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Understanding light–matter interaction at the nanoscale 
is a fundamental challenge at the boundary between 
condensed-matter physics and nanophotonics1. At sub-

wavelength scales, electromagnetic (EM) fields tend to be bound to 
interfaces and inhomogeneities in the material system via various 
collective excitations2. A prominent example of such excitations is 
plasmons, which represent coupled oscillations of charge carriers 
and an associated EM field. Recent years have seen a renaissance 
in the field of plasmonics brought on by the discovery of clean, 
two-dimensional electron systems (2DES)3,4—most prominently, 
graphene, with its long-lived gate-tunable plasmons5,6. These mate-
rial platforms enable field compression by two orders of magnitude 
in all directions compared with free-space radiation5, thus opening 
an avenue for the exploration of various quantum electrodynamic 
phenomena7,8 and the development of practical infrared and tera-
hertz (THz) devices9,10.

The mechanisms of light–matter interaction at even smaller 
spatial scales (in the deep-subwavelength regime) are more intri-
cate. They are generally governed by the non-locality of a material’s 
current–field relation, parameterized by its non-local conductiv-
ity11. The non-local conductivity carries valuable information 
about quasiparticle dynamics12 and interactions13,14, inaccessible 
by measurements at larger spatial scales. The non-locality is also 
expected to smear electric fields at the smallest scales15, thereby 
setting the ultimate limits to field confinement and the slowing of 
light in nanophotonics16,17. Yet, despite fundamental interest and 
practical importance, accessing the non-local regime of light–mat-
ter interaction has been exceedingly difficult14,16,18,19. This has stim-
ulated the belief that non-local effects yield only corrections to the 
predictions of the local conductivity model14,18 and therefore are 
routinely disregarded.

In this Article, we show that the opposite is, in fact, true and 
demonstrate a prominent signature of non-local light–matter inter-
action in a high-quality graphene device exposed to THz radiation 
and subjected to a classically strong magnetic field, B. The B field 
modifies the dispersion of two-dimensional (2D) plasmons that, at 
the zero wavevector q, acquires a gap (Fig. 1a) below the frequency 
of the electrons’ cyclotron motion, ωc (refs. 20–22). Moreover, at 
large q (≳1/Rc, where Rc is the cyclotron radius) and in sufficiently 
clean 2DES, the plasmon dispersion splits into a series of branches 
(Fig. 1b), an intricate behaviour that stems from the non-locality 
of material’s conductivity, σ(q, ω) (ref. 20). The emergent collective 
excitations are dubbed as Bernstein modes23 (BMs). They were 
first theorized to exist in the field of plasma physics many decades 
ago23,24, later explored in 2DES20,25–28 and predicted in graphene29. 
We show that the vanishing group velocity of the BMs and large 
plasmonic density of states30 facilitate strong magnetoabsorption 
in graphene devices in the vicinity of cyclotron resonance (CR) 
overtones. We detect it as a giant photoresistance peak, exceed-
ing the signal due to the ordinary CR by a few orders of magni-
tude. This observation is in striking contrast with the commonly 
accepted scenario in which, with a few exceptions31–33, resonant 
absorption at multiple CR harmonics is a weaker effect, appear-
ing only due to non-uniform fields34–36. Our findings reveal the 
utmost importance of non-local light–matter interaction in sub-
wavelength THz devices.

Design and characterization of the plasmonic graphene 
device
Our sample is a multiterminal device made of graphene encapsu-
lated between hexagonal boron nitride (hBN) crystals that pro-
vides the best environment for high-mobility electron transport.  
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The device was fabricated using a hot pick-up technique (Methods) 
and assembled on top of a Si++/SiO2 substrate that acts as a gate 
controlling the carrier density n (Fig. 1c). The device shape was 
defined by the shape of the underlying graphene flake; for this  
sample, the flake was about 8 μm wide and more than 30 μm long 
(Fig. 1c, dashed contour). To ensure the superior quality of the 
obtained heterostructure, we refrained from its etching into a stan-
dard Hall bar structure; instead, we left the natural graphene edge 
intact. The contacts were then embedded into the device channel 
by a combination of selective ion etching and evaporation of a thin 
metal layer (Methods). This configuration is particularly suitable 
for plasmonic experiments in which the incident radiation launches 
plasma waves via scattering by narrow metal contacts (~1 μm in 
width), thus mitigating momentum mismatch between the incident 
THz photons and graphene plasmons37.

Measurements of THz magnetoabsorption in micrometre-scale 
systems (such as those studied in our work) cannot be performed in 
transmission experiments as the radiation wavelength exceeds the 
devices’ dimensions by at least an order of magnitude. To circum-
vent this problem and explore radiation–matter interaction at such 
small scales, we employed standard methods of photoconductivity 
and photovoltage measurements, both performed in the Faraday 
configuration with the laser beam and magnetic field oriented per-
pendicular to the graphene plane (Fig. 1d and Methods). All our 
measurements were carried out in a regime far away from the quan-
tum limit, where a large number of Landau levels are filled below 
the Fermi level.

Figure 1e presents the longitudinal resistance Rxx of our device, 
which reveals a standard graphene behaviour: Rxx peaks at the 
charge neutrality point (CNP) and rapidly drops on doping. 
Invoking the Drude model, we estimated the mean free path, lmfp, 
of our device at B = 0 T (Fig. 1e, blue curve). In the high-density 
regime far away from the CNP, where the discussed THz-induced 
phenomena take place, lmfp becomes close to the the device width 
(W = 8 μm), indicating micrometre-scale ballistic transport 
(Supplementary Section 1). At the same time, at B ≈ 0.5 T, we 
observe the transition to a diffusive transport regime as follows 
from the observation of phonon-induced resistance oscillations 

as well as their complex transformation under a strong d.c. bias 
(Supplementary Section 1).

THz-driven magnetoresistance
Figure 1f shows the typical changes in the B dependence of lon-
gitudinal resistance Rxx occurring in our device in the presence 
of THz radiation. In the dark (black curve), the device features 
negative magnetoresistance for ∣B∣ < 0.5 T, which is followed by 
the Shubnikov–de Haas oscillations (SdHO) at ∣B∣ > 0.5 T, a stan-
dard behaviour for high-quality graphene devices (Supplementary 
Section 2 provides the full magnetoresistance data). When the THz 
radiation of frequency f = ω/2π = 0.69 THz is turned on, the low-B 
behaviour of Rxx remains intact, whereas the SdHO amplitude gets 
slightly suppressed, presumably because of the radiation-induced 
increase in the electronic temperature to which SdHO are highly 
sensitive. A salient feature of the Rxx(B) dependence measured in 
the presence of radiation is a pronounced resistivity spike emerging 
at B ≈ 0.5 T (Supplementary Section 2 provides further examples). 
Figure 1f, inset, shows the difference between the orange and black 
curves (ΔR) that isolates this anomalous feature from the magneto-
resistance background and is later referred to as the photoresistance. 
The strength of the effect is clearly revealed when ΔR is further nor-
malized by Rxx (Fig. 1f, inset).

Strikingly, the anomalous photoresponse (Fig. 1f) peaks at 
magnetic field B ≃ BCR/2 corresponding to the main CR overtone 
ω = 2ωc (Fig. 1f, blue line). At the same time, the ordinary CR at 
ω = ωc (B ≃ BCR; Fig. 1f, green line), although allegedly being the 
stronger effect, was absent in the data (Fig. 1f) and only revealed 
itself at smaller n or higher f (Supplementary Section 3).

Characterization of photoresponse close to CR overtones
Figure 2a details our observations further by showing yet another 
signature of the anomalous photoresponse in the same device, but, 
in this case, in the photovoltage Vph dependencies on B (Methods 
provides the measurements details). Similar to the ΔR(B) data, 
Vph displayed very sharp and strongly asymmetric peaks and dips 
at ∣B∣ ≈ BCR/2 (Fig. 2a, square symbols) in a broad range of elec-
tron densities n. In Fig. 2b, we plot the experimentally determined 
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Fig. 1 | Anomalous THz photoresponse of doped graphene. a, Dispersion of plasmons in a 2DES at zero and finite B. b, Dispersion of BMs. At large 
q ≳ 1/Rc, the magnetoplasmon dispersion splits into a series of branches with anticrossing regions in the vicinity of the cyclotron frequency harmonics.  
c, Optical photograph of an encapsulated graphene device. The yellow leads are gold contacts to graphene (dashed contour) and green colour corresponds 
to hBN. d, Measurement configuration: THz radiation is incident on doped graphene subjected to a perpendicular magnetic field. The photovoltage or 
photoresistance is measured between different pairs of contacts. e, Longitudinal resistance, Rxx, of the device shown in c as a function of carrier density at 
4.2 K and B = 0, together with the corresponding mean free path, lmfp, obtained using the Drude model. f, Device resistance Rxx as a function of B measured 
in the dark (black curve) and in the presence of 0.69 THz radiation. The green and blue vertical lines correspond to the magnetic fields at which the CR and 
its second harmonics are expected at a given n. Inset, photoresistance ΔRxx normalized to Rxx as a function of B/BCR (T = 4.2 K).
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positions B0 of these sharp features versus the Fermi momentum 
(kF =

√

πn), and demonstrate their linear relation. For all f, we 
find that positions B0 of the anomalous features closely follow the 
BCR/2 = πfℏkF/evF dependence (dashed lines), with the usual Fermi 
velocity of vF = 106 m s–1 in high-density graphene (ℏ is the Planck 
constant and e is the electron charge). This relation is expected from 
the resonant condition ω = 2ωc, where the classical cyclotron fre-
quency ωc = eB/m includes the density-dependent effective cyclo-
tron mass m = ℏkF/vF in graphene. This observation confirms that 
the photoresponse anomaly emerges close to the main CR overtone, 
B0 ≈ BCR/2, for the investigated range of n and f (Supplementary 
Sections 2 and 3). Furthermore, similarly asymmetric yet weaker 
peaks in Vph(B) dependencies were also observed in the vicinity of 
the higher-order CR overtones (Fig. 2a and Supplementary Fig. 4).

With increasing temperature T, the magnitude ΔR of the reso-
nant photoresponse at B near BCR/2 drops (Fig. 2c). This drop fol-
lows approximately an exponential decay law (exp(–T/T0); Fig. 2c) 
with the characteristic temperatures T0 ≈ 12.8 K for f = 0.69 THz and 
T0 ≈ 20.1 K for f = 2.54 THz. The maximum T at which the photo-
resistance spike was detected did not exceed 50 K. Above this tem-
perature, the effect was fully suppressed (Supplementary Section 4 
shows the detailed T dependence). Figure 2d shows the peak height 
∣ΔR∣ at B = B0 measured at T = 4.2 K as a function of laser-beam 
intensity I0 and reveals their direct proportionality at low I, namely, 
∣ΔR∣ ∝ I, with a very slight tendency to a superlinear behaviour at 
I0 > 1.5 W cm–2 (Supplementary Section 6 provides the detailed I0 
dependence). This threshold-free linear behaviour excludes any 
instability-related mechanisms of the observed photoresponse30 
(discussed later).

We also explored the polarization dependence of the photo-
response anomalies at the CR overtones; we found that close to 
B = BCR/2, the signal was neither sensitive to the polarization angle 
of the linearly polarized beam nor was it affected by the radiation 
helicity (Supplementary Section 5). This is in strong contrast to 
the conventional behaviour observed for ordinary CR in which the 

handedness of the radiation’s polarization defines the magnetic-field 
direction at which resonant magnetoabsorption occurs.

Modelling THz magnetoabsorption
Below, we argue that the dominance of CR overtones in the THz 
photoresponse in our device is a signature of the magnetoabsorp-
tion assisted by the excitation of BMs in graphene. A qualitative 
picture of this effect is as follows. Incident EM radiation is scat-
tered by sharp highly conductive metal contacts to the structure, 
producing highly non-uniform near fields with non-zero Fourier 
components Eqω at large q ≈ 1/Rc. Each spatial harmonic is screened 
by electrons in graphene. For harmonics close to the dispersion of 
magnetoplasmon modes qmp(ω), screening turns to anti-screening, 
or resonant-field enhancement. This resonant near field becomes 
even stronger when the group velocity of plasmons tends to zero 
and their density of states becomes singular. This occurs near the 
crossing points of the CR overtones at ω/ωc = 2, 3,... with ‘bare’ 
plasmon dispersion ωpl(q) obtained within the local approximation 
for dynamic conductivity σ(q→0, ω). Specifically, a proper account 
for the spatial dispersion of conductivity σ(q, ω), which becomes 
relevant at qRc ≈ 1, leads to strong coupling and avoided crossings 
at the CR harmonics in the spectrum of BMs. Apart from large q, 
provided by the sharp contacts, BMs may only manifest themselves 
in a sufficiently clean system. Thus, the observed anomalies of the 
photoresponse attest to a superior quality of our graphene device.

The above qualitative considerations form a basis for the quan-
titative model of near-field absorption enhanced by graphene 
plasmons (Supplementary Section 6). It enables us to calculate the 
absorbed power Pnear due to the scattered near fields, Eqω:

Pnear = 2
∫

dq
(2π)

2
ω

2πq |Eqω|
2 Im 1

ε(q,ω)

. (1)

In the above expression, Eqω = FqωE0 is the amplitude of the qth 
spatial harmonic of the electric near field, which is related to the 
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incident field E0 via the diffraction amplitude Fqω, and ε(q, ω) is 
the momentum- and frequency-dependent dielectric function of 
graphene (Supplementary Section 7). The so-called ‘loss function’, 
namely, Im ε−1(q, ω), is responsible for magnetoplasmon-assisted 
absorption. It peaks at the collective mode dispersion (Fig. 3a,b). 
The analysis of the collective mode contribution to the net power 
(equation (1)) shows that it is inversely proportional to the magneto-
plasmon group velocity at that frequency, that is, vgr(ω). In the imme-
diate vicinity of the anti-crossings, the group velocity approaches 
zero (Fig. 3a,b and Supplementary Section 8). Here the absorption 
is limited by the plasmon losses and the associated electron momen-
tum relaxation time, τp, as Pnear ∝ τ1/2p  (Supplementary Section 8).

The evaluation of the absorbed power for specific structure 
parameters requires the knowledge of two building blocks: diffrac-
tion amplitude Fqω and dielectric function ε(q, ω). The former is 
evaluated by considering plane-wave scattering by a perfectly con-
ducting rod that mimics a sharp contact (Supplementary Section 6). 
The respective diffraction amplitude tends to zero at small q due to 
gate screening, reaches a maximum and tends to zero at large q due 
to the finite length and width of the contact. The dielectric func-
tion ε(q, ω) is directly linked to σ(q, ω) that was evaluated using a 
classical kinetic equation with weak particle-conserving collisions 
(Supplementary Section 7). The calculated loss function demon-
strates well-defined BMs (Fig. 3a,b).

To provide a more detailed picture of the BM resonance, we fur-
ther show the real-space distributions of the scattered electric field 
in different regimes (Fig. 3c–e). At zero magnetic field (Fig. 3c) 
and away from the BM plateau at ω ≈ 2ωc (Fig. 3d), contacts launch 
(magneto)plasmons with a well-defined real-space period of the 
electric field corresponding to wavevector qmp(ω) (ref. 37). In con-
trast, just below the maximum of the BM dispersion, there exist two 
magnetoplasmon modes with different q values at a given radiation 
frequency (Fig. 3a,b). This results in the short-period fringing of the 
electric field threaded on the long-period pattern (Fig. 3e). Exactly 
at the BM plateau, the two periods coalesce, leading to resonance 
enhancement of the net absorbance (Supplementary Video 1).

Discussion
In Fig. 3f,g, we compare the experimentally measured photoresis-
tance and calculated magnetoabsorption (Supplementary Section 8) 
in the vicinity of the main CR overtones and find a good qualitative 
agreement. In particular, both dependencies feature strong asym-
metry of resonant peaks characterized by a rapid growth on the 
low-B sides of the CR overtones (similar to Figs. 1d and 2a). The 
reason for this asymmetry becomes clear when one realizes that the 
steep rise (at a shorter scale related to scattering losses) corresponds 
to external frequency ω approaching the maximum of BM disper-
sion from the gap side. The smooth drop at B > BCR/2 reflects the 

0 2 4 6 8 10
0

1

2

3

4

0.25 0.50
Magnetic field, B/BCR

0

0.3

0.6

0.9

1.2

0 0.3 0.6 0.9 1.2
1.6

1.8

2.0

2.2

2.4

0.25 0.50

0

0.1

0.2

0.3

0.4

0 10 20
–15

0

15

F
re

qu
en

cy
, f

 (
T

H
z)

Wavenumber, qℏvF (meV)

A
bs

or
pt

io
n 

(a
.u

.)

BCR/2

BCR/3

BCR/4

EωB

F
re

qu
en

cy
, f

 (
T

H
z)

Wavenumber, qℏvF (meV)

a

b

c

d

e

x (µm)

y 
(µ

m
)

0 10 20
–15

0

15

x (µm)

y 
(µ

m
)

0 10 20
–15

0

15

x (µm)

y 
(µ

m
)

f

g

–7

13

–4.0

8.5

–9

18

|∆
R

|/P
 (

Ω
 W

–1
)

Magnetic field, B/BCR

BCR/3

BCR/4

BCR/2

f = 0.69 THz

ω/2π = 2.05 THz

ω/2π = 1.95 THz

ωc = 0

10–5

10–4

10–2

102

10–2

102

Fig. 3 | Non-local THz magnetoabsorption in graphene. a, Loss function Im ε−1(q, ω) in the presence of a magnetic field calculated for ωc/2π = 1 THz with 
a perfectly conducting metal gate. The dashed horizontal lines correspond to the frequencies ω/2π from the simulations (d and e). b, Zoomed-in region 
of a in the vicinity of the main CR overtone. c–e, Numerical simulations of the near-field distribution of THz graphene plasmons (c) and BMs above (d) 
and below (e) the cyclotron gap excited by a metal lead located in contact with the graphene sheet placed above the silicon gate at ωc/2π = 1 THz for 
n = 0.6 × 1012 cm−2. The colour scales visualize the real part of the vertical field component, namely, Re Ez(x, y). f, Calculated BM-assisted absorption of THz 
radiation as a function of B normalized to BCR. Inset, model structure of the graphene–metal interface that was used for the calculations (Supplementary 
Section 6). g, Photoresistance in the vicinity of the CR overtones measured at f = 0.69 THz.

Nature Physics | www.nature.com/naturephysics

http://www.nature.com/naturephysics


ArticlesNaTuRe PHysiCs

gradual increase in the group velocity of the participating BMs for 
ω below the maximum (Fig. 3e). At that side, one returns to the 
conventional magnetoplasmon excitation regime (Fig. 3d) where 
the non-locality, although present, does not play any essential role.

Importantly, the asymmetry in the magnetoabsorption curves 
retains for the third and fourth harmonics of the CR in both 
experimental and theoretical curves (Fig. 3f,g). This behav-
iour clearly distinguishes the BM resonances from THz-induced 
magneto-oscillations recently found in high-quality graphene—
these oscillations are readily described by a damped sinusoidal 
function in the limit of the B range applied in this work38. In this 
device, signatures of such sinusoidal magneto-oscillations appear 
only at higher f (Supplementary Section 3).

The key role in the excitation of BMs, similar to the other col-
lective modes in two dimensions, should be played by the inhomo-
geneity of electric fields due to the presence of sharp contacts. To 
verify the idea, we have fabricated an additional device of compa-
rable quality but contacted by metal leads outside the main channel 
(Supplementary Section 10). We found strong photoresponse in the 
vicinity of the CR harmonics only for the invasive case, whereas for 
distant leads, the photoresponse was dominated by THz-induced 
magneto-oscillations38.

It is remarkable that the photovoltage and photoresistance at 
the main CR overtone can markedly exceed that at the CR itself. 
Moreover, the fundamental resonance is observed only at low car-
rier densities or high f (Supplementary Sections 3 and 9). The soft-
ening of the fundamental CR at large n can be understood by taking 
into account the screening of incoming radiation by electrons in 
graphene, a dissipationless effect also referred to as radiative damp-
ing39–42. Calculations of the fundamental CR absorption based on 
the transfer-matrix technique are shown in Supplementary Fig. 
18 and this effect is well captured. Absorption at CR overtones is 
not prone to screening; instead, it is enhanced by the near-field 
excitation of BMs. The observed decay of the second CR with an 
increasing gate voltage is relatively weak. This can be attributed to 
the reduced characteristic values of magnetoplasmon wavevector q* 
and the respective decrease in diffraction amplitude Fqω.

It is instructive now to briefly mention the possible mechanisms 
responsible for the conversion of absorbed radiation into electri-
cal signals. We attribute the positive photoresistance to strong 
radiation-induced heating and thus enhanced electron scattering. 
Indeed, in the presence of THz radiation, the amplitude of SdHO 
gets suppressed, which is a clear signature of the increased elec-
tronic temperature (Fig. 1f). The results obtained in the photovolt-
age configuration are more intricate as Vph(B) dependencies were 
found odd in B for f = 0.69 THz and thus can signal the THz-induced 
Nernst effect. Last, the observed exponential damping of the mea-
sured photoresponse with T (Fig. 2c) eludes interpretation within 
the adopted quasiclassical model presented in the Supplementary 
Information and requires detailed knowledge on the mechanisms of 
THz downconversion into d.c. signals.

Finally, below, we discuss the other possible scenarios of the 
resonant photoresponse at CR overtones. In particular, similar reso-
nances were predicted to emerge in the regime of viscous electron 
transport43. The aforementioned photoresponse asymmetry in our 
theory and experiments is, however, opposite to that obtained else-
where43, which predicts a smooth low-B tail and sharp high-B tail 
of the magnetoabsorption peak at around B = BCR/2. Moreover, the 
hydrodynamic regime of electron transport in high-density graphene 
sets in at T > 100 K (ref. 44), whereas the CR harmonics observed in 
this work disappear at T ≈ 50 K (Fig. 2c and Supplementary Section 
4). We have also addressed the effect of electron–electron (e–e) col-
lisions on the BM-assisted magnetoabsorption and found that a fast 
collision rate causes a reduction in the amplitudes of CR harmonics 
(Supplementary Section 6). Next, we note that although BMs were 
discussed in relation to the resonant photoresistance close to the 

second CR harmonics observed in GaAs-based heterostructures31, 
the described scenario relied on the emergence of electron plasma 
instability30. The effect described here is linear in P, which excludes 
any instability-related mechanisms. The same observation also 
excludes multiphoton mechanisms that would inevitably lead to 
nonlinear scaling with P (ref. 45). Last, since our experiments were 
performed at relatively large n and small f, the observed anomalies 
cannot be possibly related to interband radiation absorption that is 
routinely observed in graphene close to the CNP46 (Supplementary 
Section 2).

Outlook
The observed resonant THz absorption has several profound con-
sequences for further research on light–matter interaction at the 
nanoscale. First, the interaction between graphene plasmons and 
electron cyclotron motion via the formation of BMs and medi-
ated by non-locality effects can easily reach the strong-coupling 
regime47,48. Indeed, the BM gap due to resonant anticrossing can 
be estimated as Δ ≈ 10(aB/Rc)2ωc, where aB is the effective Bohr 
radius30. Taking f = 1.63 THz, we find that Δ/ωc ≈ 0.17, which is 
well beyond the collision-induced broadening of resonance. In this 
regime, electron relaxation from higher Landau levels may demon-
strate coherent quantum Rabi oscillations that can be potentially 
detected in time-resolved measurements49. Second, ultraslow col-
lective excitations associated with BMs close to the CR harmonics 
can be sensitive to many-body effects50. Our approach, thus, paves 
the way to access these effects in photoresponse experiments. Third, 
our non-local measurement scheme can be envisioned as a poten-
tial tool to probe electron Hall viscosity, an important transport 
coefficient that until recently was disregarded in low-dimensional 
systems44,51. Last, our observations revisit the role of non-local con-
ductivity in light–matter interaction, which was previously believed 
to hamper field compression and slowing of light11. Our study 
refutes this perspective by revealing highly confined ultraslow plas-
mon modes enabled by non-locality.
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Methods
Device fabrication. To fabricate our devices, we first encapsulated graphene 
between relatively thick hBN crystals using a hot-release technique52. The stack 
was transferred either on top of a predefined back-gate electrode made of graphite 
or onto a Si++/SiO2 wafer. The resulting van der Waals heterostructure was 
patterned using electron-beam lithography to define the contact regions, which 
was followed by reactive ion etching to selectively remove the areas unprotected 
by a lithographic mask, resulting in trenches for depositing electrical leads (gold/
chromium, 70/3 nm). For one of our devices, we used rectangular-shaped graphene 
flakes forming the device channel, whereas for another device, the graphene 
channel was defined by a third round of electron-beam lithography, followed by 
reactive ion etching using poly(methyl methacrylate) and a gold top gate as the 
etching mask.

Measurement technique. The sample was mounted within a variable-temperature 
inset of an optical cryostat equipped with z-cut crystal quartz windows, which 
were covered by a black polyethylene film. Although the latter is transparent 
for THz radiation, the polyethylene film functions as a filter in both visible and 
infrared ranges, preventing uncontrollable excitation of graphene by room light. 
The homogeneous magnetic field (B) was generated by superconductive coils in 
the range of ±7 T. Standard four-terminal magnetotransport measurements were 
performed using a.c. currents between 1 and 5 μA, providing information about the 
sample’s transport characteristics and quality.

Our high-quality graphene devices were investigated under several frequencies, 
namely, f = 0.69, 1.63 and 2.54 THz, with the corresponding photon energies 
(ℏω) of 2.9, 6.7 and 10.5 meV, generated by a continuous-wave optically pumped 
molecular laser using CH2O2, CH2F2 and CH3OH, respectively, as the active media. 
The laser beam was recorded by a pyroelectric camera53, which showed a nearly 
Gaussian profile with full-width-at-half-maximum spot diameters (ds) of 2.58, 1.75 
and 1.56 mm at the sample’s position. The incident average powers (P) were in the 
range from 15 to 80 mW, providing intensities (I0 = P/As) of up to 3.32 W cm–2  
(refs. 54,55). The state of the initially linearly polarized radiation was controlled in 
angle and ellipticity by the rotation of the waveplates made of x-cut crystal quartz. 
All the measurements were performed in Faraday geometry, where both magnetic 
field and incoming THz radiation were perpendicular to the graphene plane.

Measurements of THz magnetoabsorption in the deep-subwavelength 
regime cannot be performed in transmission experiments. To explore radiation–
matter interaction at such small spatial scales, we used standard methods of 
photoconductivity and photovoltage measurements. Since photoconductivity 
bursts and photovoltage generation appear due to THz absorption, both types of 
measurement enabled us to reveal all the characteristic features of the absorption 
processes. Indeed, photoconductivity and photovoltage are proportional to the 
absorbed EM power multiplied by some ‘sensitivity function’, which encodes 
microscopic mechanisms of power-to-electrical-signal conversion. This function 
usually does not distort the sharp and narrow absorption peaks in plasmonic 
experiments10,14.

In the photovoltage regime, the induced signal was measured as a voltage drop 
Vph between a pair of contacts without applying an external bias to the device. The 
incident radiation was modulated by an optical chopper to provide phase-sensitive 
detection with a standard lock-in technique. To obtain a photoresistance signal, 
that is, a change in d.c. conductivity induced by THz radiation, an a.c. current 
(Ia.c.) between 5 and 50 μA was applied to the device with a modulation frequency 
lying within the range of fa.c. = 5–12 Hz, whereas the sample was exposed to 
laser radiation simultaneously modulated at a significantly larger frequency of 
fchop = 140 Hz (ref. 56). Such a double-modulation measurement technique is realized 
via two lock-in amplifiers connected in series. Here the first lock-in amplifier 
is phase locked to fchop, extracting the total signal induced by THz radiation. 
The amplitude of the total photosignal, oscillating at fchop, includes a constant 
component proportional to the photovoltage and an alternating part modulated 
with fa.c.. This total signal feeds the second amplifier that is locked to fa.c., thus 
generating a voltage proportional to the photoresistance. We also note that in 
contrast to photoresistance, the photovoltage may change its sign on reversing the 
direction of B. Indeed, the magnetic field can determine a preferential direction for 
Vph generation in the structure, for instance, the case of THz-induced Nernst effect.

THz absorption modelling. The absorption cross section was evaluated using 
Joule’s law relating the absorbed power, real part of dynamic 2D conductivity and 
local electric field. The wavevector-dependent dynamic conductivity was obtained 
by solving the classical kinetic equation for a 2D electron gas in a magnetic field 
in the presence of weak disorder34. The resulting expression for σ(q, ω) is a sum of 
terms resonant at various CR overtones, with q-dependent amplitudes. Electron–
impurity collisions were included in a particle-conserving way; for e–e collisions, 
we used a model particle- and momentum-conserving collision integral57. The 
electric field acting on the electrons in graphene is a sum of an incident plane wave 

and evanescent wave scattered by the keen contact. The amplitude and shape of the 
evanescent wave were found by solving the scattering problem for a conducting 
rod58. Both plane- and evanescent-wave amplitudes are modified due to screening 
by electrons in graphene. As a result, each qth spatial harmonic of the field is 
divided by a 2D dielectric function ε(q, ω) = 1 + 2πiσ(q, ω)

√

q2 − k20/ω, where 
k0 = ω/c is the wavenumber of the incident wave. The effective dielectric function 
modified by the presence of the encapsulating dielectric and gate is given in 
Supplementary Section 6.

Data availability
The data reported in Figs. 1–3 can be found on Zenodo (https://doi.org/10.5281/
zenodo.5758483). The other data that support the findings of this study are 
available from the corresponding authors upon reasonable request.
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