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We report on the observation and study of the magnetoratchet effect in a graphene-based two-dimensional
metamaterial formed by a graphite gate that is placed below a graphene monolayer and patterned with an
array of triangular antidots. We demonstrate that terahertz/gigahertz excitation of the metamaterial leads to
sign-alternating magneto-oscillations with an amplitude that exceeds the ratchet current at zero magnetic field by
orders of magnitude. The oscillations are shown to be related to the Shubnikov—de Haas effect. In addition to the
giant ratchet current oscillations, we detect resonant ratchet currents caused by the cyclotron and electron spin
resonances. The results are well described by the developed theory considering the magnetoratchet effect caused
by the interplay of the near-field radiation and the nonuniform periodic electrostatic potential of the metamaterial

controlled by the gate voltages.

DOLI: 10.1103/PhysRevB.110.125303

I. INTRODUCTION

Artificial periodic metallic/dielectric structures with a pe-
riod smaller than the radiation wavelength fabricated on the
top/bottom of graphene have attracted increasing research
interest in the past decade. This is due to their extraordinary
ability to manipulate electromagnetic (EM) waves and excite
various physical phenomena that are not available in unstruc-
tured graphene layers. Metamaterials designed for terahertz
(THz) frequencies are of particular interest due to their high
application potential. Some examples are perfect absorbers
based on near-field effects, plasmonic devices, nonlinear op-
tics, high-speed modulators, biosensing, etc.; see Refs. [1-7].
Direct currents excited by THz electric fields in graphene-
based asymmetric structures formed by periodically repeating
metal stripes of different widths deposited on mono- and
bilayer graphene layers have been proposed as promising de-
tectors of THz radiation. They have been studied intensively
over a wide range of frequencies from hundreds of gigahertz
(GHz) to tens of THz [8—17]. Important established mecha-
nisms for converting THz/GHz radiation into direct currents
(dc) are electronic and plasmonic ratchet effects.

Here, we report the observation of the magnetoratchet ef-
fect in a two-dimensional (2D) graphene-based metamaterial
formed by a graphite gate patterned with an array of triangular
antidots placed under a graphene monolayer. Most recently,
we demonstrated that excitation of these metamaterials by ter-
ahertz radiation results in a 2D ratchet effect, which efficiently
converts high-frequency electric fields into dc electric current
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[18,19]. Here we show that the application of an external mag-
netic field leads to resonant and nonresonant magnetoratchet
phenomena, including cyclotron and spin resonances, that are
characterized by a giant magnitude and rich physics. The
photocurrent is excited by linearly polarized low-power con-
tinuous wave (cw) THz/GHz radiation in the presence of a
magnetic field oriented perpendicular to the graphene plane.
By varying the magnetic field, we detected sign-alternating
1/B-periodic magneto-oscillations with an amplitude that is
orders of magnitude larger than the B = 0 ratchet current
recently detected in metamaterials of the same design and
similar parameters [18,19]. We show that the oscillations are
caused by the Shubnikov—de Haas effect. A specific feature
of the magnetoratchet oscillations is the nontrivial relation of
their period and phase to those of the Shubnikov—de Haas os-
cillations (SdHO) of the longitudinal resistance. We show that
this is due to the fact that while the ratchet effect is generated
locally, e.g., at the boundaries of the triangles, the magneto-
transport mostly reflects the areas outside the triangles, which
may have a different carrier density. A further enhancement
of the ratchet current is observed at cyclotron resonance (CR).
The theory of the CR enhanced ratchet currents shows that the
resonances have a Fano shape defined by the 2D lateral asym-
metry parameter. Strikingly, using GHz radiation, we also
detected the ratchet effect caused by electron spin resonance
(ESR). We show that the resonant absorption causes a Seebeck
ratchet signal, generated in the course of the photoinduced
spatially modulated heating of the free carriers accompanied
by a periodic modulation of the equilibrium carrier density.

©2024 American Physical Society
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FIG. 1. Sketch of the sample and the experimental setup. (a) The cross section of the sample. (b) Photograph of sample #A (left) and
an AFM image of the periodically patterned gate (right). The patterned gate made of five graphene layers has equilateral triangular holes
arranged in a square lattice. In the photo, a row of triangles is highlighted by red. The x-direction is along the height of the triangles, and the
y-direction is along their base. (c) Experimental configuration. The red vertical arrow shows the normal incident linearly polarized radiation
with a wavelength much larger than the lattice period d and a laser spot much larger than the Hall bar. The red double arrow sketches the
radiation electric field vector E (w), whose orientation with respect to the triangle height is defined by the azimuth angle «. The blue arrow

indicates the magnetic field B applied perpendicular to the sample plane.

The developed theory of the magnetoratchet current describes
well all features of the observed effects.

II. SAMPLE AND METHODS

The sample design and experimental setup are sketched
in Fig. 1. Figure 1(a) shows the sample cross section. The
metamaterial is fabricated on a highly doped silicon wafer,
acting as a global back gate, covered with a 285 nm SiO,
dielectric layer. On top of this, a graphite film is deposited and
structured with equilateral triangular holes (antidots) arranged
in a square lattice with a period of 1000 nm; see Figs. 1(b) and
1(c). The side length of the triangles is 600 nm. The structured
graphite film consisting of five graphene layers is used as
a patterned gate. A monolayer of graphene encapsulated in
30-nm-thick hexagonal boron nitride (hBN) is deposited on
the graphite patterned gate; see Fig. 1(b). Further details on
sample preparation can be found in Ref. [19], where the same
technique for the sample fabrication was used. Using reactive
ion etching, the graphene is formed into a Hall bar configura-
tion with Ohmic chromium-gold contacts; see Fig. 1(c). The
length and width of the sample #A (#B) were 11 wm (16 um)
and 5 um (2.5 um), respectively. Figure 1(b) shows the photo-
graph of sample #A with red-bordered triangles highlighting
the shape and position of a line of triangles across the Hall
bar. The sample resistance Ry, and the Hall resistance R,
were measured at a temperature of 7 = 4.2 K. In the studied
range of patterned gate (|V,| < 0.6 V) and back gate voltages
(IVbgl < 5V), the electron (hole) density was reaching 2.6 x
10" em™2 for sample #A (2.4 x 10" cm~2 for sample #B),
with a corresponding carrier mobility of 44 x 10*cm?/V s
(53 x 10*cm?/V s) and momentum relaxation time 2.6 ps
(2.9 ps). It should be mentioned that, due to the hierarchy of
spatial scales in the studied metamaterial, the quoted densities

characterize solely the large areas of nearly uniform density
outside the triangles; see Secs. Il and V for more details. The
results of transport measurements and their analysis are shown
in Fig. 7 in Appendix A.

To drive the ratchet currents, we used normal incident
monochromatic and linearly polarized radiation with fre-
quencies ranging from several THz to tens of GHz. The
corresponding wavelength A in the interval from about 100 um
to 6.6 mm was much larger than the lattice period d (1 um).

The THz radiation was generated by a line-tunable molec-
ular gas laser optically pumped by a cw CO, laser. In
the experiments described below, three radiation frequen-
cies 2.54 THz (A = 118 wm, photon energy 7iw = 10.5 meV),
1.62 THz (184 um, 6.7 meV), and 0.69 THz (432 um,
2.9 meV) were used. The laser lines were obtained with
methanol, difluoromethane, and formic acid as active gases,
respectively. The radiation was focused through two z-cut
quartz windows of the cryostat by a gold-coated parabolic
mirror. The laser beam profile at the sample position was
measured with a pyroelectric camera [20,21]. It had a Gaus-
sian shape with a full width at half-maximum of 1.5mm
(2.54 THz), 1.8 mm (1.62 THz), and 3 mm (0.69 THz).
The corresponding beam areas were Apeym ~ 0.018 cm? for
2.54 THz, 0.025 cm? for 1.62 THz, and 0.071 cm? for
0.69 THz. The laser spot areas were much larger than the
areas of the Hall bars A ensuring uniform irradiation. The
beam power was measured by a power meter and was about
40, 80, and 15 mW for f = 2.54, 1.62, and 0.69 THz, respec-
tively. The power on the sample can be estimated as Py = P X
Ag/Apeam, With P(2.54 THz) = 2.9 x 10~* mW, P,(1.62 THz)
= 4.1 x 107* mW, and P,(0.69 THz) = 0.28 x 10~* mW.
Note that the estimate of P is given for sample #A with a
transmission coefficient of about 0.7 per mm for the quartz
windows (5 mm total thickness).
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FIG. 2. Photovoltage measured as a function of magnetic field in the x-direction (along the triangles’ height), normalized to radiation
power, for different patterned gate voltages V,, at a fixed gate voltage Vi,. The data are obtained in sample #A for frequency 0.69 THz
and radiation electric field vector parallel to the x-direction (¢ = 90°). The corresponding resistance R,, is represented by the black traces
on the right axes. The vertical lines indicate even filling factors of R,, counted from higher to lower magnetic fields; see numbers in

circles.

For generating radiation in the GHz regime, a Schottky
diode with frequency multiplication was used. Four frequen-
cies were obtained in the range from 45 to 75 GHz with
optical powers of about 150 mW. The beam was focused on
the sample through two windows made out of polymethylpen-
tene (TPX) and one cold diamond window with gold-coated
parabolic mirrors. Each window had a thickness of 2 mm.
Taking into account the transmission coefficients of TPX
(~0.95 per mm) and polycrystalline diamond (~0.71 per
mm) in this frequency range, one can estimate the radiation
power reaching the sample, P,(60 GHz) = 4.3 x 107> mW.
Note that we have neglected the influence of possible Fabry-
Pérot interference, which can strongly modify the radiation
power.

In most experiments, the in-plane electric field vector E ()
of radiation was oriented parallel to the source-drain direction
of the Hall bar (x-direction), i.e., along the height of the
triangles. In some experiments, the electric field vector was
rotated by a crystal quartz lambda-half plate; see Fig. 1. Its
orientation with respect to the x-direction is defined by the
azimuth angle «.

Measurements were made at liquid helium temperature
T =4.2 K at THz frequencies and at T =2 K at GHz
frequencies. The warm windows of the cryostat were addi-
tionally covered with thin black polyethylene foils to prevent
excitation by visible and near-infrared light. The photocurrent
measurements were performed in the Faraday geometry with
a magnetic field B up to £3 T applied perpendicular to the
graphene layer plane; see Fig. 1(c). The photovoltage drop
U, (Uy) was recorded from the source-drain contact pair 6-
1 along the Hall bar and from the pair 5-7 perpendicular
to it. The signals were measured using the standard lock-in

technique locked to the optical chopper frequency of 130 Hz
(THz laser radiation) or the Schottky diode electronics (GHz
radiation).

III. RESULTS

By illuminating the sample with linearly polarized radi-
ation (E || ) of frequency 0.69 THz while sweeping the
applied magnetic field, we observed the photosignal oscillat-
ing with B. Figure 2 shows the photovoltage normalized to the
radiation power, U, /P, for different patterned gate voltages
V, at fixed global back gate voltage Vp,. A photosignal with
qualitatively the same behavior was found for all frequencies
and gate voltage combinations used. Note that the B =0
photosignal is well detectable but has an amplitude that is
orders of magnitude smaller than that in the presence of a
magnetic field. It has been studied in detail in Ref. [19] and
was shown to be caused by the linear ratchet effect. The
observation of the giant photosignal induced by the magnetic
field directly indicates that it is caused by the magnetoratchet
effect. Indeed, even in graphene on a substrate that breaks
the structural inversion symmetry, the generation of a direct
current in the bulk under normal incidence is forbidden and
indeed has not been observed; see a review in Ref. [22] and
Secs. IV and V for more details. This conclusion is further
supported by the intensity dependencies, which show that the
signal scales linearly with the radiation intensity and by the
characteristic polarization dependencies; see Figs. 8 and 9 in
Appendix B.

To introduce the main features of the observed mag-
netoratchet effect, we start with the results obtained at a
frequency of 0.69 THz. First of all, as shown above, the ratchet
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FIG. 3. (a) Evolution of the normalized photovoltage U, /P, with variation of the back gate voltage Vi, measured in the direction along the
height of the triangles. The data were obtained for the azimuth angle a = 90° and a patterned gate voltage V, = 0.6 V. The traces are shifted by
60 V/W for clarity. (b) The corresponding resistance R,, shifted by 0.3 k2. The vertical lines indicate even filling factors of R,, starting with 6
at high magnetic fields; see numbers in circles. (¢) The fast Fourier transformation (FFT) analysis of the photosignal U, (full circles and solid
lines) and the longitudinal resistance R,, (open circles and dashed lines) obtained for different back gate voltages indicated by numbers close
to the curves. The spline lines are a guide for the eye. (d) Back gate voltage dependence of the carrier density 7. obtained from the oscillations
of the photosignal (full symbols) and R,, (open symbols). Circles show the densities obtained from the FFT, and rectangles show the densities
obtained from the filling factor analysis. The data were obtained in sample #A.

current increases by orders of magnitude in the presence of
a magnetic field. In addition, the magnetoratchet signal is
sign-alternating and shows magneto-oscillations that grow ex-
ponentially in the low-B region; see Appendix C for a more
detailed analysis. Figures 2(a)-2(d) show the magnetic field
dependence of the ratchet signal together with the longitudinal
resistance R,, measured under the same conditions in the
absence of illumination. A comparison with the magnetore-
sistance traces, showing conventional SAHO, demonstrates
that, for certain combinations of gate voltages, the period and
phase of the magneto-oscillations in the ratchet current follow
that of the SAHO. Indeed, in Figs. 2(a)-2(c) the minima and
maxima of the ratchet oscillations exactly follow those of the
SdHO in the resistance, reproducing the evolution of the latter
with changes of patterned gate voltage V. These observations
provide a clear indication that the magneto-oscillations in both
the ratchet current and resistance have a common nature and
originate from Landau quantization. The results for sample #B
are shown in Appendix D.

At the same time, different choices of V;, and V;,, show that
the magneto-oscillations in the ratchet current can become
much more complex and may not follow that of the SAHO
in R,; see Fig. 2(d). To study these differences in detail,
we varied the back gate voltage from 1.2 V to —0.8 V at

a fixed patterned gate voltage V, = 0.6 V, and we compared
the resulting traces with the transport data. The result is
shown in Fig. 3. It shows that the magneto-oscillations in the
ratchet current vary significantly with the back gate voltage,
see Fig. 3(a), while the SAHO in the resistance, Fig. 3(b),
remains unaffected. Similar behavior was also observed for
the photosignal U, /P, measured across the Hall bar, i.e., along
the bases of the triangles; see Fig. 10 in Appendix B.

The analysis of these data, presented in Sec. V below,
allows us to relate the distinct form of oscillations in the
ratchet and the resistance to different spatial regions of cur-
rent generation. Namely, the ratchet current arises due to the
reduced symmetry of the metamaterial, and is thus sensitive
to both V,, and V;,, which define the THz near field and the
scalar potential at the positions of the antidots. In contrast,
SdHO in R,, are also present in uniform samples, and in
our case are dominated by large regions of uniform electron
density between the antidots, making them almost insensitive
to variations in Vpg.

We now turn to the results obtained at the much higher
frequency of 2.54 THz, where, in addition to magneto-
oscillations, a resonant enhancement of the magnetoratchet
current, associated with CR, was observed; see Fig. 4. To
conclude on the origin of the observed resonant enhancement
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The dashed (solid) blue arrow in the main panel corresponds to the circles connected by a dashed (solid) blue line. The black solid line was
calculated using the carrier densities from transport characterization. (c) Photosignal traces for V, = 0.6 V and different back gate voltages
varying from —0.75 to —0.1 V with the step of 0.05 V. The traces in panels (b) and (c) are up-shifted by 5 V/W for clarity. The data were

obtained in sample #A.

of the ratchet current, we performed measurements using cir-
cularly polarized radiation. The results shown in Fig. 4(a)
clearly demonstrate that the resonant response to the right
(left) circularly polarized radiation is detected for one polarity
of magnetic field (Iabeled CR ; and CR _, respectively), which
is in full agreement with the well-established Drude theory.
For certain combinations of the back and patterned gate volt-
ages, two resonances are clearly resolved, as illustrated by the
blue solid and dashed arrows in Fig. 4(b). Figure 4(b) shows
the evolution of the observed resonances as the patterned gate
voltage is varied. Their corresponding magnetic field positions
are shown in the inset of Fig. 4(b) as a function of the applied
patterned gate voltage. It can be seen that, as expected for CR
in graphene, the resonance positions shift to lower magnetic
field upon decreasing of the gate voltage, which decreases
the carrier density. For comparison, the solid line represents
the calculated positions of CR with the carrier density esti-
mated from transport measurements. The shape and position
of the resonance is also affected by the variation of the back
gate voltage. This is shown in Fig. 4(c). An analysis of this
complex behavior is presented below in Sec. V. Similar CR-
enhanced magnetoratchet current was also observed along the
x-direction; see Fig. 11 in Appendix B.

Finally, we present the results obtained with radiation at
much lower frequencies in the tens of gigahertz range. Fig-
ures 5(a) and 5(b) show the magnetic field dependence of

the ratchet current excited by the radiation at f = 52 GHz.
The data are obtained for zero back gate voltage and for
different values of the patterned gate voltage. Strikingly, in
addition to magneto-oscillations similar to those detected at
high frequency, this plot shows a new feature: a gate voltage-
independent resonance at magnetic field B = +1.88 T; see the
downward arrows in panel (a) and the dashed vertical lines
in panel (b). At this field, the ratchet signal disappears. This
can be seen even more clearly in Fig. 5(a), which is a zoom
of Fig. 5(c), where the traces are not vertically shifted. Such a
resonance feature was detected for all frequencies. Figure 5(e)
shows that its magnetic field position increases linearly with
increasing frequency. Note that the vanishingly small signal
for all patterned gate voltages was detected for f = 52 GHz
only, see Fig. 5(c). For other frequencies, we obtained that
the signal decreases at resonance but does not necessarily
approach zero; see Fig. 5(d) for f = 60 GHz. As we show
below in Sec. V, the resonance position corresponds to the
electron spin resonance with Landé factor g = 2, which is
expected for graphene structures.

IV. THEORY

The ratchet current is allowed in systems with broken space
inversion symmetry. In the periodically modulated structures,
e.g., metamaterials, there are two factors resulting in the
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g = 2. All data were recorded in sample #A.

ratchet effect. Namely, there is a noncentrosymmetric static
potential V (r) periodic with the 2D structure period, and the
near field appearing as a result of diffraction on the trian-
gle edges. The electric field acting on the carriers, E(r, 1) =
Eo(r)eexp(—iwt) + c.c., has the near-field amplitude Ey(r)
also periodic with the spatial period of the metamaterial (e is
the polarization vector). The microscopic parameter that fixes
the structure asymmetry is the 2D vector E given by

E =EXr)VV(r), (1)
where the overline means averaging over the spatial period of
the structure.

We begin with a discussion of ratchets with 1D modula-
tion. This will allow us to derive the ratchet current in 2D
metamaterials. In Ref. [23], a theory of magneto-oscillations
of the ratchet current was developed for the graphene-based
structures with 1D modulation where the vector E, Eq. (1) had
only one component. It was shown that the magnetoratchet
current has two contributions. One is caused by the dynamic
carrier-density redistribution (DCDR) taking place because of
a simultaneous action of the static force (—1/e)VV (r) from
the ratchet potential and the ac force eE(r, ) of the radia-
tion. The other mechanism of the ratchet current formation is
caused by heating of carriers by radiation, which is inhomoge-
neous due to near-field modulation of the ac field amplitude.
The inhomogeneous carrier temperature profile results in the
so-called Seebeck ratchet current. Both contributions were

shown to have oscillating dependence on the magnetic field
caused by the Landau quantization [23-25]. They are in phase
with the Shubnikov—de Haas oscillations in R,,,

Rxx(B) = Rxx(o)(l + 25c)v (2)
and are described by the same factor &,
8, = 2cos (neF)exp (— 7 ) .X , 3)
hw, w74 ) sinh x

where ¢p is the Fermi energy, w, = er%/sF is the cy-
clotron frequency, with vy being the Dirac fermion velocity
in graphene, 7, is the quantum scattering time, and x =
212kgT /(hw,). It was shown that the oscillating ratchet cur-
rent has an amplitude much larger than the ratchet current
in the absence of the magnetic field due to the enhancement
factor (eg/fiw.)* > 1. For the 1D modulation in the x direc-
tion, when E, # 0, E, = 0, the ratchet current components
are given by the real and imaginary parts of the following
expression:

2 eR
how,

+ P2Cro + PeircCeire)-

2
(x+ijy)ip = Ex( ) 8.(Co + PL1CLa

“

Here Ppjio.cire are the Stokes parameters of the radiation
(PL1 12 are the linear polarization degrees and P is the
circular polarization), and Cy i 12.circ are functions of the
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frequency, transport relaxation time 7, and magnetic field;
see the Appendix of Ref. [23].

The result presented above contains a product of the asym-
metry factor E, and the function determined by characteristics
of the graphene sample such as the Fermi energy and relax-
ation times. This multiplicative form allows one to generalize
the results to the systems with 2D modulation. Indeed, in the
linear-in-E, , regime one can consider 2D modulation as two
superimposed structures with independent modulations in the
x and y directions, and apply the 1D result to the components
of the ratchet current along and perpendicular to the 1D mod-
ulation directions [18,19]. This procedure yields

2R
ho,

+ PL2CL2 + Pcircccirc) (5)

2
Jx+ijy =(0Ex + iEy)( > 3:(Co + PL1CLy

for the magneto-oscillations of the ratchet current in 2D
metamaterial based on monolayer graphene, with the same
functions Cy 11,12 circ @s for 1D modulation.

In the vicinity of the CR, the ratchet current has resonances
similar to the case of ratchets in systems with massive carriers
considered in Ref. [25]. Expanding the coefficients Cy 11,12 circ
near the CR, we obtain

v} 2rep\° . Dy y(€)
x N o) = Je — s 6
J. ,y(a) @, ) 87Th28]:w3< ha)c ) 1+€2 ( )
where € = (0 — @) Ty,
b, =(eE; —2E)(1 + P1) — RE, + €E))Pr»
+ [(1 +€)Ex +€Ey]Pcier (7)

and ®, is obtained from @, via substitutions 8, — &,, E, —
—E&,. The above expressions show that the x and y compo-
nents of the polarization-dependent and independent ratchet
currents near the CR have Fano shapes that are symmetric or
asymmetric functions of the detuning € depending on the ratio
of the asymmetry parameters E, and E,. We emphasize that
the magnetoratchet current Egs. (5)—(7) oscillates in magnetic
field with the period defined by the carrier density in the area
where the photocurrent is formed.

The ESR-induced ratchet current can be explained by
the Seebeck ratchet mechanism caused by strong heating of
the electron gas due to resonant radiation absorption [26].
The inhomogeneous heating leads to the Seebeck ratchet
effect, which is especially important in the resonant absorp-
tion conditions.The corresponding contribution to the ratchet
current j5 is also governed by the asymmetry parameter Z,
Eq. (1). Generalization of the results obtained for 1D mod-
ulated systems [8,24,27-29] to the case of 2D modulation
gives

S = 2 TV ®)
I = Theer '
Here o (T) is the temperature-dependent conductivity of the
system, which determines the radiation absorption. T (r) is the
carrier temperature, which is higher than the lattice tempera-
ture due to radiation absorption and is periodically modulated
because it is proportional to the near-field intensity.

In the ESR conditions, the carriers absorb the radiation
very efficiently, and the spatial modulation of 7 (r) has a high
amplitude. Due to the mechanism discussed above, this leads
to a large ratchet current. The ESR-induced ratchet current
varies with frequency because the maximum value of the ab-
sorption coefficient in the resonance is frequency-dependent.

The Seebeck effect can also contribute to the ratchet signal
outside the ESR, and, similar to ESR, it should be enhanced in
the region of CR where the heating due to Drude absorption
is maximized.

V. DISCUSSION

The theory presented above explains our experimental find-
ings presented in Sec. III, including the origin of the ratchet
effect in the 2D metamaterial, the strong enhancement of
the ratchet current in the presence of magnetic field, the
emergence of magneto-oscillations of the ratchet current, the
complex shape of the CR-enhanced magnetoratchet, and the
observation of the ESR-induced ratchet. Below, we address
these points in more detail. Altogether, they show that our
results are well described by the developed theory of the
magnetoratchet effect caused by the interplay of the THz near
field of diffraction and the nonuniform electrostatic potential
of the metamaterial controlled by the gate voltages.

To better understand the distinct role of patterned gate and
back gate voltages (V, and Vi) in our experiments, we first
address the SAHO in the longitudinal resistance. Black traces
in Figs. 2(a)-2(c) show that SAHO in R,, are highly sensitive
to V,, while Fig. 3(b) demonstrates their almost complete
insensitivity to variation in V;e. This behavior is expected
since the regions above the triangular holes (antidots) in the
patterned gate occupy only 16 % of the total graphene area.
Outside the antidots, the density of carries is well fixed by the
patterned gate that is about ten times closer to the graphene
sheet than the back gate. Therefore, the period of SAHO in R,
is determined by V,, with a good accuracy, and SdHO can serve
as a probe of electron density n. outside triangles. Expressing
the cosine in Eq. (3) as cos(mrv¢/2) in terms of the filling fac-
tor, v = 2w hin. /(eB) = 2eg/hw,, and fitting all minima and
maxima of SAHO at even filling factors with the single param-
eter ne (filling factor analysis), we find n. = {2.8, 1.9, 1} x
10" cm =2 for V, = {0.6, 0.4, 0.2} V in Figs. 2(a)-2(c), corre-
spondingly, consistent with the density variation by V;, found
from Hall measurements; see Appendix A. The B-positions of
even filling factors obtained in this way are shown as vertical
lines in Figs. 2 and 3.

Now we turn back to the discussion of the ratchet effect.
According to the theory presented in Sec. IV, the observed
photocurrent emerges due to broken inversion symmetry in
the metamaterial, described by the 2D asymmetry parameter
Z, Eq. (1). In the presence of magnetic field, the theory
predicts the emergence of magneto-oscillations in the ratchet
current; see Eq. (5). A giant enhancement of the ratchet cur-
rent by the magnetic field, evident in all our observations, is
due to the presence of the large factor (27 &g /hiw,)* = (mwvg)?
in Eq. (5). This factor, absent for SAHO in R,,, Eq. (2), also
explains why the ratchet magneto-oscillations can extend to
much lower B (higher v¢) than SdHO in R,,, as can be clearly
seen in Fig. 2. The physical reason for the occurrence of
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this factor is that in the regime of Shubnikov—de Haas oscil-
lations, the transport parameters of graphene are modulated
on the energy scale with a period of cyclotron energy, /iw,,
which is much shorter than the Fermi energy, er. Since the
ratchet current involves a second derivative over energy, this
results in the enhancement factor in Eq. (5). For additional
confirmation of the behavior at low B, we perform a detailed
comparative analysis of SAHO and ratchet oscillations in
Appendix C.

In accordance with our findings in Figs. 2(a)-2(c), in the
case of weak and smooth modulation of electrostatic po-
tential V (r) the theory predicts that magneto-oscillations in
the ratchet current are in phase with the SAHO in R,,; see
Eq. (5). In general, however, the variation in V,, and Vg in
our experiments can lead to a strong modulation of electron
density between the interior and exterior of the antidots, which
results in a complex magneto-oscillation pattern of the ratchet
signal, no longer following the behavior of R,,. An instructive
example is provided in Fig. 3. Here, the variation in V;, at
fixed V, results in significant changes of the ratchet signal,
Fig. 3(a), while the form of R,.(B) remains the same, in
accordance with the discussion above. The Fourier analysis
shows that the FFT spectrum of ratchet oscillations [solid
lines in Fig. 3(c)] includes two frequencies: the low-frequency
peak in the FFT spectrum monotonously shifts with varying
Vbe» While the less pronounced high-frequency peak remains
at the same position. FFT analysis of R, (B) [dashed lines
in Fig. 3(c)] establishes that the high-frequency peak corre-
sponds to the frequency of SAHO. It is natural to attribute
these two frequencies to different densities (filling factors)
inside and outside triangular antidots. Indeed, the densities
obtained from the low-frequency peak in the FFT spectrum of
the ratchet current, see Fig. 3(d), show a linear increase with
Ve, consistent with this interpretation.

This analysis demonstrates that in the case of strong mod-
ulation [note up to the factor of 6 difference in densities inside
and outside antidots in Fig. 3(d)], the ratchet current com-
bines magneto-oscillations coming from variations in filling
factors both inside and outside antidots, primarily controlled,
correspondingly, by Vi, and V;,. This reflects the nature of the
ratchet current, emerging due to the interplay of the asymmet-
ric electrostatic field and the near-field component of the THz
field. These fields should be highly sensitive to variation in
the density of states on both sides of the triangle edges, giving
rise to the observed complexity of the magnetoratchet signal.
Summarizing, the distinct form of oscillations in the ratchet
and resistance can be attributed to different spatial regions
of the current formation. Namely, the ratchet current emerges
due to the reduced symmetry of the metamaterial and thus is
sensitive to both V;, and Vyg defining the near THz field and the
static periodic potential at positions of antidots. By contrast,
SdHO in R, are present also in uniform samples and, in
our case, are dominated by large areas with uniform electron
density between the antidots, thus being almost insensitive
to variations in Vj,.. In the region of higher B and/or lower
electron densities, corresponding to low filling factors and
the regime of the quantum Hall effect, sensitivity of local
fields to the gate voltages can become even stronger due
to the rapid changes of the density of states in the energy
space, as well as the localization effects and the emergence

of the edge states at the boundaries of antidots. This regime is
beyond the scope of the present work and deserves additional
studies.

Apart from giant oscillations, Eq. (5) reveals that the mag-
netoratchet current scales as the second power of the THz
field and has a specific polarization dependence determined by
the Stokes parameters P 12 circ. BOth of these characteristics
have also been experimentally confirmed; see Figs. 8 and 9 in
Appendix B.

We turn to a discussion of the CR-enhancement of the
ratchet current observed using circularly polarized radiation of
f = 2.54 THz; see Fig. 4. As mentioned in Sec. III, a strong
indication that this enhancement is related to the CR comes
from its specific helicity dependence: the resonant ratchet
current is observed only at positive (negative) B for the left-
(right-) handed radiation, see Fig. 4(a), in agreement with
the well established theory of the CR. An additional support
comes from the position of the resonance, which shifts to
higher B with increasing |V,| as illustrated in the inset to
Fig. 4(b). This behavior is consistent with the growth of the
carrier concentration 7, in regions of the metamaterial outside
the antidots, which can be estimated from the transport data;
the correspondent calculated position of the CR in the uniform
monolayer of graphene, Bs = fiw\/7n/(evy), is shown as
a black line labeled “calc.” in the inset. While the density
scaling is clearly the same, the calculated B, is slightly
larger. This can be attributed to the different regions of the
metamaterial where the ratchet current and SdAHO in R,, are
formed, as discussed above.

We now discuss the complex shape and fine structure of
the observed CR in 2D ratchet current. In Fig. 4(a) as well as
in a few lower traces in Fig. 4(b), the CR shape can be inter-
preted as a combination of two distinct minima of the usual
Lorentzian form. Similar behavior was recently observed in
a graphene metamaterial with 1D modulation [25], in which
it was shown that the two Lorentzian minima arise due to
excitation of magnetoplasmon and cyclotron modes that can
be observed simultaneously in the ratchet current. In the 2D
metamaterial, the observed behavior of the CR is far more
complex, as illustrated by strong variations of the shape and
structure of the CR ratchet signal with V;, and V¢, Figs. 4(b)
and 4(c). To present these variations in more detail, we replot
the data without a vertical shift of individual traces in Fig. 6.
It can be seen that in the studied range of V, and V;,, the
ratchet oscillations outside the CR region are insensitive to
V, but are strongly sensitive to changes of V.. In the CR
region, sensitive to both gate voltages, one observes additional
weak short-period oscillations, which may be responsible for
the fine structure of CR including distinct two minima ob-
served at certain combinations of Vj, and Vy,. The nature of
these short-period oscillations is currently unclear, and can,
e.g., stem from excitation of magnetoplasmon modes in the
antidots.

More remarkable are changes in the overall shape of the
CR, which may form a single Lorentzian peak/dip depending
on gate voltages, or combine neighboring peak and dip. This
behavior is consistent with the theory presented in Sec. IV,
which predicts that the CR shape in the 2D ratchet contains
both symmetric (Lorentz) and antisymmetric (Fano) com-
ponents. According to Eq. (6), their relative magnitude is

125303-8



TERAHERTZ AND GIGAHERTZ MAGNETORATCHETS IN ...

PHYSICAL REVIEW B 110, 125303 (2024)

(a) V,(V)
0 ——— = — |
—— //[
ol -0.6
ng 0
20 F , CR. f=2.54 THz||

Photovoltage, U, / P, (V/W)

__CR
0 0.5 1 1.5

Magnetic field, B (T)

FIG. 6. Figure with identical data as presented in Fig. 4 but
illustrated without a vertical offset. Panel (a) corresponds to the data
in Fig. 4 (b), where V, is varied and Vi, is fixed, whereas panels
(b) and (c) show the data from Fig. 4(c) with different V4, and fixed
V;. The normalized photosignal was measured along the y-direction
as a function of magnetic field for left-handed circularly polarized
THz radiation (0 ~). The position of CR is highlighted by the blue
shaded area and indicated with CR_.

controlled by the relation of the asymmetry parameters Z,
and E,, which can vary with V;, and V;,. Taking into ac-
count that CR in the ratchet current essentially represents a
resonant enhancement of magneto-oscillations and thus may
have arbitrary sign depending om V, and Vg, this explains
on a qualitative level the complex evolution of the CR shape
presented in Figs. 4 and 6.

We finally discuss the observation of the features attributed
to electron spin resonance in experiments using GHz radi-
ation; see Fig. 5. Indeed, the ESR condition Zw = gugB,
where up = efi/2m,, for Landé factor g =2 expected for
graphene gives Bgsg = m.w/e, which is exactly the posi-
tion of the features observed for all frequencies w/2mw =
{45, 52, 60, 68} GHz in the ratchet current in our experiments;
see the dashed line in Fig. 5(e). According to Sec. IV, the
ESR contribution to the ratchet current occurs due to resonant
direct optical transitions between spin subbands, resulting
in the enhanced heating and corresponding Seebeck ratchet
effect. This contribution competes with the ratchet mech-
anisms associated with indirect optical transitions (Drude
absorption). Our results obtained at w/2mr = 52 GHz demon-
strate that the ESR and Drude contributions occasionally

compensate each other at this particular frequency; see
Fig. 5(c). At other frequencies, such complete compensation
does not take place. This is caused by different frequency
dependences of the Drude absorption and resonant absorp-
tion associated with the direct transitions, leading to ESR.
In general, the regions of ratchet current formation for the
Seebeck and DCDR mechanisms can be different, which is
not captured by the analytical model we use. Therefore, while
we indeed observe that the ESR and Drude contributions have
opposite sign, this behavior is not necessarily universal.

VI. SUMMARY

Our results show that excitation of a 2D graphene-based
metamaterial by THz/GHz radiation causes the magne-
toratchet current. The current exhibits 1/B-periodic oscilla-
tions with an amplitude that is orders of magnitude larger than
the ratchet current at zero magnetic field. While the oscilla-
tions are related to the SAH effect, they do not necessarily
follow the SAH oscillations in the dc resistance, in contrast to
previous observations in 1D metamaterials. The distinct form
of oscillations in the ratchet signal and the resistance confirms
different spatial regions of the current formation. Indeed, as
the ratchet current emerges due to the reduced symmetry of
the metamaterial, it should be sensitive to both gate potentials
defining the near field and the static periodic potential at
positions of antidots, in agreement with our observations.

A further enhancement of the magnetoratchet effect is ob-
served in the region of the magnetic field where the cyclotron
frequencies match the THz radiation frequency. The theory
of the cyclotron resonance-induced ratchet effect describes
the experimental findings well. In particular, it shows that
the polarization-dependent and -independent magnetoratchet
currents near the CR have Fano resonance shapes that are
symmetric or asymmetric functions of the detuning e, de-
pending on the ratio of the lateral asymmetry parameters E,
and E,. The complex Fano-shaped CR is specific for 2D
magnetoratchet.

In addition to the CR-induced THz ratchet effect, we
observed a different resonance response induced by GHz ra-
diation. We show that this effect is caused by the electron
spin resonance-induced ratchet current, which has the oppo-
site sign to the magnetoratchet current caused by the Drude
absorption and the DCDR mechanism. This leads to a de-
crease in the current magnitude at the resonance and, for some
frequencies, to a complete cancellation of the ratchet current.
The theory developed shows that this resonant response is
caused by the Seebeck ratchet current resulting from the inho-
mogeneous heating due to the spatially modulated near-field
effect. Resonant absorption increases the heating and gives
rise to the resonant ratchet current.

Our results show that THz/GHz ratchet currents provide a
novel experimental approach to study 2D metamaterials and
fundamental properties of graphene layers. It is also worth
mentioning certain technological aspects that make the studies
of 2D metamaterials of this type more beneficial than 1D
structures implemented before. Most importantly, since both
patterned and global gates are placed beneath the graphene,
here one has a possibility to vary the asymmetry and metama-
terial structure by demand, to perform polarization-sensitive
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FIG. 7. Sample characteristics at T = 4.2 K as a function of patterned gate voltage for different back gate voltages, Vi, = {0, &5 V}: Panels
(a) and (b) show the two-point and four-point resistance R,, of sample #A, respectively, both measured along the height of triangles. Panel
(c) shows the charge carrier density 7., (d) the carriers’ mobility 4, and (e) the momentum relaxation time T,,.

detection, and to do current measurements along different
directions. By contrast, in 1D ratchets implementing two
asymmetric top gates structures, the radiation passes through
the metal grid, making the helicity-sensitive detection highly
problematic. We also see that in the 2D structures both com-
ponents of the asymmetry parameter can be varied in a broad
range, giving access to studies of the ratchet effect in novel
parametric regimes.
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APPENDIX A: TRANSPORT CHARACTERISTICS

We performed complementary electrical transport mea-
surements in order to characterize the samples. Figure 7 shows
the two-point [Fig. 7(a)] and four-point [Fig. 7(b)] resistance
R, of sample #A at B =0 as a function of the patterned
gate voltage V,, within a range used in the optical exper-
iments. We also measured the Hall resistance R,, at B =
0.2T (not shown) to calculate different sample properties. In
Fig. 7(c) the carrier density was determined as n. = B/(eR,,),
in Fig. 7(d) the mobility, given by u = [neep (B = 011,
and in Fig. 7(e) the momentum relaxation time, given by
7, = hu/mne/(voe), with e being the elementary charge,
vy = 10° m/s the Fermi velocity, and p,, = R, W/L the lon-
gitudinal resistivity, where W and L are the width and length
of the measurement channel, respectively.
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FIG. 8. Power dependence of the photovoltage measured in the
x-direction in sample #A for three different values of the magnetic
field, B = {0, £1.2 T}.

APPENDIX B: ADDITIONAL DATA OBTAINED
IN SAMPLE #A

Figure 8 shows the power dependence of the signal gener-
ated by the 0.69 THz radiation. The data shown were recorded
at B=0and B = £1.2T, zero back gate voltage, and V, =
0.6 V. It is seen that the photosignal scales linearly with the
radiation power, i.e., as a square of the radiation electric field
Ey, as expected for the linear ratchet effects; see Sec. IV.
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FIG. 9. Polarization dependence of the normalized photosignal
of Uy (a) and U, (b) obtained in sample #A at B = 0 T (green traces)
and B = —1.3 T (red traces).
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FIG. 10. Normalized photovoltage U, /P, measured along the ba-
sis of triangles in sample #A as a function of the magnetic field for
various back gate voltages. The azimuth angle o = 90°. The traces
are upshifted by 10 V/W for clarity.

Figure 9 shows the dependencies of the normalized pho-
tosignals U, /P [Fig. 9(a)] and U,/P; [Fig. 9(b)] along the
x- and y-direction, respectively. The patterned gate voltage
was V, = 0.6V, the back gate voltage V;, was set to zero,
and the radiation frequency was f = 0.69 THz. The obtained
photosignal is a linear combination of Stokes parameters,
see Eq. (5), which for B =0 has been studied in detail in
Refs. [18,19].

Figure 10 shows the photosignal U,/P; generated by the
0.69 THz radiation for several back gate voltages and fixed
Vo, = 0.6 V. Similar to Fig. 3(a), showing the corresponding
U, /P, signal, the radiation electric field E was parallel to the
x-axis, i.e., oriented along the Hall bar.

Figure 11 shows the CR-enhanced photosignal U, similar
to U, magnetoratchet in the perpendicular direction shown in
Fig. 4. Together with Fig. 10 it demonstrates that the nonreso-
nant and CR-induced resonant photocurrents were observed in
both x- and y-directions. However, the CR photocurrent was
more pronounced in the y-direction, therefore we focused our
presentation on the CR data obtained in the y-direction.

) CR.

\
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FIG. 11. Normalized photovoltage U, /P, measured perpendicu-
lar to the basis of triangles in sample #A as a function of the magnetic
field for V4, = 0 and V;, = 0.6 V. The azimuth angle o = 0.
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FIG. 12. Photovoltage U, /P, (red circles) measured in the x-direction and corresponding magnetotransport R,, (black circles). The low-
field data were taken from Fig. 2. Panels (a) and (b) were obtained at V, = 0.6 V, and panels (c) and (d) at V, = 0.4 V. The vertical lines
indicate even filling factors of Ry, counted from higher to lower magnetic fields; see numbers in circles. The shaded areas highlight the region
of the onset of quantum oscillations in the photovoltage. Solid lines are fits according to Eqs. (2) and (5) using the same parameters in the
upper and lower panels. They demonstrate that the slower decay of oscillations in the photovoltage can be well explained by the presence of

the enhancement factor o« B~2 in Eq. (5).

APPENDIX C: ANALYSIS OF QUANTUM OSCILLATIONS
IN MAGNETORESISTANCE AND PHOTOVOLTAGE

To support the discussion in Sec. V, in Fig. 12 we replot
the low-B data from Figs. 2(a) and 2(b) (circles) together
with the fits according to Eqgs. (2) and (5) (solid lines). In
the case of SAHO in R,,, Eq. (2), the only essential fitting
parameter is the quantum scattering time quantum 7, entering
8¢, Eq. (3), since all other parameters can be independently
determined from the period of oscillations and the value of
Ry at B = 0. The value of 7, = 0.1 ps fits the form of SAHO
in Ry, (lower panels) reasonably well, apart from the region
of higher B where the approximation of strongly overlapping
Landau levels becomes less accurate.

In the upper panels we use the same parameters to model
the magneto-oscillations of the ratchet current. According
to Eq. (5) and the discussion in Sec. V, these magneto-
oscillations contain an additional factor (2w ep/ hw,)* « B72
which should weaken the decay of oscillations towards low B
in comparison with the SAHO. Solid lines in the upper panels,
plotted according to U, = CB~25, with constant C, show that
the enhancement factor can indeed reproduce very well the
slower decay of magneto-oscillations in the ratchet current
seen in the experiment.

APPENDIX D: RESULTS OBTAINED IN SAMPLE #B

The red trace in Fig. 13 shows the photovoltage U, gener-
ated in sample #B by the 1.62 THz radiation at V, =2V and

Wog = 10 V. The resistance measured in the same conditions
is given by the black trace.
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FIG. 13. Photovoltage U, (red curve) measured along the height
of triangles in sample #B as a function of the magnetic field for
the azimuth angle o = 90°. The black curve is the corresponding
resistance.
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