in twisted graphene
Nano-imaging of photoresponse inside a moiré unit cell 

Hesp et al.,  Nature Com 2020

Interband plasmons in twisted graphene close to the magic angle

Hesp et al.,  Nature Physics 2021

Supermoire of twisted graphene aligned on hBN

Photocurrent nanoscopy of twisted trilayer graphene
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Slowing down electrons in graphene using moiré engineering



Slowing down electrons in graphene using moiré engineering

Bistrizer & MacDonald, PNAS 108, 30 (2011)
Cao et. al., Nature 556, 43-50 (2018)
Cao et. al., Nature 556, 80-84 (2018) 22

Four-fold degenerate electrons (spin/valley)
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Example: transport in magic-angle graphene

data:	Efetov	group

Filling



Slowing down electrons in graphene using moiré engineering

Cao et. al., Nature 556, 43-50 (2018)
Cao et. al., Nature 556, 80-84 (2018)

Copper-oxide high-Tc superconductorsMagic angle twisted bilayer graphene

C-L Song et. al., Science 332, 6036 (2011)
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Back-gate tuneable!



Emergent quantum phases in moiré materials

• Magic angle twisted bilayer graphene: (Unconventional) superconductivity, orbital magnetism, Chern 
insulators, correlated insulators, nematic orders, strange metal phase. 

• Magic angle twisted trilayer graphene: Spin-triplet superconductivity. 

• Twisted double-bilayer graphene: Tunable spin-polarizes correlated insulators, ferromagnetic metal. 

• Twisted mono-bilayer graphene: Zero-field orbital Chern insulators. 

• ABC Trilayer aligned with hBN: Correlated insulators, superconductivity. 

• Twisted 2D semiconductors: Wigner crystal, Mott insulator. 

• Twisted WTe2: Luttinger liquid. 

• …
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Density	of	
states

~100meV

Accessible with infrared light
Twist angle ~1.3°

Moire period ~15nm

Optical transitions of magic angle graphene 

P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, Phys. Rev. )



Probing photo-thermoelectric response inside moiré unit cell

Angle < 0.2°
Moire > 70 nm

Yoo	et	al.,	Nat.	Materials	2019

Without reconstruction With reconstruction

Hesp	et	al.,	Nature	Communications	2021	
Sunku	et	al.	(Basov	group).,	Nature	Communications	2021
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a

Figure 1 | Near-field photocurrent working principle and photocurrent from grain boundaries. a, Sketch of the scattering-

type scanning near-field optical microscope setup. A mid-infrared laser illuminates the atomic force microscope tip and generates a

near-field at the tip apex. The near-field is absorbed by the graphene and heats charge carriers in the graphene which consequently

leads to a position dependent photocurrent in the graphene. The blue region in the graphene lattice represents a grain boundary

with a modified Seebeck coe�cient which leads to a net current flow. The arrows indicate the direction in which the photocur-

rent flows (based on simulations, see Supplement). In the measurements for each position only magnitude and direction of the

current can be measured. The sketch is not on scale. b, Near-field photocurrent map of a CVD graphene device with three con-

tacts with the top left contact as drain contact, the bottom right as source contact and the contact on the left is grounded. Both

grain boundaries and wrinkles show characteristic photocurrent patterns. The green box shows the region where the measurements

in c,d were taken. c, Topography of etched CVD graphene does not show grain boundary but only wrinkles and other inhomo-

geneities due to the transfer process. d, Near-field photocurrent clearly shows grain boundary and a sign change around it. The

black dashed line indicates where the measurements in Fig. 2c,d where taken. e, Topography (brown) and near-field photocurrent

(red) taken at the brown dashed line in c and the red dashed line in d respectively. The photocurrent going to zero over a similar

distance as the topography shows that the photocurrent resolution is on the order of the size of the probe tip.

The measurement principle is sketched in Fig. 1a. The
setup is based on a scattering-type scanning near-field
optical microscope (s-SNOM)22,28,31–35 augmented with
electrical contact to the sample to measure currents in
situ. A mid-infrared laser at 10.6 µm wavelength illumi-
nates a metallized atomic force microscope probe, which
is tapping at its mechanical resonance frequency �. A
part of the light excites a strong near-field at the tip apex
on the order of 25 nm, limited only by the tip radius.28,29

The near and far fields impinging on the device induce
charge flows in the device (by mechanisms discussed be-
low), and drive currents into an external current amplifier
via attached contacts on the device. We isolate the part
of the current that is induced by near fields by demodu-
lating the current at the second harmonic of the tip tap-
ping frequency.28 This demodulated current is denoted
IPC and referred to as near-field photocurrent and is ob-
tained together with near-field optical and topography
information. A typical map of IPC, obtained by scanning

the tip over a CVD graphene device, is shown in Fig. 1b.
As can be seen in this map, IPC falls quickly to zero for
tip locations away from the graphene, demonstrating the
successful isolation of nearfield contributions.

The advantage of the near field photocurrent tech-
nique presented here is that resolution is una�ected by
light di�raction length scales, and instead limited by
the ≥ 25 nm near field extension. Indeed, in small
scale photocurrent maps (Fig. 1d) we observe features
at similar nanometer size scales as the sample topogra-
phy (Fig. 1c). In Fig. 1e we quantify the resolution by
observing the change in IPC as the tip is moved over the
edge of graphene. The full width at half maximum of the
photocurrent peak at this location is ≥ 100 nm, matching
the rise distance in the topographic signal. This resolu-
tion is indeed comparable to the tip radius of ≥ 25 nm,
and far below any limits relating to the 10 µm free space
light wavelength.

As to the physical mechanism of the photocurrent, we

Small-angle twisted graphene (<0.1°)

Illumination:	infrared	light	10.6	um	(116	meV)	
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Near-field photocurrent: Small-angle twisted graphene (<0.1°)

Hesp et al., Arxiv 2011.05060. Nature Communications 2021 
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Near-field photocurrent: Small-angle twisted graphene (<0.1°)

Hesp et al., Arxiv 2011.05060 Hesp et al., Arxiv 2011.05060. Nature Communications 2021 



10.6	um	(116	meV),	slightly	doped

Near-field photocurrent: Small-angle twisted graphene (<0.1°)

Hesp et al., Arxiv Hesp et al., Arxiv 2011.05060 Hesp et al., Arxiv 2011.05060. Nature Communications 2021 



Thermo-electric field ET: Current generated:

Photo-thermoelectric model



Photo-thermoelectric model
Thermo-electric field ET: Current generated:
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Photo-thermoelectric model
Thermo-electric field ET: Current generated:



Seebeck coefficient
Seebeck !(#⃗ %⃗ )

Photo-thermoelectric model
Thermo-electric field ET: Current generated:



Seebeck coefficient
Seebeck !(#⃗ %⃗ ) Photoresponsivity

Contact 1

Contact 2

Photo-thermoelectric model
Thermo-electric field ET: Current generated:



Photoresponsivity

Contact 1

Contact 2

Photo-thermoelectric model

Hesp et al., Arxiv 2011.05060. Nature Communications 2021 



Density	of	
states

~100meV

Accessible with infrared light
Twist angle ~1.3°

Moire period ~15nm

Optical transitions of magic angle graphene 

P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, Phys. Rev. )



Intraband plasmons: Free electrons
(e.g. metals, doped graphene, etc.)

Interband plasmons: Bound electrons

Higher energy range 3-15 eV
(UV)

Optical Energy range 0.01 - 3eV
(Visible, Infraed, Terahertz)

Wavelength ~ PhotonWavelength / 200



Interband Plasmons in Twisted Graphene 

Hesp et al., Arxiv 1910.07893

Theory on interbank plasmons in twisted graphene: Stauber et al, Nano Letters 2016
Optical properties of twisted graphene: Moon, Koshino, PRB 2013



Energy

Momentum

Energy

Momentum

Band	structure Interband	Plasmons

Density	of	
states

See e.g. Fetter et al., PRB 2015, and many others

Analogy: quantum Hall bulk magnetoplasmons  



s-SNOM on magic angle graphene 
(undoped!!)

Metal

Excitation	~0.2eV	(~6μm)	
Hot	spot	under	tip	~20nm

Hesp et al., Nature Physics 2021



Device: 1.3° 

Hesp et al., Nature Physics 2021



Collective excitations:  
interband plasmons

Hesp et al., Nature Physics 2021
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Changing wavelength



Plasmon dispersion

Theory: P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, Phys. Rev. B 2019



Determine optical conductivity of TBG
• Optical conductivity ( )  
     

• Drude response 
     

• Interband resonance 
   

𝜖(𝜔, 𝑞) = 0

𝜎(𝜔) = 𝑖𝜔/(𝑞2𝑉𝑞,𝜔)

𝜎2(𝜔) = 𝐺0𝑊0/ℏ𝜔

𝜎2(𝜔) = 𝐺0𝑊exp
ℏ𝜔

ℏ2𝜔2 − ℏ2𝛺2
exp

𝛺exp = 178 meV

21



Reduced tunneling enhances band nesting
Reduced tunneling strength in AA-regionsTypical tunneling parameters

  
 

𝑢AA = 80 meV
𝑢AB = 100 meV

  
 

𝑢AA = 0 meV
𝑢AB = 100 meV

23



Enhanced interband resonance

Im
[𝜎(

𝜔
) ]/

𝐺
0

Reduced tunneling strength in AA-regions

Im
[𝜎(

𝜔
) ]/

𝐺
0
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Resonance frequency Spectral weight

Our data show u0 ~40meV~0.5u1—> 
strong corrugations or e-e interactions 



Photothermoelectric effect in TBG

51

Irradiated tip acts as a local hot spot right above a planar sample.

𝑉 = 𝑆Δ𝑇

V

Conventional thermoelectric effect: Light “heats up” electrons:

Approach 2. Using AFM tip to heat up electrons locally.



Theory: P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, PRB 2020

Bandstructure and Seebeck coefficient  
Magic angle graphene: Θ=1.05°

Seebeck coefficient

Carrier filling



Cryogenic photocurrent nanoscopy



Cryogenic photocurrent nanoscopy



Cryogenic photocurrent nanoscopy



Probing twist angle variations with 
photovoltage nanoscopy

Experiment Simplified model Deduced twist angle map



10 K

Local photovoltage studies in magic angle twisted trilayer graphene



10 K

Local photovoltage studies in magic angle twisted trilayer graphene

VPV

Interface

MATTGRelaxed

Mid-IR light 117 meV 
Vbg = 0V
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Local thermodynamic probe for strongly correlated electrons

InterfaceInterface

Comparison with weakly interacting electron gas:

Obtained from local 
photovoltage measurements

Calculated from 4-
probe conductivity data

Excess of entropy close to fully filled and fully emptied flat bands

10 K



Can we do more? Resolving supermoiré using local photovoltage measurements

60

Imaging broken inversion symmetry in MATBG.

Serlin et. al., Science 367, 6480 (2020)

Chern insulators at =3ν



hBN
Bottom graphene

Top graphene
Formation of second-order superlattice

45
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We only observe two sets of fringes.

~500 nm

Hesp, PS, et. al., In preparation

Photocurrent nanoscopy on TBG aligned on hBN
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Implications of strains on the supermoiré potential

1

Hesp, PS, et. al., In preparation

Anisotropic strain

Calculated	binding	energy
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Strain engineering based on the MATBG/hBN superlattices



Outlook
Nanoscale imaging of a solid-state quantum matter simulator

Optical (photocurrent) nanoscopy for THz frequencies:  
Probe superconductivity 
Real-sapce imaging of electronic correlations 
Role of plasmons on correlations
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