N
N

N

HAL

open science

Detection and Imaging of Magnetic Field in the
Low-Frequency Regime Using a Ferromagnetic Thin
Film Coated With a Thermo-Fluorescent Layer

Hugo Ragazzo, Daniel Prost, Jean-Francois Bobo, Stéphane Faure, Alexis

Chevalier

» To cite this version:

Hugo Ragazzo, Daniel Prost, Jean-Frangois Bobo, Stéphane Faure, Alexis Chevalier.

Detec-

tion and Imaging of Magnetic Field in the Low-Frequency Regime Using a Ferromagnetic Thin
Film Coated With a Thermo-Fluorescent Layer. IEEE Transactions on Magnetics, 2021, 57 (3),
10.1109/TMAG.2020.3045137 . hal-03182667

HAL Id: hal-03182667
https://hal.science/hal-03182667
Submitted on 26 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03182667
https://hal.archives-ouvertes.fr

Detection and imaging of magnetic field in the low frequency regime using a
ferromagnetic thin film coated with a thermo-fluorescent layer

H. Ragazzo?, D. Prost?, J-F. Bobo?, S. Faure®, A. Chevalier*

L ONERA/DEMR, Université de Toulouse, F-31055 Toulouse, France

2CNRS/CEMES, Université de Toulouse, F-31055 Toulouse, France

3LPCNOVJINSA, Université de Toulouse, F-31055 Toulouse, France
4CNRS/Lab-STICC, UMR 6285 Brest, France

Abstract— A novel and original method of LF magnetic field imaging is presented, that uses a magnetic thin film coated
with fluorescent dye. Due to high permeability and consequent hysteresis losses, the film is heated by the field. As the
fluorescence of the coated material is temperature-dependent, magnetic field mapping can be obtained in a short time
and on a large surface by recording images with a S-CMOS camera. This principle had been previously presented in
the microwave regime, for both electric and magnetic fields imaging; here we propose first results in the low frequency
regime (kHz frequency range).

Index Terms— Magnetic field imaging, thermography, thermo-fluorescence, magnetic coil

.  INTRODUCTION method consists in imaging magnetic thermal losses induced
by the magnetic field on a sensing foil, to obtain 2D maps of
We propose a novel method for low frequency fieldthe magnetic field. This technique has been developed at
measurement and imaging based on thermofluorescence. A®ONERA for many years and is called “EMM for
having introduced the principles of this technique and thé&lectroMagnetic InfraRed, [11].
experimental set-up, we show that magnetic field cartography Recently we have developed a new method that uses
can be obtained almost instantaneously on a relatively largiiorescence thermography (called “EMVI": ElectroMagnetic
surface, by registering the fluorescent signal of a lighte&isible Imaging) [12, 13]. Both methods use thin films which
magnetic thin film. are heated by the EM field. EMIR directly records thermal
The characterization of electromagnetic fields emitted byrames to get field maps, whereas EMVI needs temperature
various sources is an important issue, whether for civil odependent fluorophore coating on the film to provide visible
defense applications (magnetic  cails, antennasmaging of the fluorescent light. Although this coating (and the
telecommunications, radar, civil and military aeronauticslight source exciting the fluorescence) is an additional
medicine, etc.). Electromagnetic field measurement can beonstraint, and even if the sensitivity is reduced compared to
performed by a single probe for spatially localized results. FOEMIR method, the EMVI method takes advantage of the fact
the visualization of the spatial distribution of magnetic fieldsthat it does not require a costly infrared camera and lenses. In
historically obtained from iron filings deposited on a sheet ofiddition, due to the respective visible vs. infrared wavelengths,
paper, several known techniques are available [1 - 3]. ScannifdVVI offers improved spatial resolution.
systems using a moving probe are a frequent commercial To specially map the magnetic field, a high permeability
solution [4]. Direct imaging of a static magnetic field hasferromagnetic thin film is used which will be heated by the field
evolved with Faraday magneto-optical imaging [5] and, on &#ecause of hysteretic losses. This film can be made by
small scale, with Lorentz or holographic techniques in electropatterning a ferromagnetic metallic film [14, 15]; another
microscopy [6]. Near field measurement of integrated circuiteption is to use a commercial absorber composed of
and very large scale integration (VSLI) devices can bderromagnetic micro pellets in a polymer matrix, such as Flex-
addressed using small probe scanning with spatial resolution @bkin thin films from TOKIN Corp. Company [16]. When
a few hundreds of microns or less [6,7]. This resolution ishose films are put into an alternating magnetic field, the
indeed well suited for EMC and EMI measurements and is thuamount of head dissipated during one cycle equals the area of
recommended by international standard (IEC61967 anthe hysteresis loop [17]:
IEC62132) [8]. For dynamic field observation, the appropriate
methods are based on stroboscopic imaging for real-time A:f_]:[max o M(H)dH (D
evolution of magnetic field through magnetization changes of max
a ferromagnetic sensor down to sub-ns scale (see for exampith M(H) the magnetization of the ferromagnetic particles.

the review by M.R. Freeman et al. [10]. However theserhen for a given frequendywe have the specific absorption
techniques are rather complicated and time-consuming fqgate (SAR) :

routine characterization. It is more difficult to obtain a mapping
of the magnetic field in a relatively short time. A competitive
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SAR = Af (2) B. Experimental set up

The fluorescent coating is a thin rhodamine-B layer embedded Fig. 2 is the schematics of the EMVI set up. The coil is
in epoxy resin, which presents linear temperature-dependepPplied at its resonant frequency%f271 kHz), with a low
properties: therefore, having illuminated the film (with LED frequency square modulation at 0.2 Hz.

source), magnetic field-dependent fluorescence images are The thermo-fluorescent film is located 5 mm above and
provided in the visible range. Then, a S-CMOS camera recordiirallel to the flat-coil. The fluorescence is excited by a LED
the variation of fluorescence intensity. To improve thearray delivering a 470 nm monochromatic light, with a
sensibility, accuracy and dynamic of the EMVI measuremenfneasured power density of almost 3.2 mWcithe S-CMOS

we use the lock-in thermography technique. The principle is téamera is located 20-cm in front of the film. We add a low-pass
modulate the EM source at low frequency and evaluate only ti80 nm filter in order to collect only the fluorescence signal ;

oscillating part, at the same frequency, of the detected signa$ the emitted magnetic field heats the film, the temperature-
[18, 19]. dependent fluorescence intensity of the rhodamine-B is

affected (this is the principle of the method of measurements).

We have shown in a precedent paper how this technique caf® lock-in thermography method is used, that is to say that the
give field cartographies in microwaves domain [20]. Here wdluorescent fram_es_ recorded by the camera are demodulated (at
show the capacity of this method to cartography magnetic field.2 Hz) to eliminate continuous thermal phenomena
at much lower frequency (kHz). We choose a simple anfconduction in the film, convection) [21]. Considerations
known system to demonstrate this: a magnetic flat-coil. Thigelated to image processing led us to record nearly 10 periods
kind of coil is used in many systems like induction cooker.  with 20 images per second (almost 1000 images), giving a total

acquisition time of less than one minute. This allows reaching

In section Il we detail the experimental set up and flat coif thermal resolution of less than 50 mK.

characteristics. Section Il is devoted to different
characterizations of the sensitive film: we investigate the Signal
chemical composition, the shape of the ferromagnetic micrc Microwave source Thermography processing
particles, the permeability and the thickness of the film. Ir RE
section IV we show the images of the magnetic field of the flat
coil that thermo-fluorescence can provide. Those are compar: 5
with numerical simulations, and the effect of an effective o [Firerenee| :
anisotropy observed in the thin film will be discussed and fixed g‘ F]]-M — Ei
Finally, we comment about different advantages of this , ‘ j )J)m S CMOS —-p
technique and possible development. Flat coil W /.

Il. FLAT COIL AND EXPERIMENTAL SET UP

A. Flat coil characteristic ) )
Fig. 2. EMVI setup schematics.

As mentioned above, the EMVI method has been
demonstrated in the microwave frequency range. We choose IIl. CHARACTERIZATION OF THE EILMS
here a kHz coil to test the wideband capacity of EMVI.
Moreover, this flat-coil is simple to simulate and the A. Microstructure characterization
distribution of the magnetic field is almost uniform below the ) ]
coil. Our flat coil has the following characteristics (see Fig. 1): The commercial —absorber films (TOKIN  Flex

e Qutside diameter: 95 mm Suppress@®) are magnetic composites made by blending
« Inside diameter: 6 mm micro sized magnetic material powders in a polymer base.
« 20 turns with 2-mm?2 Litz wire Their good electromagnetic absorption properties lie in their
+  Self-inductance: L = 0.605 pH structure where ultra-thin magnetic metal foils of the micron

order overlap each other in the same direction. Three

thicknesses are available for the selected TOKIN's films:
Fim . 300 pm, 100 um and 30 um. In a first step, we have used
scanning electron microscope to investigate the size, shape and

'C'(')i-l‘-;;_:_'.'.l.5 mm orientation of the micro-particles of the films. We present

) , results of the thicker film which exhibits the best image
@, 6 mm contrast. Fig. 3 shows scanning electron microscope images of

Pou 95 MM the 300-pm TOKIN's film.
(a) - |(b)

Fig. 1. a) Flat-coil; b) dimensions and film location.

The resonance frequency of the coil is driven by the LC circuit,
and we have (witli = 500 nF andL = 700 nH):

1

fo = 2myLC

= 271kHz (©)]
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Fig. 3. (a) Surface scanning electron microscogerand (b) Optical
microscope image of 300-pum TOKIN’ film (mag. x 5).

In Fig. 3 (a), we have in dark grey the polymer antight
grey the particles. Particles are randomly disgknsgcron
sized flakes embedded in the polymer matrix. Easy af the
magnetization stands therefore in the plane oflties. This
leads to an macroscopic easy-axis of magnetizatitre plane

of the foil. We also observed the sample with adtic

microscope, exhibiting transversal lines due tolémeination
process (Fig. 3 (b)). The lamination process can petential
cause for an additional in-plane anisotropy, whieads to
different behaviors in two perpendicular in-plarieections.
We confirm this point by the magnetic measuremeesgnted
in section B.

For our measurements, we only used 30-um thick TOKI
film. Indeed the 300 and 100-um thick films abstm® much
of the magnetic energy and would have been too nmiafsive.
These thicker films were indeed found to changedlsenance
frequency of the flat coil while the 30-um film hatb
significant effect. Furthermore, the shape anigntrof these
films composed of ferromagnetic pellets may alker $patial
distribution of the magnetic field to be probedsashield. All
these reasons justify our choice of the 30-pum film.

B. Magnetic losses Characterization

As the EMVI method takes advantage of the absorbed

electromagnetic power that heats the materia,ifhportant to
analyze the magnetic losses of the films. Two typielwsses
occur simultaneously in magnetic materials: i) bysteresis
process and ii) the dispersion process due to dheach wall

motion and spin resonance [22]. Thus, the electgoratc
power absorbed in the material will depend on btita
amplitude and the frequency of the magnetic field.

Fig. 4 (a) shows the static hysteresis loops meddor two
perpendicular orientations of the 30 um TOKIN’snd.
Coercivity is very low; films show very soft magiet
properties. The magnetic behavior depends on tieatation
of the sample that indicates the presence of aoanpy. Since
there is no preferential grain orientation, theilzation process
probably causes this anisotropy as shown in F{g) Svith the
observed transversal streak of lines.

In order to take into account the frequency effesisthe
magnetic losses, we investigated the dynamic hgsietoop
at 270 kHz, close to the resonance frequency ofidiheoil. A
specific hysteresis meter based on the transfometinod and
lock-in amplifiers was used to measure the magattiz M of
the sample under a dynamic magnetic field H [23e T
apparatus allows tuning both the frequency andrthgnitude
of the magnetic field. Fig. 4 (b) shows the dynaimysteresis
loops measured at 270 kHz for the maximal fieldierggth
allowed by the apparatus at this frequency for the
orientations of the 30-um TOKIN’s films. Again, tbehavior
depends on the orientation. The magnetic suschtitv/H
slope) is different depending on the orientatiooreover, the
surfaces of the loops are different. The specligoaption rate
is greater in the parallel direction than in thepeadicular one.
Thus, the film will heat more in the parallel ditieo.
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— M_30mic_90deg
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Fig. 4. (a) Static magnetization and (b) Dynamigne&ization curve
of a 30-um TOKIN's film square sample for two ofti@tions.
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C. Study of the thickness of the fluorescent layer normalized by the mean fluorescence intensity,,>. This
normalization avoids inaccuracies due to fluorophbickness

The magnetic thin film is coated with a fluoresctayer -
variations.

whose thickness has been measured using confocasoopy.
It is important to control this thickness (the ftascence layer)

because perturbing thermal effects induced in aur@e are -
function of this thickness, in particular thermatfusion. A 0.0+
thermal wave with a frequencw) has a thermal diffusion ? 0.4
length O), which can be expressed as: -0.025 - ¥ -
8]
2k 03|8
D= oGy 4 y(m) o- =
. L. R . 0.2 -§
Wherek is the thermal conductivity (W.#K™?), C, is the 0.025 - <
specific heat capacity (J.kgK?), andp the density (kg.n).
In the case of TOKIN filmD is about 100-500-um for a — 0.1
modulation between 0.1 and 3 Hz. '
If e< D with e the thickness of the sample (magnetic +
fluorescent layers), we are in the case of a 2Dn fil 005 -0025 0 0025 005
approximation and the heat equation can be siregIffi3]: x (m)
(a)
pCp Z_': = Pabs(t) - % * (T - Tenv) (5) " 0.5
With T the temperature (KRass the incident magnetic power S
absorbed by the film (W)h the heat transfer coefficient 0.4
(W.n?.KY) between the film and the environment, dag the -0.025 - -
temperature of the environment (K). 0.3 §
The fluorescent layer is composed of a fluoroptuiged . -
in ethanol, and then embedded in epoxy resin. nnauzB y{m} ©- \g
was chosen for two reasons: its absorption spectisim 0.2 <&
separated from its emission spectrum, and its dsmence 0.025 - )
intensity presents a linear behavior with heatioigl(8 %.K*
in our temperature range [13]). An average thickr&#9 um 0.1
) 0.05 -
was measured for the fluorescent layer (using amifo
measurement), standing from 20 um to 32 um. Thexethe : . : : :
total thickness is about 59 um. We therefore stahé case of -0.05 -0025 0  0.025 0.05
2D film approximation € < D). In other words, we consider x (m)
that the temperature is homogeneous in the tot@lK(N (b)
magnetic film + fluorescent layer) thickness: whéme e 3.0
magnetic film is heated by the field, the fluoregcéayer '
temperature increases with a negligible delay (@mexbto the 2.5
low frequency modulation). It follows that on thteady state, -0.025 -
where the phase shift is neglected, the heatinditude at the 2.0
modulation frequencyw is proportional to the magnetic =
absorbed power and given by [13]: y(m) o 15 §
>
ATypoq = ——babs® 6 )
med 1I4h2+(pCpew)2 © 0.025 =
IV. RESULTS AND DISCUSSION 0.5

0.05 -

A.Ilmages and simulation of the magnetic field of the

1 1 I
flat-coil -0.05  -0.025 0 0.025  0.05

We therefore visualized the magnetic field with 8@um )

We . ! , (c)

thICk. film coateq with _28_um of RhB _e_p(.)xy fluoro The Fig. 5. Mapping of the magnetic fieldyBangential component of the
feeding f:urrent intensity in the flat-coil |$m-,_= 14 Aandthe  q5i-coil (a) EMVI Mapping, (b) EMVI Mapping averag over four
modulation frequencyf,,q = 0.2 Hz. The film was located images with a film rotation of 0°, 90°, 180° andd27(c) Analytical

5 mm away from the surface of the coil (see Fig. e  calculation of the tangential component of the nedig field
measured variation of fluorescence intensitglne, IS
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Using the Biot-Savart law, applied on numericallyinside the coil and therefore adds a parasite itariton to the
segmented coil, we can easily calculate the tamgent demodulated signal.

component of the magnetic field of the flat-cdis expected,
Fig. 7 (c) shows that the calculated tangentialpoment of the
magnetic field is equal to zero at the center aasl & radial
distribution above the coil.

Instead of getting the calculated isotropic fielttprn of
the Fig. 5 (c), we first observe a difference inaswed
intensity along the x and y axis in Fig. 5 (a). 9l consistent
with the anisotropy observed on the magnetic measents in
section Ill. To fix this issue, since the film hagperpendicular
magnetic anisotropy, we performed four measuremeitts
successive rotation of 90, 180, and 270° arounceitger. Fig.
5 (b) shows the demodulated fluorescence intensitgge
averaged over those four measurements: the anisotras
thus disappeared on Fig(c).

A
o
3
= 1
= [ 1
\4 s !
s o
3 v
= Yl
| vl
Vi
—— profile X EMVI L 05
0 OJ —— profile Y EMVI ¥ --—- profile X calculation |
' e == - — ——i— = =1 0.
-0.06 -0.04 -0.02 0.00 0.0 0.04 0.06 0
I {m)

Fig. 6. Comparison measured and calculated magfielicprofiles
on x-axis (magenta) and y-axis (green) and blat¢teddines on Fig.
5 (b) and (c).

As the fluorescence depends on magnetic energy,
magnetic field is proportionally linked to the sgaiaoot of the
fluorescence intensity. The corresponding coefficia can be
determined by comparing simulation and measurem#afat.

thus have:
Al
H=ky FLUO
<IpLyo>

where ky depends on the heat capacitjpe modulation
frequency, the thickness of the sample and the staglosses
of the film. We obtain herky = 6.53 1¢ Am1.K*2,

()

Fig. 6 shows a comparison of profiles taken alowg t
perpendicular directions on the averaged EMVI im@gg. 5
(b)) and analytical calculation image (Fig. 5 (cJhe film
anisotropy is properly suppressed by averaging
fluorescence signal. At the center of the coil veserve a
discrepancy between the measurement and the dadculd/e
observe a weak heating of the coil during the erpantation
due to Joule effect. We assume that the coil'sihgatdds a
heat source by convection that is at the origirthef weak
component at the center of the coil. The coil'stimgatime
scale is similar to the modulation frequency of therent

the .

B. Remark on the light environment

For thermo-fluorescence measurement, it is obwousl
better to stay in a dark room, to avoid daylightiseo
perturbations. This aspect could be problematic for
applications. For this reason, we performed measents
under external lighting, and compared with previddark
room) measurement in order to evaluate the seitgitiv that
external noise. The measurement was achieved i Igite
from neon and natural light. We stayed in the same
experimental conditions to allow comparison: thediag
current intensity in the flat-coil is alsf;,; = 14 A and the
modulation frequencyf,,,q = 0.2 Hz.

(a) (b)
Fig. 7. Image of magnetic field of a flat-coil {g)dark room, (b) under
light.

The measured power density of the light in fronttlod
camera in the two environments (dark room and dinm)
shows a huge difference: we have more than tworerde
magnitude:

Pgark = 0.52 uW.crﬁ
*  Pignt =90.5 uW.CI’ﬁ

Using two sources of green LED spots, we incretisegower
density of the excitation light, and therefore #replitude of
the fluorescence signal (up to a few mW3nThis allowed us
to decrease the exposition time of the camera arktless
sensitive to external light. By this way, the nailee to natural
light can be minimized. We compared the signaltsa ratio
(SNR), calculated from the power spectrum, of evarel.
The SNR follows a normal distribution. In the ca$¢he SNR
under external light we obtain a mean value of HBYwith
standard deviation = 2.5 dB); without external tighe SNR
is only slightly degraded since we have a meanevaful4 dB
(with standard deviation = 3 dB).
To conclude we consider that the EMVI measurement i

thenly slightly degraded under shed light (compacediirk room

conditions), and remains operational as a magniétid
mapping measurement method.

V. CONCLUSION

Magnetic field imaging was performed for the fitishe in
the 100 kHz range using thermo-fluorescent therayaloy. It
makes it possible to obtain 2D cartography of taklfin a few
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