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Optical magnetic lens: towards actively tunable terahertz
optics

It is shown analytically and numerically that 2D materials
immersed into a non-uniform, specially profiled magnetic
field can focus terahertz light. This finding opens the
door to novel magnetically-tunable 2D lenses for ultrafast
applications.
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As we read this text, our eyes dynamically adjust the focal length to keep the image in focus on the retina.
Similarly, in many optics applications the focal length must be dynamically tunable. In the quest for com-
pactness and tunability, flat lenses based on metasurfaces were introduced. However, their dynamic tun-
ability is still limited because their functionality mostly relies upon fixed geometry. In contrast, we put
forward an original concept of a tunable Optical Magnetic Lens (OML) that focuses photon beams using a
subwavelength-thin layer of a magneto-optical material in a hon-uniform magnetic field. We applied the
OML concept to a wide range of materials and found out that the effect of OML is present in a broad fre-
quency range from microwaves to visible light. For terahertz light, OML can allow 50% relative tunability of
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the focal length on the picosecond time scale, which is of practical interest for ultrafast shaping of elec-
tron beams in microscopy. The OML based on magneto-optical natural bulk and 2D materials may find
broad use in technologies such as 3D optical microscopy and acceleration of charged particle beams by
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The lens as a tool for focusing transmitted light has been
around for four thousand years." It imprints a proper phase
shift onto a light wavefront making the wavefront converging.
Conventional optical components (lenses, waveplates, prisms)
are optically thick,” and rely on their geometry to imprint
required phase shifts by means of the difference in refractive
indices. This approach faces a fundamental limitation: the
lack of transparent materials with a high contrast of indices of

made nanometre thin and comply with industrial lithography
fabrication.

One of the desired functionalities of both conventional and
planar lenses is the active tunability of focal length: think of
the eye. Nature’s solution realised in mammals’ eyes is to tune
the focal length by changing the curvature of the lens with the

refraction (a higher index of refraction implies lower transpar-
ency because of the Kramers-Kronig relations).

In contrast, a new field of planar or flat optics has been
thriving for the past decade. The concept consists in imprint-
ing abrupt, controlled phase shifts onto transmitted light by a
2D array of subwavelength-thin nanoresonators,
metasurface.”'® Thus, planar optical components can be
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Fig. 1 Focusing of a photon Gaussian beam with an electric field E by a
lens. Both the geometry and medium polarisation P of refractive lens (a)
govern the cumulative phase shift of the transmitted beam wavefront. In
the OML (b), the phase shift is solely due to non-uniform P, which
however depends on the transverse profile of the magnetic field B(F)
provided by the coil. Thus, in the OML the wavefront can be controlled
via E(F). Dashed lines show the envelopes of the focused photon beam
for different magnetic field curvatures and the blue arrow indicates the
change of the waist location.
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ciliary muscle and by employing a slight gradient of the index
of refraction."* A number of eye-inspired approaches and meta-
surface-based methods have been demonstrated using
mechanical or electric control.'>>* Meanwhile, active ultrafast
and wide tunability is still challenging.*?

At the same time, actively tunable lenses have been used
for around a century in electron microscopy to focus charged
particle beams by spatially non-uniform magnetic fields.
However, magnetic focusing does not apply to chargeless
photon beams. In this article, we put forward an original
concept of an Optical Magnetic Lens (OML) that focuses
photon beams using a subwavelength-thin layer of a magneto-
optical material immersed into a non-uniform magnetic field,
sec. I. We set forth the physics of the OML and exemplify its
performance in different frequency bands with bulk and 2D
materials, sec. II.

The OML features tunability of the focal length via changing
the strength or curvature of the magnetic field. Specifically,
the wavefront of an optical beam incident onto the OML
receives a phase shift according to the transverse distribution
of the magnetic field strength (Fig. 1). The effect is the most
profound in the vicinity of cyclotron resonance in the chosen
material, with a phase shift up to one rad, resulting in cm-
scale focal distances. An analysis of the practical realisation of
the OML shows that a quite simple experimental setup can be
used to test the OML concept, sec. III.

|. Brief theory

To illustrate our concept, let us examine the transformation of
a Gaussian optical beam by the OML. Consider a subwave-
length-thin, infinitely wide, flat layer of an isotropic medium,
supporting free charges. The layer is immersed into an axially
symmetric, static, non-uniform magnetic field B. The magnetic
field is normal to the layer and its strength varies quadratically
with distance in the medium [such as the field of a coil or
ring, see Fig. 1]. Let the origin of a Cartesian coordinate
system (x, y, z) be aligned with the extremum of the magnetic
field in the layer and the z-axis being normal to the layer. A
Gaussian optical beam is normally incident onto the layer with
the beam waist positioned in the layer: E = Eje*"*9")/%, Here,
E, and w, are the amplitude and waist, respectively. A sinusoi-
dal behaviour in time at frequency  is assumed.

We treat the layer as an anisotropic medium with its charge
carriers oscillating in the combined optical and static mag-
netic field. Solving the equations of motion for charge carriers
in the layer and relating the electric current to the electric
field, we find the tensor of dielectric permittivity [see ref. 25
and ESI (D)1]

1+€J_ *lﬂ 0
&= lﬂ 1+¢€; 0 (1)
0 0 €|

where ¢, differs from the convention by unity to shorten
coming derivations. The elements of this tensor are functions
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of r = \/x* + y? because the static magnetic field depends on r
as B = Byp(r), with B, being the field amplitude and p(r) the
radial profile. For field inhomogeneity small on the wavelength
scale, Ad(logp)/dr < 1, with 1 being the wavelength, the func-
tional form of ¢ remains unchanged [see ESI (D)f].

The electric field of the Gaussian beam propagating
through the layer in the positive z direction is governed by the
inhomogeneous paraxial wave equation®®

(AL +2ikd,)E = —Kk*(é — )E, (2)

where [ is the unit tensor, k = 2x/4 = w/c is the wave number, ¢
is the speed of light, A, and 9, are the transverse Laplacian
and the partial derivative along z, respectively. Thanks to the
rotational symmetry of the problem with respect to the z-axis,
left-handed (LH) and right-handed (RH) circularly polarised
waves are eigenmodes of the problem. In other words, LH and
RH waves are decoupled from each other and can be analysed
separately. Hereinafter, all results are derived and illustrated
for circularly polarised waves. We introduce LH, subscript +,
and RH, subscript —, circularly polarised waves as E. = E, + (E),.
Then, the paraxial wave equation splits and takes on the scalar
form

(AL +2ik0;)E+ = —k*(eL F P)E+. (3)

Outside the layer, the longitudinal field component E, can
be found from the Coulomb law V - E = 0.

The reflected Gaussian beam propagating in the negative z
direction is described by the same paraxial equation as (3)
with the only difference that the wavenumber k£ must be
replaced by —k. As usual in electrodynamics, the boundary
conditions consist in the continuity of the electric field E. and
its derivative with respect to the propagation coordinate z.

Since the layer is subwavelength thin, diffraction can be
safely disregarded and the mathematical problem becomes
essentially one-dimensional. The analytical solution for
reflected and transmitted waves is described in terms of reflec-
tion, R, and transmission, 7, Fresnel coefficients, respectively.
Namely, the electric field of the transmitted optical beam
reads as E;. = TE, ye""/*’. For normal incidence, the Fresnel
coefficients take on a simple and well known form?®”

1 —a+

Ti: Rt:

ind
’ Ay = ——
1+ay *

1+(li’ - A

(e F5), (4
under the assumption that |a.|<1. General formulas for arbi-
trary incidence angles can be found, for example, in ref. 28.
The important result is that the Fresnel coefficients locally
depend on the transverse coordinate via the non-uniform mag-
netic field.

For a 2D material with conductivity o., the parameter a. is
simply the normalised conductivity: a. = (27/c)o.. Furthermore,
for a 2D material the coefficients 7+ and R4 in eqn (4) are
exact for any value of a.. Note that it is common to describe
2D materials by a conductivity tensor but we choose to use the
permittivity tensor to unify the notations for 2D materials and
thin layers of bulk materials.

Nanoscale, 2021,13,108-116 | 109
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The Fresnel coefficients in eqn (4) depend on a local
static magnetic field, R4 [B(r)], 7 +[B(r)], thus setting the
spatial phase profile of the reflected and transmitted electro-
magnetic fields of the beam. The inhomogeneous phase shift
¢, = arg{7 4 [B(r)]} in eqn (4) impacts the shape of the trans-
mitted wavefront. In particular, a quadratic profile of the mag-
netic field

p(r):l-‘ri T« (5)

RZ2'R.
with R, being the radius of curvature, gives the focusing effect.
To see the focusing explicitly, we compare the phase shift of
the OML to that of a conventional lens, 6¢ = k*/(2f), where fis
the focal length. To simplify ¢., we Taylor expand it with
respect to (r/R.) as

72

R2’

1 "
P+ =¢+lr0 T3¢ +lr=o (6)
with ¢". being the second derivative of ¢,. Similarly to ¢, the
inhomogeneous phase shift of the OML scales quadratically
with 7 [second term in eqn (6)], thus clearly indicating a focus-
ing effect. By comparing the expanded ¢. with é¢, we find the
focal length of the tunable flat OML for LH and RH circularly
polarised waves
kR.?

Jr=—1. (7)
P +

Image formation by the lens is well known in optics and
discussed in ESI (B)f for completeness.

Examine the contents of results (4) and (7). First, the homo-
geneous part of the phase shift ¢, leads to the Faraday rotation
of linearly polarised light. Second, within the layer, the left
and right circularly polarised components of the electric field
experience different effective permittivities a., and the focal
length (7) contains different signs. Thus, the polarisation com-
ponents have different focal lengths. Third, a comparison with
full-wave simulations showed that the solution (7) is accurate
under a constraint of w, < 2R., more relaxed than the one in
eqn (5). Fourth, the reflectivity of the layer can be high and
thus allows for OML operation in reflecting telescope or mirror
geometry.

To obtain an explicit expression for f, as a function of para-
meters of the film, let us proceed to the elements of the tensor
& eqn (1). The charges oscillate around the applied magnetic
field with a frequency w¢(r) = woMp(r). Here, wy = gBy/mec is
the reference (on-axis) cyclotron frequency with m. being the
electron mass, M = m./m* is the mass reduction ratio, g and
m* are the charge and effective mass of the particle, respect-
ively. In fact, the elements of the tensor ¢ correspond to a mag-
netised plasma (Drude model)***! and read

—Alw —i/7) wc(r)e
a)[(a)—l’/r)z—a)cz(r)] (0 —1i/7)’

where A is a material-specific constant [s~>] and 7 is the relax-
ation time. Particular cases with more familiar expressions for

B= (8)

£ =
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€, and f can be found in ESI (A).T Following eqn (4), we obtain
a simple expression for the focal length for LH and RH circu-
larly polarised waves transmitted through a layer of thickness
d as

_ RLZ o [(@F Mw)* + (1/2)*)
Ad May (0 F Map)® — (1/2)*

S+ 9)

This simple result allows one to calculate the focal length
of the OML for different materials as illustrated below. Due to
the term (@ F Mam,)” in the denominator in eqn (9), f, has a
resonant behaviour for one of the polarisations of the optical
beam for a given magnetic field orientation. Specifically, for a
longitudinal magnetic field oriented along the positive direc-
tion of the z-axis, the cyclotron resonance, o ~ Mawmy, occurs
for the LH circularly polarised optical beam E.. In general, at
the resonance eqn (9) simplifies to fy ~ FR.?/(Adz?).

[I. Examples of materials

Consider potential practical realisations of the OML for
different frequency bands.

Materials suitable for magnetic focusing in the microwave
range are magnetic dielectrics, or ferrites, such as Yttrium Iron
Garnet (YIG). Instead of charge carriers, there are unpaired
spins precessing in the applied magnetic field. The functional
form of & eqn (1), and its components remain unchanged.
Hence, the result in eqn (9) can be applied directly to ferrites,
where w, should be understood as the Larmor frequency [see
ESI (A)}].** Practical results for the OML in the microwave
region are presented in Table 1. A focal length of tens of centi-
meters is feasible. Ferrite-coated mirrors can potentially be
used for tunable focusing of quasi-optical microwave beams in
fusion experiments, e.g. for plasma probing or electron-cyclo-
tron-resonance heaters.***

To operate above microwaves, we need a material with a
high mass reduction factor M, M > 1. Doped graphene is an
outstanding candidate for a higher-frequency OML. We use
the semiclassical model to describe doped graphene in mag-
netic fields.*® This model accounts only for intraband tran-
sitions, but is valid in a broad range covering the terahertz and
mid-infrared bands under the condition Aw < 3|u.|.>> Here, u.
is the chemical potential and 7 is the reduced Planck constant.

Table 1 Examples of materials for optical magnetic lens in transmission
mode (T) at normal incidence ¢; = 0 and in reflection mode (R) at ¢; =
20°. For InSb, THz phonon resonances must be avoided

Graphene Graphene InSb  InSb  YIG
Parameter (1) (R) (7 (R) (7)
Light frequency w/2n 1 THz 1 THz 3THz 2THz 50GHz
Relaxation time 7 0.5 ps 1ps 3 ps 3 ps ~0.1 ps
Efficiency (|T| or |R|?) 32% 55% 27%  66%  72%
On-axis field B, 02T 02T 21T 17T 18T
Field curvature R. 0.32 cm 0.3 cm 1.5cm 1.5cm 70 cm
Film thickness d Monolayer Monolayer 0.6 pm 3 pm 0.1 pm
Focal length f 8 cm 40 cm 16cm 40cm 51 cm

This journal is © The Royal Society of Chemistry 2021
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To use eqn (9) directly for a graphene sheet with a conduc-
tivity 6, we approximate graphene by a layer with a finite thick-
ness d and introduce an effective dielectric permittivity tensor
&eir = (4milwd)6.”” Then, the elements of &.¢ assume the form
given by eqn (8). As it should be for a 2D material, the depen-
dence on d in f. cancels out. For doped graphene, M is
meVi’l|uc|. We see that graphene poses an intriguing possi-
bility of increasing the mass reduction factor M by increasing
the Fermi velocity vy and operating with a small chemical
potential y.. From the practical point of view this implies that
the cyclotron resonance can be reached for lower magnetic
fields for the same THz frequency. Recent experiments in the
THz and IR regions show that the Fermi velocity can be engin-
eered by placing graphene on a suitable dielectric substrate.*®”
Assuming a chemical potential y. = 0.19 eV and Fermi velocity Ve
=2.510° m s, we estimate M ~ 187 and A~ 1.2 x 108572,
The remaining parameters are listed in the Table 1.

Let us take a closer look at the optical response of a gra-
phene layer in a uniform magnetic field. First, we recall that for
a longitudinal magnetic field oriented along the positive
z-axis, the LH circularly polarised optical beam E. exhibits a
cyclotron resonance, see eqn (9). This is illustrated in Fig. 2,
which shows a clear resonant behaviour of the transmitivity,
reflectivity and phase shifts at the cyclotron resonance of 0.2 T.
The distributions in the figure remain exactly the same for the
RH circular polarisation for a reversed direction of the mag-
netic field due to the problem symmetry. The maximum of the
derivative of the phase shift with respect to the magnetic field,
de/dB,, suggests an operating point of the OML in a non-
uniform magnetic field. Namely, for B, ~ 0.2 T, d¢/dB, is

View Article Online
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maximal, and the graphene OML would attain the minimal
value of f; in a non-uniform field, given that other parameters
are fixed. One should keep in mind that the OML focusing
effect is dictated by the form of the spatial distribution of the
magnetic field whereas the cyclotron resonance can only
enhance the focusing effect but does not change its nature.
The inverse relaxation time of graphene, 1/7, plays the role of
the resonance bandwidth: larger values of 7 (high-purity gra-
phene) provide a sharper resonance and thus a larger phase
shift (on the order of one radian). At the same time, the OML
appears tolerant to smaller 7 values so that the graphene OML
does not require high-quality graphene flakes for its reason-
able performance.

For practical applications, the cyclotron frequency for gra-
phene can be written in the engineering form as

Ve2(ms™) By(T)

M) = e Thel(ev)

(10)

The behaviour of v vs. By and |u.| for a representative set of
parameters is shown graphically in Fig. 3.

For the resonant LH circular polarisation of the optical
beam incident onto graphene OML, we calculate a focal length
of some cm with a wide adjustment range given by the field
amplitude B,, Fig. 4b. Additional active adjustment of the
focal length can be done by varying the chemical potential 4.,
Fig. 4a. Furthermore, f; can be tuned by adjusting the curva-
ture of the magnetic field, for example, by using a combination
of a permanent ring magnet and a tunable current coil. Thus,
the OML can bring vast tunability into existing THz optics.
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d/T
(ruad/ )'r=0.2 ps
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0.4

0.2

Fig. 2 Transmission, reflection, phase shift and derivative dgp/dBy of an LH circularly polarised optical beam calculated via Fresnel coefficients (4)
for a graphene layer w.r.t. applied magnetic field B, (uniform). The chemical potential is 0.19 eV.
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Fig. 3 Cyclotron frequency of graphene vs. the magnetic field and
chemical potential. The shaded region is beyond the semiclassical
approximation of the graphene conductivity used in the present model
of OML.
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Fig. 4 (a) Focal length of graphene OML vs. chemical potential for
different values of the magnetic field strength. (b) Focal length of gra-
phene OML vs. applied magnetic field. (c) Focal length of a conventional
lens combined with graphene OML vs. applied magnetic field. Here, 7 =
0.5 ps, Rc = 3.2 mm, A = 300 pm.

We note that only one circular polarisation component
undergoes resonant focusing by the OML [w ~ Muw,, see
eqn (9) and ESI (A)f], while the other circular polarisation
component is barely affected. Unlike other materials con-
sidered in this article, graphene exhibits a striking difference
between LH and RH circular polarisations. Hence, such
a lens allows for selective focusing by choosing the
direction of the external magnetic field. This effect can be
potentially used for polarisation-sensitive detection of THz
light.

The OML can also be used in combination with convention-
al lenses, substantially improving the performance of the
latter. As an example, Fig. 4c shows 50% relative tunability of a
conventional lens, having a fixed focal length f of 10 cm, deco-
rated with the graphene OML. The focal distance of the com-
bined lens can be tuned from around 5 to 12 cm as the mag-

M2 | Nanoscale, 2021,13,108-116
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netic field goes through the cyclotron resonance at 0.1 T. For
negative (non-resonant) values of the magnetic field, the OML
tuning effect is negligible.

To visualise the effect of the OML as well as to cross-check
our analytical results, we run full-wave simulations for the par-
ticular example of graphene OML. We use commercial software
COMSOL Multiphysics. Thanks to the azimuthal symmetry of
the problem, the model can be built in 2D to reduce required
computation power. The incident Gaussian beam (background
field) is defined analytically and the graphene layer is rep-
resented as a surface current density given by a 2D conduc-
tivity tensor.””?"** The non-uniform magnetic field is
included analytically via the components of the conductivity
tensor.® The final field distribution is calculated as the field
scattered by the graphene layer.

The focusing effect is clearly seen in Fig. 5. If no magnetic
field is applied (lens is “off”), the Gaussian beam diverges in
the region to the right from the graphene OML (top plot). In
contrast, a new waist of the beam appears (bottom plot), when
a profiled magnetic field is applied (lens is “on”). The focal
lengths calculated analytically, 6.5 cm, and numerically,
6.4 cm, match very well, thus validating our analytical
approach, eqn (1)-(9). The simulated transmission efficiency
defined as the ratio of the transmitted power to the incident
one is 42%.

In Fig. 5, for having a sharper image and clearer visual illus-
tration, we partly compensated for lens aberrations by adding
a term —0.87°/R.° to the magnetic field profile p(r). In the simu-
lation, 7 = 0.5 ps, g = 0.1 eV, By = 0.09 T, R. = 1.2w,, Wy = 64
with 4 = 300 pm.

Semiconductors and their heterostructures are another impor-
tant example of materials for the OML. The sophisticated
underlying mechanism of charge transport significantly
reduces the effective mass of electrons,*®*° which can increase
OML operating frequencies. The highest value of M ~ 50 in
this class of materials is achieved for indium antimonide
(InSb).*® Assuming parameters tabulated in ref. 41, we calcu-
late A =9.26 x 10*®s72> and the focal length of about 16 cm
(see Table 1). Compared to graphene, tunability in InSb is
limited to magnetic field only. Also, InSb exhibits phonon
modes in the same frequency range suppressing resonant
focusing at phonon frequencies.

Lens off

Lens on New waist location

«

Fig. 5 Top plot: Normalised field distribution of the optical beam trans-
mitted through the graphene OML without a non-uniform magnetic
field (OML “off"). Bottom plot: Normalised field distribution with the
OML “on".

This journal is © The Royal Society of Chemistry 2021
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We also anticipate a possibility to use an array of ferro-
magnetic nanoresonators (e.g. TbCo****) for the OML at
optical frequencies. Operating conditions are similar to those
for ferrites discussed above. The focusing effect is weaker
than in the THz range (the inhomogeneous phase shift is on
the order of 10 mrad for B, ~ 1 T), but allows for fine-tuning
of the focal length if the array is deposited on the surface of a
plano-convex lens, similar to the example with graphene in
Fig. 4c.

From a different perspective, the OML effect may impact
propagation of electromagnetic waves in space similarly to a
gravitational lens. Namely, a wavefront transformation may
occur in cosmic plasma exposed to non-uniform magnetic
fields generated by different massive astrophysical objects,
thus affecting divergence of light from a remote source [see
ESI (A)].

Let us describe a possible experimental setup for focusing THz
light with a graphene-based lens. Reduced to its essentials, the
setup can consist of just four key components: (1) the lens
itself: a transparent substrate decorated with large-scale doped
graphene fabricated with chemical vapour deposition;** (2) a
THz source based on optical rectification from, e.g., a zinc tell-
uride crystal®® to generate an optical beam with a spectrum
peaking at 1 THz; (3) a simple ring magnet to set the shape
and focal length of the optical beam; (4) a THz beam imager
based, for instance, on electro-optical sampling”® or an array
of microbolometers.*® In practice, it is advantageous to place
an additional thin current coil next to the ring magnet for fine
tuning of the magnetic field curvature.

Note that the phase shift of the transmitted light ¢. given
by the Fresnel coefficient (4) is a complex function of B and
hence a complex function of r. Hence, in the regime of strong
focusing (large non-uniformity of the magnetic field) the

Experimental considerations
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optical quality of the proposed OML suffers from spherical
aberrations if a simple quadratic profile of the magnetic field
is applied. To correct for the aberrations, the transverse profile
of the magnetic field must have not only a quadratic com-
ponent (*), but also a component depending on 7°. For
instance, in the simulation in Fig. 5 the optimal transverse
profile of B is (1 + */R.> — 0.8/°/R.°). This profile can be
realised in practice by properly choosing the longitudinal posi-
tion of the graphene layer with respect to the ring magnet
plane.

In Fig. 6, we show the magnetic field distribution for a
typical commercial ring magnet. The transverse distribution of
the longitudinal component of the magnetic field, Fig. 6b,
changes with the longitudinal position. For certain longitudi-
nal positions, close to the centre of the ring magnet, the mag-
netic field profile results in aberration-corrected focusing with
the OML. In addition, a current coil can be used for fine
tuning of the magnetic field profile.

For typical OML operation the radius of curvature of the
magnetic field must be larger than the THz beam waist, R. ~
(1.2-1.3)w. At the same time, for a ring magnet R. is often
smaller than the physical radius of the ring R, see Fig. 6.
Hence, nearly 100% transmission of the THz beam through
the aperture of the ring is possible since R ~ 1.5w. The typical
numerical aperture is 0.1.

Thus, we have four different knobs in the OML magnet
design to compensate for spatial aberrations: (i) the graphene
layer position w.r.t. the ring magnet, (ii) the separation
between the ring magnet and the current coil, (iii) the coil
radius and (iv) the number of windings.

IV. Discussion

At THz frequencies, the response time of the graphene-based
OML can potentially be as short as a few picoseconds. Though
the physical mechanism of the phase shift induced in the

r (mm)

0.5 1.012 ————
0 z=0mm, —Ifit C —I=-2A
O z=2.3 mm, —fit 101H—I=0A
0.45 z = 3.4 mm, —fit I =2\A
1.008
|
~; 1.006
Q
1.004
1.002
1
0 1 2 3 4

7 (mm)

Fig. 6 Simulated spatial distribution of the magnetic field of a commercially available neodymium ring magnet. (a) Magnetic flux density (norm) dis-
tribution. A coil for correction is indicated as an example; (b) the relevant z-component of the magnetic field at different positions along z, fitted
with 6th-order polynomials; the corresponding field curvatures R. are 14.2, 15.7 and 18.8 mm, respectively; (c) field curvature profiles p(r) = B,/Bo
for different current values in the example correction coil, the OML is at z = 4.5 mm. The +2-A range corresponds to 40% relative dynamic tunability

of the focal length (with relative detuning of the resonant frequency 0.4%).
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OML is resonant and relies on cyclotron resonance, the relax-
ation time is typically less than a picosecond. That allows for
ultrafast tuning. In practice, the response time will be limited
by technical auxiliaries such as the response time of an electro-
magnetic coil used to create the required magnetic field
profile. However, there is a promising solution for tuning the
graphene-based OML on the picosecond time scale: to use
quasi-half-cycle THz pulses**” to additionally control the
chemical potential, see Fig. 4a, and correspondingly adjust the
focal length.

In contrast to sinusoidal electromagnetic pulses, quasi-half-
cycle pulses maintain their electric field oriented in the prefer-
ential direction. Hence, the effect of such pulses on the gra-
phene layer can be thought of as an instantaneous DC voltage.
A permanent magnet can be used to preset a desired focal
length of the OML and the electric field of an additional
quasi-half-cycle THz pulse will modify the chemical potential
on the picosecond time scale thus adjusting the focal length.

Compared to other tunable metalenses discussed in the lit-
erature, the OML offers (i) wide tunability of the operating fre-
quency by one order of magnitude, see Fig. 3; (ii) 50% relative
tunability of the focal length, see Fig. 4; (iii) the operating
bandwidth of around 1 THz, see Fig. 2 and the discussion
therein; and (iv) the transmission efficiency of 40%, see Fig. 5.
To contrast our OML with other tunable metalenses, below we
give a brief overview of the present state-of-the-art of the field.
The existing designs of tunable metalens can broadly be
divided into several classes. We consider representative
examples from different classes irrespective of the frequency
band since many designs can be extended to a longer wave-
length regime.

In the class of electro-mechanically tunable lenses,
mechanically stretchable substrates are used in the lens
design. For instance, an infrared metalens on a dielectric elas-
tomer actuator'® has a 100% relative tunability of the focal
length. The reported response time is about 30 ms. In the
near-infrared range, 130% focal length tuning is shown'® with
the response time similar to the above. In the microwave
range, an inverse-designed stretchable metalens®® allows for
75% relative tunability and about 70% transmission. In
addition, Zhu et al.*® demonstrate a tunable microwave lens
based on an array of cavities that can be filled with liquid
metal using microfluidic technology and pneumatic valves.
The lens shows an efficiency of 10% with a focal tunability of
around 50%.

Many results are reported in the class of metalens based on
phase-change materials.>®™>* Tunability of the focal length of
around 10-15% is typically reported with a focusing efficiency
of 20%. However, the transmitted intensity usually changes
dramatically as the focal length is tuned. In the case of a heat-
induced phase change, the metalens response time of
2 minutes is reported.>

For tunable metalenses based on electrical control of the
chemical potential of graphene,>™” the focal length tunability
of 10-20% is reported with efficiencies of 20-40%. The
response time of such lenses is limited only by the switching

16,18,48
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time of a power supply, which can be on a microsecond scale.
At the same time, for this class of lenses the operating fre-
quency tunability is limited to some per cents as the operating
frequency is set by the lens predefined geometry.

From the brief overview of the field, one can clearly see that
the OML offers some advantages in terms of broad tunability
of the focal length and operating frequency, wide operating
bandwidth and high focusing efficiency. A very fast intrinsic
response time of the OML is another intriguing feature inter-
esting for ultrafast applications.

In summary, we introduced a concept of the magnetically
tunable flat lens. It takes advantage of the resonant mag-
netic-field-dependent phase shift and features tunability by
means of magnetic field control. We applied our model to a
wide range of materials (semiconductors, graphene, ferrites
and nanoparticle arrays), and found out that, with varying
efficiency, the OML can be realised in a broad frequency
range from microwaves to visible light. Moreover, using
other magnetic field profiles, our OML can be reconfigured
to operate as another optical component, e.g. as a beam
deflector with a linear field profile or a grating with periodic
field profile. We anticipate that the OML, based on available
magneto-optical bulk and 2D materials, can find wide use
in many optoelectronic technologies in a broad spectral
range.
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