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ABSTRACT

We demonstrate a non-contact optical magnetic field sensor that is based on actuation of a metamaterial-microcavity by the magnetic Lorentz
force. Magnetic field is transduced to a change of the sensor’s reflectivity. The microscale proof-of-concept metamaterial magnetometer can
be read from a distance and offers 60 μm spatial, about 10 μs temporal, and sub-microtesla magnetic field resolution.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0081849

I. INTRODUCTION
plants1

animals2

While some
and
evolved the ability to sense
the magnetic field, manmade magnetite compasses3 have been used
for fortune-telling and geomancy in China at least since the Han
dynasty more than 2000 years ago. At the present time, magnetic
fields are used in electrical motors and generators, in data storage computer disks, to control nuclear fusion reactors and particle
accelerators, in medical scanning techniques, and in many other
applications. Detection of magnetic fields is important for finding
minerals, navigation, reading data from magnetic disks, bank note
security, and medical and brain function imaging.4–9 Despite the
development of a large range of magnetometers,4,10,11 small magnetic field sensors combining high spatial and temporal resolution at
room temperature with non-contact readout remained a challenge.
Conventional magnetometers based on induction, fluxgates, magnetoresistance, magnetoimpedance, nuclear magnetic resonance, and
the Hall effect or SQUIDs rely on wired electrical readout and
have resolution/temperature limitations. In contrast, optical sensors have the advantage that they can be read from a distance,
enabling non-contact measurements and use in harsh environments.
However, fiberized12,13 and optical fiber magnetometers14–18 (based
on the Lorentz force,12 Faraday effect,14,15 magnetic fluids,16–18
Fabry–Pérot cavities,17,18 and vapor cells13 ) rely on the fiber
connection for readout. Non-contact optical magnetic resonance
detection based on nitrogen-vacancy centers in diamond can achieve
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sub-micron spatial resolution and high sensitivity, but the
simultaneous need for light, microwaves, and an external magnetic
field prevents microscale integration.19,20 Similarly, all-optical
atomic magnetometers cannot be miniaturized to microscale
dimensions,13,21 and mm-scale micromachined magnetic field sensors relying on laser beam deflection for readout require large
optical systems.22–24 Reconfigurable photonic metamaterials25 with
optical properties controlled by electromagnetic forces provide an
opportunity to develop small optical sensors that are read based
on a change of the optical properties of the sensing element itself.
Here, we report the proof-of-principle demonstration of an optical magnetic field sensor based on the Lorentz force actuation of
a metamaterial microcavity. The magnetic field is transduced to a
change of the structure’s reflectivity, and the sensing characteristics may be engineered by the metamaterial design. Such sensors
of microscale dimensions offer 10s of micrometer spatial, about
10 μs temporal, and sub-microtesla magnetic field resolution as
well as non-contact optical readout. Novel aspects of this work
include the demonstration of a metamaterial magnetometer, use of
metamaterial-microcavity actuation for sensing, and realization of
a microscale Fabry–Pérot magnetic field sensor with non-contact
readout.
This paper is organized as follows: Section II introduces the
operating principle of the magnetic field sensor along with key
mechanical and thermal design considerations. Section III reports
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on the experimental proof-of-principle demonstration of a sensor
device.

II. CONCEPT AND THEORY
The sensor consists of a magnetically actuated microcavity
formed by a static mirror and a metamaterial [Fig. 1(a)]. The
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metamaterial is supported by a flexible beam actuator of nanoscale
thickness and length L, which is displaced by the Lorentz force,
F L = LI × B, acting on an electrical current I flowing along the beam
in the presence of a magnetic field B. Such displacement changes
the cavity length (referred to as gap g) and, thus, the reflectivity of
the device. The sensor’s reflectivity is determined by multiple reflections of incident light within the cavity, which, depending on the
cavity gap, may yield destructive or constructive interference on the

FIG. 1. Nanomechanical optical magnetic field sensing. (a) Schematic of the sensor consisting of a Fabry–Pérot microcavity formed by a static mirror and a metamaterial
on an elastic beam of length L that carries a current I. (b) The Lorentz force F L = LI × B acting on the current in the presence of magnetic field B displaces the beam by a
distance D, changing the cavity gap g. This causes a magnetic-field-dependent change in light absorption in the metamaterial, which can be read by detecting the intensity
of reflected light.

FIG. 2. The sensor and its optical properties. (a) Dimensions of the microcavity consisting of a static mirror and a metamaterial supported by an elastic beam. The inset
shows the metamaterial’s unit cell. (b) SEM images of the fabricated metamaterial (top) and the supporting elastic beam (bottom). (c) Measured reflectivity spectra of the
sensor cavity for x- and y-polarized illumination without current or magnetic field.
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metamaterial, resulting in weak or strong absorption,26 respectively
[Fig. 1(b)].
The metamaterial controls how the reflectivity of the sensor
depends on the size of the cavity gap. This provides an opportunity to optimize responsivity, dynamic range, and linearity of the
sensor by metamaterial design, allowing different sensing characteristics for different optical readout wavelengths and polarizations.27,28
For example, low-loss non-resonant (high-loss resonant) metamaterial properties will yield narrow (wide) Fabry–Pérot resonances
that result in large reflectivity changes over a small (large) range
of displacements, i.e., high (low) responsivity over a small (large)
dynamic range. Figure 2 shows the geometry and measured optical
properties of a sensor that has been optimized for a quasi-linear sensor response in the near-infrared. The dependence of the reflectivity
of a Fabry–Pérot cavity consisting of a metamaterial and a mirror
on the cavity gap and the metamaterial’s transmission and reflection coefficients has been derived in Ref. 27 in general. The resonant
characteristics of such a cavity involving a metamaterial that is a
split ring aperture array (as considered here) were studied in Ref.
28, and the resonances of such metamaterials as a function of split
ring aperture geometry were investigated in Ref. 29.
For the design of the beam that supports the metamaterial, it is
important to consider that the displacement of the beam is driven
by the magnetic Lorentz force (desirable) but also by thermal actuation associated with resistive heating of the current-carrying beam
(undesirable).30,31 The magnetic displacement DB is proportional to
the Lorentz force and inversely proportional to the spring constant
of the beam, which may be described by the Euler–Bernoulli beam
theory;32,33 therefore,
DB ∼ L4 W −1 H −3 I × B,

(1)

where W and H are the width and the thickness (height) of the
beam. Considering bending of a bilayer due to resistive heating balanced by conductive cooling,34 the thermal displacement DT scales
according to
DT ∼ L4 W −2 H −3 I 2 ρrΔα,

(2)

where ρ and r are the effective electrical and thermal resistivities and
Δα is the difference between the thermal expansion coefficients of
the layers. For the proof-of-principle demonstration of the sensor,
we choose gold—due to its low electrical and thermal resistivity, and
chemical stability—supported by silicon nitride due to easy availability in the form of membranes of nanoscale thickness. For a
given choice of materials, it follows that the ratio of magnetic to
thermal displacement is proportional to W/I, i.e., thermal effects
will be suppressed in sensors that have a wide beam and operate
at low current. That low-current operation is desirable can be easily understood by considering that electrical power dissipation, i.e.,
heating, is quadratically dependent on current, while the Lorentz
force depends linearly on current, implying that the latter dominates
at low currents. That wide beams are desirable can be understood by
considering that magnetic displacement is inversely proportional to
the beam’s width (as its spring constant is proportional to W), while
thermal displacement is inversely proportional to the square of the
width (due to both lower electrical and thermal resistance of wider
beams). While wide beams and low currents suppress thermal displacement more strongly than magnetic actuation, the latter is also
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suppressed. Therefore, it is important to choose the length and thickness of the beam in a way that achieves large beam displacements
at small magnetic fields. As the beam displacement is proportional
to L4 H −3 , this implies that the beam should be as long and thin as
reasonably achievable. Taking mechanical stability into account, we
have chosen L = 250 μm, W = 60 μm, and H = 100 nm [Fig. 2(a)].
III. NANOMECHANICAL METAMATERIAL OPTICAL
MAGNETIC FIELD SENSOR
The metamaterial and its supporting beam were fabricated by
thermal evaporation of gold (50 nm) on a 250 × 250 μm2 silicon
nitride membrane (50 nm), followed by focused ion beam milling
of the beam actuator, metamaterial, and electrical insulation, which
cuts through the gold film to create separate electrical terminals at
either beam end [Fig. 2(b)]. Strips of the photoresist spacer were
fabricated on a metallic mirror by standard photolithography to prevent physical contact between the mirror and metamaterial, and
the cavity was assembled. Reflectivity spectra of the metamaterial
microcavity [Fig. 2(c)] reveal a series of Fabry–Pérot resonances in
the near-infrared part of the spectrum, with spectral positions that
indicate a cavity gap of 3.9 μm.
In the interest of a concise presentation, we will characterize
the sensor with y-polarized incident light in this paper. Its properties
for illumination with x-polarized light are qualitatively similar and
shown in the supplementary material (Figs. S1 and S2).
To demonstrate optical magnetic field sensing, we studied the
dependence of the sensor’s reflectivity spectrum R (λ, I, B) on the
electrical current I and magnetic field B. It is convenient to consider
the relative reflectivity change,
Δ(λ, I, B) = [R(λ, I, B) − R0 (λ)]/R0 (λ),

(3)

that results from the application of an electrical current along the
beam actuator, where R0 (λ) is the reflectivity spectrum without
the applied current. The spectral dependence of the sensor’s reflectivity was measured with a microspectrophotometer. It depends
strongly on both the current and magnetic field (Fig. 3). Without
the magnetic field, currents of opposite sign yield the same reflectivity change [Fig. 3(a)], as expected according to Eq. (2) for the
thermal displacement of the metamaterial that controls the cavity
gap and thus the optical properties of the device. The reflectivity
becomes dependent on the current direction in the presence of a
magnetic field [Fig. 3(d)] due to competing thermal and magnetic
displacement of the metamaterial according to Eqs. (1) and (2).
Both contributions may be separated by exploiting that the thermal displacement does not depend on the current direction, but
the magnetic displacement does. Therefore, the thermal reflectivity change is given by the average reflectivity change for opposite
current directions,
ΔT (λ, I, B) = [Δ(λ, I, B) + Δ(λ, −I, B)]/2,

(4)

while the magnetic reflectivity change is given by the difference
ΔB (λ, I, B) = [Δ(λ, I, B) − Δ(λ, −I, B)]/2.

(5)

As should be expected, we observe the same thermal reflectivity
change without [Fig. 3(b)] and with [Fig. 3(e)] the magnetic field.
The observed thermal reflectivity change is proportional to the
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FIG. 3. Thermal and magnetic contributions to changes of the sensor’s reflectivity. (a) and (d) Measured changes Δ of the reflectivity spectrum due to the application of
electrical current to the sensor are separated into (b) and (e) thermal contributions ΔT that do not depend on the current direction and (d) and (f) magnetic contributions ΔB
that change sign for opposite current directions. Measurements (a)–(c) without and (d)–(f) with the magnetic field are presented and insets show results at the wavelength
of 1388 nm. Results are shown for y-polarized illumination here and for x-polarized illumination in Fig. S1.

square of the applied current, i.e., it is proportional to the electrical power dissipated in the device [Eq. (2)]. With a resistance of
110 Ω, the sensor dissipates 11 mW when operated at 10 mA,
resulting in thermal reflectivity changes of up to 6%. A magnetic
reflectivity change is only observed in the presence of a magnetic
field and depends linearly on the applied current [compare Figs. 3(c)
and 3(f); see Eq. (1)]. At the same current and for 165 mT magnetic field, we observe magnetic reflectivity changes of up to 14%.
While thermal and magnetic contributions to reflectivity changes of
the sensor can be effectively separated using this approach, we note
that the thermal contribution can also be suppressed relative to the
magnetic one by operating the sensor at low currents. The largest
reflectivity changes are observed at a wavelength of 1388 nm, which
is slightly detuned from the sensor’s 1410 nm resonance [Fig. 2(c)].
Near 1388 nm wavelength, the reflectivity spectrum is highly dispersive and thus a small shift of the resonance (due to thermal or
magnetic actuation) yields a large reflectivity change. The characteristics of the Fabry–Pérot resonances are controlled by the gap and
the optical properties of the metamaterial.28
Figure 4 illustrates the dependence of the magnetic reflectivity change ΔB on the magnetic field. ΔB is proportional to both the
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current and magnetic field, as may be expected from metamaterial
displacement driven by the magnetic Lorentz force. The observed
magnetic reflectivity change per unit of current and magnetic field is
ΔB /(IB) = 8000%/(AT) at 1388 nm wavelength [Fig. 4(b)]. Notably,
the dynamic range of the sensor can be flexibly adjusted by changing the applied current, where lower current increases the dynamic
range at the cost of reduced responsivity (ΔB /B). Considering that
the sensor is still in its linear regime (where ΔB ∼ BI) at 165 mT and
10 mA, it should allow measurements of at least 1.65 T (10× larger)
at 1 mA (10× smaller). Indeed, while the Lorentz force F L , magnetic displacement DB [Eq. (1)], and magnetic reflectivity change ΔB
should be the same for both cases, the unwanted thermal displacement DT [Eq. (2)] and the associated thermal reflectivity change ΔT
[Figs. 3(b) and 3(e)] should be 100× weaker at 1 mA.
In the static regime, a reliable detection of 0.1% reflectivity
changes with a stable laser and photodetector translates to about
1 mT accuracy at 10 mA. This can be enhanced by resonant sensor
operation with a sinusoidally oscillating current at the beam’s fundamental mechanical resonance at f0 = 234 kHz and lock-in detection
of the resulting reflectivity modulation (Fig. 5). The mechanical resonance provides resonantly enhanced beam displacement (and thus
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FIG. 4. Magnetic field sensing. (a) Measured spectral dependence of the magnetic reflectivity change ΔB for different magnetic fields at a current of 10 mA. (b) Magnetic
reflectivity changes as a function of magnetic field for different currents at a wavelength of 1388 nm. Results are shown for y-polarized illumination here and for x-polarized
illumination in Fig. S2.

reflectivity modulation), while detection locked to the oscillation
frequency f improves the reflectivity modulation detection sensitivity. Such detection rejects any thermal effect, as the magnetic field
yields resonantly enhanced reflectivity modulation at the detected
frequency f , while resistive heating yields non-resonant modulation at 2f . Indeed, thermal modulation is further suppressed by the
high modulation frequency, which does not allow the metamaterial beam to cool in between heating cycles—the conductive cooling
timescale of ∼100 μs is around 50 times longer than the heating cycle
of ∼2 μs for resonant sensor operation. At the closest available laser
wavelength of 1360 nm, we observe a 12× resonant enhancement
of the magnetic reflectivity modulation signal (and of the signal-tonoise ratio), with a reflectivity modulation noise level of 0.01% at
an integration time of 10 ms. The same enhancement at a wavelength of 1388 nm implies ΔB /(IB) = 100000%/(AT) for sensing
at the mechanical resonance. Assuming the same noise for resonant sensor operation at 10 mA, the corresponding noise equivalent

magnetic field is 1 μT Hz−0.5 at room temperature and atmospheric
pressure, suggesting that sub-microtesla fields could be detected
with integration times exceeding one second. A higher responsivity and/or a lower noise equivalent magnetic field may be expected
from sensor operation at low pressure (higher resonant enhancement), low temperature (lower noise), and higher current (larger
Lorentz force). Considering that the resonant displacement amplitude of a mechanical resonator with resonance frequency f0 and
quality factor Q decays with a time constant of Q/(π f 0 ), the mechanical response time of the sensor is about 10 μs. We note a trade-off
as a shorter, thicker beam (with higher f0 , where f0 ∼ HL−2 ) may
be expected to shorten the mechanical response time at the cost of
reduced responsivity (smaller beam displacement), and low pressure
(higher Q) would increase the responsivity at the cost of a slower
response. While the spatial resolution of our sensor is given by the
beam width of 60 μm, we note that recent experimental demonstrations of individual electrical addressing35 and optical readout36,37 of
metamaterial beams with sub-micron spacing indicate that such sensors can be realized as arrays for magnetic field sensing with few
micron (possibly even sub-micron) spatial resolution.
IV. CONCLUSIONS
In summary, we have demonstrated that Lorentz-forceactuated metamaterial microcavities enable optical magnetic field
sensing with non-contact readout. Combining nanomechanics, photonics, and metamaterials, we realized an optical magnetic field
sensor of microscale size as well as spatial resolution and demonstrated the sensing principle experimentally. Our measurements
indicate that the proof-of-concept metamaterial magnetometer can
provide 10 μs time resolution and a sub-microtesla to tesla dynamic
range.

FIG. 5. Resonant enhancement of responsivity and signal-to-noise ratio. Measured
reflectivity modulation at frequency f when driving the sensor with a current of
I = 0.5 mA cos(2π f t) for magnetic fields of 0 and 105 mT. The inset shows the
beam’s resonant mechanical mode.
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SUPPLEMENTARY MATERIAL
See the supplementary material for the characterization of the
optical magnetic field sensor with x-polarized light.
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