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Abstract
Sensitive vector magnetometry with high spatial resolution is important for various practical
applications, such as magnetocardiography, magnetoencephalography, explosive materials
detection and many others. We propose a magnetometer based on magnetic iron garnet film
possessing a very high magnetic anisotropy, placed in a rotating external magnetic field. Each of
the measured magnetic field spatial components produces different temporal harmonics in the
out-of-plane magnetization dependence. Our analysis based on numerical simulation shows that
the dielectric resonant grating placed on the top of an ultrathin film enhanced the
magneto-optical (MO) response by ten times. It allows one to reduce the thickness of the film,
which makes it possible to achieve several times higher spatial resolution in the perpendicular to
the film direction, up to 30 nm. The reported MO magnetometer allows one to measure
simultaneously all three spatial components of the magnetic field with high spatial resolution
and sensitivity up to 100 pT Hz-1/2.

Keywords: magnetic field sensors, all-dielectric nanophotonics, magnetic anisotropy, ultrathin
magnetic films

(Some figures may appear in color only in the online journal)

1. Introduction

Registration of weak magnetic fields is an important approach
for study of different animate and inanimate objects.

∗
Authors to whom any correspondence should be addressed.

Magnetocardiography based on the measurement of the mag-
netic signals associated with the blood currents provides novel
information essential for diagnostics [1, 2]. Detection of weak
magnetic signals is important, for example, for magnetoen-
cephalography [3], sensing of explosive materials [4], particle
physics [5].

Formany practical applications, it is essential to provide not
only high sensitivity of the magnetometer, but also micrometer
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spatial resolution and an ability to distinguish orientation
of the external magnetic field. There are many types of
magnetometers that have been developed nowadays, among
which one of the most promising approaches is flux-gate mag-
netometry [6–9] reaching a 100 fT Hz-1/2 sensitivity [9] in a
wide frequency range up to GHz frequencies. The flux-gate
magnetometry is based on the measurement of the medium
magnetization under the impact of the external magnetic field.
It was recently shown that contactless magneto-optical (MO)
reading of the magnetization state allows one to measure mag-
netic fields in vector format [10, 11] with micrometer spatial
resolution [12]. Therefore, the enhancement of the MO effects
is a vital problem of the flux-gate magnetometry.

Recently various nanostructures were demonstrated to
enhance theMO effects, including photonic crystal-based [13–
16], nanoplasmonic [17–19] and all-dielectric ones [20–23].
Due to the low optical losses and simplicity of fabrication and
measurements, all-dielectric nanostructured films seem to be
one of the most promising.

Other approaches to magnetometry include superconduct-
ing quantum interference devices (SQUIDs) [24], surface
acoustic waves [25], nitrogen-vacancy (NV) centers in dia-
mond [26], planar Hall effect [27], and optical fibers withmag-
netic fluids [28]. However, in most cases they do not provide
3D vector magnetometry with high sensitivity. For example,
sensors based on NV-centers in diamond allow measurement
of all vector components of magnetic field but with sensitiv-
ity of about several nT Hz-1/2 and the detection volume is as
large as 1 µm [26]. SQUID magnetometers provide outstand-
ing sensitivity, about 0.1 pT, but operate only at cryogenic
temperatures. The problem of simultaneous high sensitivity,
compactness, detection of all three components of magnetic
field and operation at room temperatures is of vital importance
and for that goal we propose to apply flux-gate magnetometry
with MO reading.

We consider a 1D TiO2 grating deposited on the top of
the smooth ultrathin iron garnet film grown on a gadolinium-
gallium garnet (GGG) substrate and having a very high mag-
netic anisotropy. Performed analysis and numerical simula-
tions show that one can perform vector magnetometry in the

proposed structure with a high sensitivity up to 100 pT for
Hz bandwidth. The subwavelength size of grating perforation
and film width provides the significant device miniaturization.
Moreover, the magnetic film thickness determines the spatial
resolution of the magnetometer which is 30 nm in the reported
device.

In this work, we demonstrate an approach for one order
increase of sensitivity for both in-plane and perpendicular dir-
ections together with an increase of spatial resolution. The
main component that provides the enhancement is the dielec-
tric grating placed on a thin magnetic film. We show that the
high magnetic anisotropy of films, which is often undesirable
for magnetic sensors fabrication because of non-uniform rota-
tion of magnetization vector, can be used to simultaneously
measure all components of the magnetic field due to applica-
tion of optical readout.

2. Dynamics of magnetization in magnetic film with
strong anisotropy

Let us consider a magnetic dielectric film of cubic crys-
tal lattice and crystallographic axis orientation (111) placed
into an external saturating magnetic field H (see figures 1(a)
and (b)) that uniformly rotates in the film plane with a fre-
quency ω. The examined problem also contains a weak meas-
urable field h≪H with an arbitrary direction and thus hav-
ing arbitrary h= {hx,hy,hz} spatial components. We con-
sider an iron garnet film with high cubic magnetic anisotropy,
for example (Bi1.1Lu1.45Pr0.2Tm0.2Gd0.05)(Fe3.5Al0.8Ga0.7)O12

[10] or Tm3Fe4.3Sc0.7O12 [29]. Due to high anisotropy the
dynamics of the magnetization M vector under the H impact
is rather complicated in such films and, moreover, M direc-
tion does not coincide with H even in the quasi-static case
(ω ≪ γH). Let us now discuss how this peculiar dynam-
ics gives rise to the 3D magnetometry and allows the
film magnetization to be sensitive to all of the h spatial
components.

The condition for the minimum free energy of a magnetic
film gives the following expressions for the out-of-plane angle
θ and azimuthal angle φ (see figure 1(b)) that determine the
direction of the magnetization in the quasi-static case [10]:

θ =

√
2
3 K1 sin(3(φ−φK))+ hzMs

4πM2
s − 2KU −K1 +HMs cos(φ−φH)+Mshx cosφ+Mshy sinφ

, (1)

Mshx sinφ−Mshy cosφ+HMs sin(φ−φH)

−
√
2θK1 cos(3(φ−φK)) = 0, (2)

where φK is the angle between the anisotropy axis [21̄1̄] and
the axis X, φH is the angle between H and X, K1 is the cubic
anisotropy constant, KU is the uniaxial anisotropy constant

(see figure 1(b) scheme). The analytical description is per-
formed for arbitrary values of φK, while in numerical simu-
lations φK = 0 for the definiteness.

Since we consider a rotating magnetic field, the following
condition describes magnetic field direction:

φH = ωt+φK, (3)
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(a) (b)

Figure 1. 1D grating-based magneto-optical vector magnetometer. (a) Device principal scheme. (b) Magnetization M motion in the iron
garnet film with high magnetic anisotropy under the action of the rotating magnetic field H.

|H|= const. (4)

Analysis shows that under the assumption that the meas-
ured field is small (H ≫ h) we can obtain the following
equations for θ and φ:

θ =
K
A

(
1
3
sin(3ωt)+

hy
2H

(cos(4ωt+φK)+ cos(2ωt−φK))+
hx
2H

(sin(2ωt−φK)

−sin(4ωt+φK))+
hzK
2HA

(1+ cos(6ωt))

)
, (5)

φ=
hy cos(ωt+φK)− hx sin(ωt+φK)+

K2

6A sin(6ωt) +
hzK
A cos(3ωt)

H
+ωt+φK. (6)

In equations (5) and (6), we use the following designations:

A= 4πMs −
2KU

Ms
− K1

Ms
+H,

K=

√
2K1

Ms
. (7)

Here we also assume that K2

A ≪ H≪ K, which provides
that |φ−φH| ≪ 1. The Fourier spectra of the MO signal asso-
ciated with θ (t) determined by equation (5) provides different
temporal harmonics corresponding to the external and meas-
ured magnetic field components:

θ3ω =
K
3A

sin(3ωt) ,

θ4ω =
K

2AH
hτ cos(4ωt+φK +φh) ,

θ2ω =
K

2AH
hτ cos(2ωt−φK −φh) ,

θ6ω =
K

2AH
hz cos(6ωt) (8)

where hτ =
√
h2x + h2y , and φh = tan−1 hy

hx
. Therefore, accord-

ing to equation (8), measurement of only θ (t) dependence
is enough to determine both in-plane and out-of-plane com-
ponents of the weak magnetic field h via the magnitudes and
the phases of the corresponding harmonics. Note that all har-
monics in equation (8) are proportional to K, so they arise
solely due to magnetic anisotropy of the film. Typical values of
K = 6.7 Oe and A= 1.6× 103 Oe [29] in the iron garnets pro-
duce rather small values of θ3ω ≈ 0.01. Therefore, amplifica-
tion of the observed θ-associated MO signal is important for
the increase of the magnetometer sensitivity. Taking thicker
iron garnet films [10] allows one to increase the Faraday rota-
tion angle, but simultaneously lowers the spatial resolution in
z-direction. We propose an alternative approach based on the
fabrication of the non-magnetic nanostructure on the top of an
ultrathin iron garnet film that amplifies the MO response due
to the excitation of the optical resonances. The essential point
is utilizing ultrathin films leading to miniaturization and high
spatial resolution in z-direction that can be estimated as equal
to their thickness.
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3. MO magnetic field sensing in 1D gratings

Magneto-optics is a very convenient tool for measurement of
the out-of-plane magnetization component of the iron garnet
film, which contains the information on both in-plane and out-
of-plane components of the measured weak magnetic field.
There are two MO effects, the polarization Faraday rotation
and the even MO intensity modulation, which arise from the
Mz component and should be taken into account. Both of these
effects can be significantly enhanced in nanostructures with
guided modes [22, 23, 30] formed on the top of a thin mag-
netic film. This enhancement is spectrally close to the trans-
mittance gap corresponding to the guided mode excitation.
Therefore, for possible practical applications, one should bear
in mind also the MO figure of merit (MO FOM) determined
as MO FOM= 0.1 · log10 ·

(
Φ/ logT−1

)
(deg dB−1), where

T is transmittance, Φ is the Faraday rotation. Enhancement
of the magnetometer sensitivity is realized by the increase of
the signal to noise ratio. The detected signal is determined by
the Φ and the noise is determined by the fluctuations of the
laser intensity transmitted through the structure and charac-
terized by the

√
∆T/T magnitude [10]. Therefore, a value of

the MO signal determined as MO signal=Φ
√
T will also be

considered further.
In contrast to [22, 23, 30], here we focus our attention a

non-magnetic grating made of TiO2 material which refractive
index nTiO2 ≈ 2.45 is close to the refractive index of the smooth
ultrathin iron garnet film (nBIG = 2.53+ 0.004i at 780 nm
wavelength [30]). The whole system of grating + magnetic
film serves as a guiding layer, so due to the presence of a
high-refractive index grating the resonance is observed even
for an ultrathin magnetic films. The total thickness of the grat-
ing + magnetic film material is high, so the dispersions of the
TE and TM modes are very close to each other. Simultaneous
excitation of them results in a resonant enhancement of the
Faraday rotation observed in the whole system.

We have tuned the parameters of the structure to make res-
onance wavelength λ correspond to the typical wavelength
of laser diode: 1D TiO2 grating having period P= 370 nm,
TiO2 stripe widthW= 335 nm and height dgr = 240 nm on an
ultrathin iron garnet film with thickness dBIG = 30 nm grown
on a GGG substrate is studied. Such 1D grating is reson-
ant, which means that no propagating diffraction orders in the
reflectance or the transmittance are generated. On the other
hand, it has a narrow resonance at λ= 783 nm correspond-
ing to a guided mode excited in the hybrid iron garnet+ TiO2

grating layer. The exact resonance position for light incident
normally is determined by the period of the grating λres =
nβP [22] and the guided mode effective refractive index nβ
which, in its turn, depends on the parameters of the structure
including the thickness of the iron garnet film as shown in
figure 2(a).

Ultrathin iron garnet films support excitation of the guided
modes with the efficiencies comparable to the thicker films up
to 100 nm thickness (see figures 2(a) and (b)), however the
produced Faraday rotation is rather small. With the growth of
the film thickness, Faraday rotation simultaneously increases,
at the same time the transmittance gets reduced, so that the

value of the MO signal is almost saturated for the films thicker
than 30 nm. Therefore, we choose a 30 nm thick BIG film to
demonstrate the advantages of the proposed approach for the
ultrathin magnetic films.

The optical transmittance spectra and the spectra of the
Faraday rotation angle for a smooth iron garnet film and the
considered heterostructure with resonant grating are shown in
figure 2(c). Notice a two orders enhancement of the Faraday
rotation angle compared to the smooth film exhibiting Faraday
rotation equal to Φ= 0.04◦. This enhancement is due to the
excitation of the TM0 mode by the incident p-polarized light
(see Hy and Ex electromagnetic field distributions shown in
figures 3(b) and (d)). The magnetization of the film results
in the conversion of the polarization and excitation of the
TE0 mode, which leads to the resonant enhancement of the
Ey components generated by the Faraday effect. Figure 3
illustrates this process: figure 3(c) shows the distribution of
Ey under the s-polarized excitation and figure 3(e) corres-
ponds to the p-polarized excitation and conversion to the
TE mode.

Let us also notice that because of utilizing dielectric grating
with low optical losses the optical resonance in the examined
structure is very narrow: its spectral width is ∆λ= 6.5 nm.
The resonance of the MO Faraday rotation is about 2.5 times
narrower (see figure 2(d)). In order to take into account, on
the one hand, very sharp resonances, and on the other hand,
the finite spectral width of the light source, we performed
an averaging of the values T, Φ, MO FOM, MO signal over
the finite bandwidth (∆λav = 0.2 nm was taken as the typical
spectral width of the laser diode radiation). Such considera-
tion did not significantly affect the MO characteristics of the
structure.

MO FOM and MO signal were calculated for the con-
sidered structure. Figure 2(e) shows that in spite of the trans-
mittance decrease, both quantities in the considered nanostruc-
ture are more than one order higher than in a smooth uncoated
film. Indeed, for a wavelength λ= 782.5 nm the transmittance
is T= 5%, the Faraday rotation is Φ= 1.6 deg so the MO
FOM = 0.1 deg dB−1 and MO signal = 0.16 deg are more
than ten times higher than MO FOM = 0.016 deg dB−1 and
MO signal = 0.009 deg values for the smooth uncoated film.

The Faraday polarization rotation Φ of the transmitted
light is directly proportional to the out-of-plane magnetization
component determined by the value Mz ∝ sinθ ≈ θ. One may
assume Φ= Φ0θ where Φ0 is the Faraday rotation angle cor-
responding to the samplemagnetized up to saturationMz =Ms

and θ (t) is determined by equation (5). The weak magnetic
field h and external field H components could be measured
from the following harmonics of Φ(t):

ΦH =Φ0
K
3A

sin(3ωt) ,

Φτ =Φ0hτ
K

2AH
(cos(4ωt+φK +φh)

+cos(2ωt−φK −φh)) ,

Φz =Φ0
K

2AH
hz cos(6ωt) , (9)
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(a) (b)

(c) (d)

(e) (f)

Figure 2. Calculated optical and magneto-optical spectra of the 1D resonant iron garnet +TiO2 grating. (a) Spectra of the average E2 value
for the magnetic films of different thicknesses. (b) Spectra of the MO signal observed in the structures with magnetic films of different
thicknesses. (c) Spectra of the transmittance (blue) and the Faraday rotation (orange) of the uncoated iron garnet film (dark lines) vs spectra
of the iron garnet film with a dielectric grating (light lines), see parameters in the text. (d) Spectra of the transmittance (blue) and the
Faraday rotation (orange) in the magnified wavelength scale: (solid lines) calculated for a certain λ (dashed lines) averaged over
∆λavg = 0.2 nm. (e) MO FOM (violet) and MO signal (green) of the uncoated iron garnet film (dark lines) vs spectra of the iron garnet film
with a dielectric grating (bright lines), averaged over∆λavg = 0.2 nm bandwidth. (f) Transmittance modulation coefficients δii calculated
for the considered structure.

so that the signal at the frequency 3ω corresponds to the
applied magnetic field, the signal at 2ω and 4ω to the in-plane
component of the measured magnetic field, and the signal at
6ω is responsible for the out-of-plane component of the meas-
ured magnetic field. The phase of the signal at 2ω and 4ω fre-
quencies carries the information on the in-plane direction of
the measured magnetic field φh.

Figure 4 illustrates the different contributions of the in-
plane and out-of-plane components in the θ (t) temporal
dependence and the numerically simulated optical Faraday
rotation in 1D grating.

Symmetry of the structure prohibits [31] other odd intensity
magnetization effects at normal incidence. However, evenMO
effects can arise resulting in the transmittance modulation that
is quadratic on the magnetization components. Generally, at
normal incidence of light the transmittance of the magnetic
structure can be described as:

T= T0 + δxxm
2
x + δyym

2
y + δzzm

2
z , (10)

where coefficients δjj refer to the even MO effect produced
by the corresponding mj =Mj/Ms components. Formally,
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(a) (b)

(d) (e)

(c)

Figure 3. Mode conversion in 1D grating with a magnetic layer. (a) Average |E|2 value in a magnetic film for p- and s-polarized incident
light exciting TM and TE modes, correspondingly. (b)–(d) Spatial distributions of the corresponding components of the electromagnetic
field for 783.4 nm wavelength and (b), (d), (e) p-polarization of the light; (c) s-polarization of the light. Electromagnetic field components
were normalized on the absolute value of the incident electric field |Einc|.

(a) (b) (c)

Figure 4. Contributions of the in-plane and out-of-plane h components to the value of (a) θ angle, (b) Faraday rotation, (c) transmittance of
the structure at λ= 782.5 nm and normal incidence with magnetization determined directly by equation (5).
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cross-components δi̸=jmimj should also be present in equation
(10), however the numerical calculations show that they have
several orders lower values than all the other components in
both smooth and perforated films. Equation (10) can be under-
stood in a sense of the Voigt effect for mx,y components: as the
magnetic birefringence arises [32], it results in a small quad-
ratic modification of the Fresnel coefficients leading to theMO
variation of transmittance. The same explanation is valid for
themz component: as the refractive index of the mode acquires
MO variations, the Fresnel coefficients are modified, too.

The ratio between δjj coefficients depends on the MO prop-
erties of the structure. For a smooth iron garnet film of 30 nm
thickness the coefficients are δxx = 3× 10−7%, δyy = 0, δzz =
3× 10−6%. Figure 2(e) shows that in the considered nano-
structure these coefficients are also small, thereforewhen com-
pared to the Faraday rotation the even in magnetization impact
can be neglected. However, for the nanostructured materi-
als the ratio between these components significantly varies
depending on the type of the structure, character of the modes
excited in it and other parameters. For example, in several pre-
vious studies [30, 32] the plasmonic structure with iron garnet
was designed with δyy that prevailed over all other coefficients.
Let us analyze the situation where the δzz is higher and only the
intensity of the transmitted light is measured.

As we are interested in measurement of all three orthogonal
components of the weak magnetic field h, which are present
in θ temporal dependence as harmonics with different fre-
quencies, let us consider the nanostructure with δzz ≫ δxx,δyy,
which is fulfilled for the considered nanostructure, too. There-
fore, only this term in equation (11) can be considered fur-
ther. The temporal dependence of the mz could be treated as
mz ≈ θ (t) = θH (t)+ θh (t), where θH ≫ θh are the contribu-
tions corresponding to the external magnetic field H and the
measured h in the temporal dependence of θ (see equation (5)).
Therefore, the transmittance of the structure will experience
the following temporal modulation:

T= T0 + δzz
(
θ2H + 2θHθh

)
, (11)

and according to equation (8), the measured magnetic field h
will be responsible for the following transmittance modula-
tion:

Tτ = hτ
K2

6A2H
δzz sin(7ωt+φK +φh)

+ hτ
K2

6A2H
δzz sin(5ωt−φK −φh) , (12)

T⊥ = hz
K2

6A2H
δzz sin(9ωt)− hz

K2

6A2H
δzz sin(3ωt) , (13)

while the applied external magnetic fieldHwill result in mod-
ulation at a different frequency

TH =
K2

18A2
δzz (1− cos(6ωt)) . (14)

Therefore, Fourier transform of the transmitted through the
grating light temporal dependence enables measurement of
the in-plane component magnitude and direction, hτ and φτ

respectively at 7ω, 5ω frequencies, while 3ω, 9ω components
are responsible for the out-of-plane hz component of the meas-
ured magnetic field, correspondingly. Although this method
allows one to determine the measured field h, its sensitivity
is obviously much smaller than the sensitivity of the Faraday
method: equation (11) implies that in the considered configur-
ation of the magnetic field the angle associated with the meas-
ured magnetic field is multiplied by the θH which is intrinsic-
ally small.

Recent studies [10, 32, 33] show that the sensitivity of the
MO magnetometers is limited mainly by the optical noise.
Actually, the sensitivity of the sensor defined as the minimal
registered value of the magnetic field hmin is determined by the
following equation:

hmin√
∆f

=
2AH

KΦ0

√
T

√
2
ℏωλ

µP
, (15)

where ∆f is the spectral bandwidth of the sensor, µ is the
quantum yield of the photodetector, P is the power of the
incident light, ℏωλ is the energy of photons of incident radi-
ation. Analysis using equation (15) provides sensitivity for
the Faraday effect-based sensor up to 100 pT Hz-1/2. Similar
calculation using equations (12) and (13) for quadratic MO
intensity effect shows four-order of magnitude lower value
of the sensitivity. However, an advantage of quadratic effect
lies in the fact that signal is observed on 7th and 9th har-
monics of the magnetic field rotation frequency. It is known
that the optical noise quickly decreases at frequencies over the
bandwidth of the laser source. For example, an optical noise
of a laser with 1 MHz bandwidth more than four orders of
magnitude lower at 10 MHz frequency. It means that applic-
ation of narrow band laser and increasing of frequency of
magnetic field rotation ω up to few megahertz can provide
better sensitivity for quadratic MO effect with respect to the
Faraday effect.

4. Conclusion

To conclude, we demonstrate that a 1D nanograting depos-
ited on an iron garnet film with strong magnetic anisotropy is
promising for MO magnetometry. The magnetic properties of
such a grating enable the MO measurement of all orthogonal
components of the weakmagnetic field vector due to themulti-
fold enhancement of the MO effects. Excitation of the guided
modes allowed us to increase the thin-film Faraday rotation
100 times and intensity modulation 10 000 times compared to
a smooth film of the same thickness. Although the achieved
enhancement is associated with the lower transmittance of the
structure, we show that MO FOM and signal-to-noise ratio are
ten times enhanced compared to the uncoated film.

Two approaches, based on the even in the magnetization
intensity MO effect and odd in the magnetization polariz-
ation (Faraday) effects were considered. It was shown that

7
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the Faraday rotation-basedMOmeasurement scheme provides
higher sensitivity up to 100 pT Hz-1/2. This value of sensitiv-
ity is similar to that of recently reported MO magnetometers
[10, 32, 33]. However, it was achieved either for non-vector
magnetometers [32, 33] or for the thick magnetic films of
11 µm [10]. It is essential that in our scheme the sensit-
ivity of the MO signal to all of the spatial components of
the measured magnetic field is the same providing a con-
venient tool for low magnetic film measurements. Utilization
of the thin films with nanopatterns instead of the bulk crys-
tals is important for applications, since it allows a signific-
ant miniaturization of the device and better spatial resolu-
tion. For our structure the spatial resolution in the z-direction
can be estimated as the thickness of magnetic film which
equals 30 nm. The essential feature of our approach is that the
developed magnetometer simultaneously provides high sens-
itivity to all three components of magnetic field, compact-
ness, high spatial resolution together with operation at room
temperature.
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