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Ferrofluidic sensitive element based on miscrostructered fiber
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This article discusses problems related to the utilization of ferrofluid, infiltrated in a microstructured optical fiber and controlled by an external
magnetic field. It summarizes the results obtained by the authors with the fiber-filled with this substance and subjected to harmonic or impulse
field. It is shown that significant magneto-optical effects are observed here that are promising for designing tunable fiber elements.
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1. Introduction Below, we present results on microstructured fibers filled
by FF, with various versions of external influence.

There are many ideas and approaches related to how to con- i
trol the light propagating through the optical fiber by chang-2- Ferro fluid

ing the characteristics of the medium surrounding its core E th ial colloids with th lid oh isted
Here we will focus on magnetic phenomena: first, this is anF S areé the special colloids wi € solid phase consiste

important physical problem itself, and, it can open a seri0u§nc particles of a magnetic material, having diamefef the

prospect for creating magnetically controlled fiber optoelec—ordertf)f ten nart10|meters. I\éljagnetlchdlelbe Cttl’ICS (fe[prtles) da:}nd,.
tronic devices of a new type. As an active substance, we wilPOMEtMes, metais are used as such substances. 1he adnesion

consider a ferrofiuid (FF) or, a magnetic liquid, which is aof the nanoparticles is prevented by special synthesis of FF

very convenient object to handle, since it is rather easy to ﬁlper;‘lorlzn?d In zugh a V\;ayttha:t evT—:-ry ;l)artlcle :CS coveret?. W'.tg
the capillaries of a microstructure with it. For example, oneahS e grmed %Isurlacta}n | molecules, or (for some liqui
can surround the central core of the fiber with the transmitted asss) );a ouble ebech”fj ayer.b | h
light. FF itself has been intensively studied for a long time T € SO vents can be hydrocarbons, water, otls, ete. T €
as a unique system that combines magnetic properties Witﬁomblnguon of various I|qU|q media with a variety of solid
fluidity [1]. In the last decade, the interest has been increase agnetlpally ordered materlals generates a lot of FF.S' For
due to the new proposals that have appeared for the FF af€ applications, described above, the best is the colloidal so-
plication in basic research [2-4], biomedicine [5-6], and also, ution of magnetite (F§O4)_ n kerqsene. Wateris poorly suit
what is important for us, in photonic devices [7-8]. The num-able for infrared applications; oils are too viscous and intro-

ber and variety of the latter applications are quite large, herdUce high losses. The solution based on kerosene has an ac-

we will give some illustrative examples only. These include: CePtable transmission in the infrared range, and its refractive
index can be selected by varying the concentration of mag-

optical switches [9], light modulators [10], controlled diffrac- ) ) n . . ;
tion gratings [11-13], and different types of sensors [14-16] netite particles. This is done to satisfy total internal reflection
’ “conditions at a boundary of the fiber core and the filled mi-

The principle of operation of these devices was basedrostructured cladding. The transmission of the light is con-
on a physical phenomenon that a magnetic field applied ttrolled by applying an external magnetic field that changes
FF changes its optical characteristics, including the refrackt should be noted that FF refractive index also depends on
tive index n. The mechanisms of these changes in the mdight intensity [19] in the high power regimes. However, at
terial parameters are mainly associated with the formatiormoderate power levels (of a few m\W-scale at a wavelength
of structures-agglomerates composed of nanoparticles of thef 1550 nm) the nonlinear optical effects are negligible.
solid phase of the substance. The agglomerates’ size and their We used the FF, obtained by the hydrolysis of ferric chlo-
growth dynamics are governed by the field [17]. There areride and sulfate ammonia with the extraction of magnetite
probably, other contributions to this effect determined by theparticles from the reaction mixture with a kerosene solution
properties of individual nanoparticles [18]. We would like to of oleic acid, which forms a surfactant layer at the surface of
emphasize that, despite a significant number of previous studhe FgO, particles. According to [20], the particle sizes of
ies, the detailed nature of such phenomena cannot be consitihe material produced by this technique have log-normal dis-
ered as completely understood. Most likely, they are comitribution (normal distribution of the logarithm of the variable)
plex; however, if at least some part of the magneto-opticalvith the average median value &= 8.2 nm and the scaling
response is determined by the rapid processes, it is possibp@rameter (the characteristic parameter of distribution) 0.17.
to control the FF-based element at a high frequency. For these values and the anisotropy constant is known for



FERROFLUIDIC SENSITIVE ELEMENT BASED ON MISCROSTRUCTERED FIBER 33

source
2-200 ps

microstructured fiber

b)

FIGURE 2. Block diagrams of experimental setups with a magnet-
ically controlled element embedded in an optical fiber: a) The con-
. figuration with a sinusoidal-wave modulated magnetic field, and b)
low ’efé‘:‘]"t".’e index UV curable That with the pulsed magnetic field. ASE source - amplified spon-
R adhesive taneous emission source; MFC - magnetic field coil; FPC - fiber
polarization controller; POL - polarizer; PD - photodiode; DAS -
FIGURE 1. Magnetically controlled element based on microstruc- data acquisition system; EM - electromagnet; GEN - pulse genera-
tured fiber: a) the view of fiber from the end, b) the size of the tor; LD - light-emitting diode.
capillaries and the central core, c) connection of the structure with
single-mode fibers. case of the externally applied sinusoidal field, which was cre-
magnetite, the time of orientation jumps of the particle’s@ted either by the coreless coil MFC or by EM with the fer-
magnetic moment can be estimated to be less thad $0 rite core. These ensured longitudinal or transverse orienta-
[1] that is less than the time of rotation of the particle as alion of the magnetic field to the fiber axis respectively. Fig-
whole. The volume concentration of magnetite satisfying the/'® 2b) demonstrates the circuit utilized for experiments with

waveguide formation condition in the microstructured fiberthe pulsed longitudinal magnetic field. The physical mecha-
was 0.25 %. nism of modulation was, as it has been mentioned above, the

field-induced change in the refractive indeof the FF,i.e.

3. Optical fiber ;Eng:;ge conditions of the light propagation along with the
As a basis for fabrication of the magnetically controlled ele- | the configuration presented in Fig. 2a, the sample was
ment, we used a segment of the silica microstructured opticadxposed to the broad-band optical radiation from the non-
fiber, the view of which, with important dimensions, is shown pojarized erbium doped fiber amplified spontaneous emis-
in Fig. 1. Scanning electron microscope images of the fibegjon (ASE) source X = 1535 — 1571 nm) via SMF. The
cross-section are shown in Figs. 1a) and b), the design of thgyht passed through the sample was detected by PDs, and
device is demonstrated in Fig. 1c). One can see that this Sygs polarization properties were evaluated using rotatable an-
tem has a central core, surrounded by a set of capillaries (thalyzer (rot. POL) or by conventional three-loop fiber po-
imitate its outer cladding), filled with FF. The length of the |arization controller (FCP) followed by fiber analyzer. The
segment was about 3 cm. The geometric sizes of this elemefieasurements were performed with the harmonic magnetic
and the parameters of its constituent media were selected #|d [ (t) = H,sin(2rf + ¢) in the frequency range of
provide conditions for the total internal reflection at the light 15 — 20 kHz. The magnetic field amplitude could be varied
wavelengthh = 1.55 um. The overlap of the fundamental \yithin 0 — 250 Oe. The maximum modulation contrast of the

centration was estimated at 7%. On both sides, the structure In the configuration shown in Fig. 2b, the laser diode LD

was connected to single-mode fibers (SMF) with a mode fielcb\ _
diameter of 10.4:m using a special low refractive index ad-
hesive.

FF  silica

1532 nm) or the same ASE source were used as the
light sources. The longitudinal magnetic field was created
by the low inductance MFC powered by the pulse generator
GEN. This ensured the square-shaped pulses in the coil with
4. Experimental setup and results durations from 2 to 20@s and resulted in the magnetic field
amplitude up to 2 kOe. When using a polarized source, the
Experimental setups used for our magneto-optic measurgolarization of light at the fiber input was set by FPC.
ments are shown in Fig. 2 with explanations of the abbre- Similar methods were utilized in papers [21,22], where a
viations given in the figure caption. Figure 2a) illustrates themore detailed description of the schemes and features of their
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FIGURE 3. The results of experiments with harmonic modulation ! - ; .
b malized magnitude of the response versus the field amplitude.

of the transverse magnetic field/{ = 25 Oe, f = 150 kHz).

a) Modulation depth, corresponding to the maximum positive and . . .
negative values of the alternating field H, b) field behavior of the A typical dependence of the normalized signal power at the

normalized amplitude of the second harmonic, c) angular depen-firSt harmonic on the applied field is ShOWI’.] in Fi.g. 4c.

dence of the response at the second harmdfiifor different mu- Note that the cut-off frequency of the §|nu30|dally modu-

tual orientations of the magnetic field and the light polarization.  lated signal was of the order of several kilohertz. There was,
however, one exception: the response recorded at the first

operation can be found. Below we present our most si(‘:]niﬁ_harmonic in the longitudinal geometry turned out to be some-

cant experimental results obtained with these configurationd¥hat high-frequency. Still, we must conclude that the main

) i ) processes that determine the response in the continuous-wave
Examples corresponding to the case of sinusoidal moduﬂe|d mode are rather slaw.

lation are presented in Figs. 3 and 4. In the transverse geom- Pulsed experiments realized using the setup shown in

etr.y, when t.he total transmitted power P was detected Withoq{—'ig. 2b demonstrate the dynamics of the magnetic system and
using polarizers, t_he response was obs_erved at even harmqu underlying properties including the presence of a weakly

ics of the modulation frequency (even field effect), the re- o, raqqeq fast component. Figure 5 shows the forms of the
sults are shown in Fig. 3a and 3b. Figure 3a presents the depH&ting magnetic field and the optical response under various

of modulation as a functi_on of the field, in Fig. 3b th? field conditions (see figure captions). The output signal obtained
dependence of the amplitude of the second harmonic of th\‘R/ith non-polarized light was an even field effece. it did

response is demonstrated. Using the polarizer in a rotatioHOt change when the field direction changed. It had quite a
holder, it was also possible to detect the polarization featurel%ng fise and fall times, which is shown in Fig. 5a and 5b for

of the signal (Fig. 3c). different pulse durations.

The action of the longitudinal sine-wave magnetic field  With the circular polarization of the incident light, the
has also been investigated. The output signal observed iesponse profiles obtained at different field orientations dif-
the absence of polarizers at the even harmonics did not déered sharply one from the other (Fig. 5¢). The sum of these
crease with increasingf, as in the previous case, but in- functions turned out to be close to the even signal observed
creased instead. Thi,;(H) function remained symmetric for the unpolarized light. Their subtraction resulted in an odd
and reached a maximum value of 0.3% At = 250 Oe. The  component with a much faster rise, following the shape of the
first harmonic response was recorded using FCP at the inpgulse leading front (with the characteristic time estimated as
and the polarizer at the output of the microstructured fibera 0.2 us). Thus, this response revealed components that are
In this configuration, it was possible to suppress the signatietermined by some different physical mechanisms.

(Fig. 4a) or to obtain it in-phase (Fig. 4b), or in antiphase  According to [22], they are, probably, associated with the
(Fig. 4c) with the applied modulated magnetic field. Therotation of the magnetic moments inside the nanoparticles
maximum modulation depth observed here was about 1.5%and with the rotation of the nanoparticles as a whole. The
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FIGURE 5. Pulse field response: a) unpolarized input light, pulse duratiorpis @®lue-pulse, black-response); b) unpolarized input light,
pulse duration is 7Qis (blue-pulse, black-response); c) input light with circular polarization, pulse duratiomss(Blue-pulse, red and

green-responses for the opposite directions of the magnetic field).

important thing here is the presence of a fast response corfield probes. Besides the presence of the fast component of

ponent, which allows us to hope for the possibility of imple- the magneto-optical response still allows us to expect that in

mentation of a high-frequency modulation using FF. the future the frequency range of ferrofluid-based elements
can be expanded.

5. Conclusion
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