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Abstract A brand new design of temperature sensor
using ferrofluid thin film is proposed in this paper. When
magnetic field parallel to the plane of the ferrofluid thin
film is applied, magnetic chains form in the same direction
of the magnetic field, which results in the suppressing of
optical transmission. It is observed that the optical trans-
mission is changed by the ambient temperature, so that
temperature sensor can be constructed by measuring the
transmission power of a laser. The physics and the sensi-
tivity of the temperature sensor are also analyzed.
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1 Introduction

Temperature sensors have important applications in the
field of science and technology so that many researchers
have been attracted to study on them. With the develop-
ment of manufacturing techniques, temperature sensors
using different materials are developed, such as CMOS
(Jha et al. 2007), cholesteric liquid crystal (Moreira et al.
2004; Smith et al. 1974), optical fiber (Shenping and Chan
1998; Henry et al. 1999). But until now, there are few
reports on using ferrofluid to design a temperature sensor.
In this paper, the design of the temperature sensor using a
novel material, ferrofluid, is presented.
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Ferrofluid is a colloidal suspension of single domain
ferromagnetic particles dispersed in a nonmagnetic liquid
solvent which has been studied for a long time. Its magneto-
optical properties have recently attracted a lot of interest of
many scientists due to their potential applications (Luo et al.
1999a, b; Horng et al. 1998, 2001; Pu et al. 2005, 2006). It is
indicated that the optical transmission of the ferrofluid is
deeply related to its structural patterns under external fields.
Yang et al. have proven that the magnetic-field-dependent
optical transmission originates from the agglomeration of
the magnetic particles that reduces the area of the liquid
phase (Yang et al. 2001). Because the thermal agitation can
suppress the ability of the agglomeration (Pu et al. 2007),
the optical transmission can be tuned by changing the
ambient temperature around the ferrofluid. Based on this
principle, a temperature sensor is suggested by using
ferrofluid thin film with a constant external magnetic filed.
In this paper, the design of such a kind of temperature
sensor is reported and the physics original and performance
of this kind of temperature sensor is discussed.

2 Experimental

Experimental arrangement employed for realizing the
temperature sensor is shown as Fig. 1. In the experimental
setup, a ferrofluid thin film acted as the probe for tem-
perature is put between a pair of solenoids which is used to
apply magnetic field with its direction parallel to the plane
of the film. The probe investigated here is water-based
ferrofluid with an average diameter of 10 nm, and a volume
concentration of 6.47% which is sealed in a 3.3 x 1.7 cm
glass cell of thickness 7 pm to form a ferrofluid thin film.

The magnetic field is controlled by the combination of
the signal generator which provides a square-shaped wave
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Fig. 1 Schematic diagram of
experimental arrangement for
realizing the temperature sensor
using ferrofluid thin film
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and the driving circuit to be on or off. The magnetic field is
turned on during the high level of the square-shaped wave
and on the other hand the magnetic field is turned off
during the low level of the square-shaped wave. The field
strength detected by teslameter is adjustable by changing
the amplitude of the square-shaped wave. In the experi-
ment, the strength of the magnetic field of 40.9 mT is used.

The laser light with the wavelength of 650 nm and the
polarization direction perpendicular to the direction of the
magnetic field is incident directly perpendicular to the film,
in this case, the incident light is ordinary light. The trans-
mitted intensity is detected in the direction of light
propagation. A silicon photovoltaic cell is used to detect
the optical signal which is shown by the oscilloscope. The
electric signal of the applied magnetic field is also shown
by the oscilloscope connected to the teslameter. The
ambient temperature is changed by an electric heater
around the ferrofluid thin film and a thermocouple is used
to detect the changing temperature.

3 Results and discussions

The temperature sensor is realized through the application
of the changing transmittance with the changing tempera-
ture. When the magnetic filed is not applied, the ferrofluid
is isotropic and the ferrofluid shows a little absorption so
that the transmitted intensity and the electrical signal
shown by the oscilloscope are both in higher level. When
magnetic field is applied, magnetic chains form in the
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ferrofluid which results in the absorption of the incident
light. Thus, some of the light will not be allowed to pass
through the ferrofluid thin film so that the electrical signal
is shifted to the low level. When magnetic field is off,
magnetic chains disappear so that the electrical signal
increases again. As a result, a gap-shaped wave is observed
on the oscilloscope. The results for optical transmission
under external magnetic field in the temperature of 60°C
(a) and 90°C (b) are shown in Fig. 2, respectively. And it is
found that with the change of the temperature, the depth of
the gap also changes (Fig. 2).

The transmittance of light as a function of temperature is
measured as shown in Fig. 3. As is shown, the transmittance
of light when a magnetic field is applied increases as the
ambient temperature. The transmittance is derived by the
quotient of the smallest electrical signal over the largest.

The theoretical formula describing the transmittance of
the ordinary light can be described as (Taketomi et al.
1987):

d
Trordinary = exp{—Zn (I) (pM
4(4no/w Cy ra\4

(4na/w) 2+_2(_) W
[(e4+1)=N(Ee—1)]" 2\
where d is the thickness of the film (7 um), A the wave-
length of the incident laser (650 nm), ¢y, the volume
fraction of the ferrofluid (6.47%), o the electric conduc-

tivity of the solute particles in the ferrofluid
(2.98 x 10"esu), w the frequency of the incident laser
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Fig. 3 The transmittance versus temperature relationship. The data
points in the figure are derived by calculations which are the quotients
of the smallest electrical signal over the largest. The curve is the
exponential verification of the data points

(2.90 x 10" Hz), ¢ the ratio of dielectric constants of the
solute particles and the solvent of the ferrofluid (0.05625),
N the mean depolarizing factor in the direction of the
magnetic field (0.28), C, the constant for normalization, ¢
the skin depth (4.02 x 10™® m) and a the mean radius of
the magnetic chains. The values in brackets are the
parameters for the experiment.

The experimental data is verified by Eq. 1. In order to
investigate the sensitivity if the sensor, exponential func-
tion are employed to fit the experimental data. It can be
seen from Fig. 3 that the transmittance shows an expo-
nential growth with the temperature which matches with
Eq. 1. There are two main factors to determine the
agglomeration or dispersion process of the magnetic
chains, that is, magnetic attraction and thermal agitation.
The former makes the magnetic particles to agglomerate
while the latter makes the magnetic particles be dispersed
(Pu et al. 2007). In the experiment, the amplitude of the
magnetic field remains unchanged and the temperature

mean depolarizing factor in the direction of the magnetic
field N reflects the shape of magnetic chains. When there is
no magnetic field, all the particles disperse in the carrier
liquid randomly so that N is one third which is the largest
value of N. With the increase of the magnetic field strength,
the particles agglomerate to form magnetic chains so that N
decreases. When in a magnetic field with fixed strength,
more particles will disperse into the carrier liquid with the
increase of temperature which has been discussed above so
that N increases. So it can be seen from Eq. 1 that the
combined effect of the mean radius of the magnetic chains
a and the mean depolarizing factor in the direction of the
magnetic field N makes the transmittance increase with the
increasing temperature. Thus, the transmittance verifies an
exponential growth with the temperature which is shown in
Fig. 3.

From the above experiment, the temperature sensor can
be designed by investigating the changing depth of the
electric signal shown by the oscilloscope with which the
transmittance of the incident light can be calculated.

Because the sensitivity is a key factor for a temperature
sensor, the sensitivity is obtained by calculating the dif-
ferential quotients of the fitting curve in Fig. 3. The results
are shown in Fig. 4.

The sensitivity is relatively small when the temperature
is below 60°C while above 60°C the sensitivity is relatively
large and keeps increasing to as large as 4.0%/° with the
temperature. That is because when the temperature is
below 60°C the effect of thermal agitation is comparable to
the effect of magnetic attraction, which results in small
variation of the transmittance when the temperature is
increasing. On the other hand, when the temperature is
above 60°C the effect of thermal agitation is dominant to
the effect of magnetic attraction so that the variation of the
transmittance with increasing temperature becomes larger.
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Fig. 4 The sensitivity of the temperature sensor using ferrofluid thin
film. The curve is the smooth connection of calculated data points

From the discussion above, it is found that this kind of
temperature sensor designed is suitable for using in higher
temperature, to say above 60°C.

4 Conclusion

The thermal agitation is enlarged with the rising tempera-
ture when the strength of the magnetic field is unchanged,
which results in the suppressing of the magnetic chains to
be formed while the optical transmission is enlarged. The
temperature sensor can be realized by investigating the
changing optical transmission with the changing tempera-
ture. After the analysis of its sensitivity, it is known that
this temperature sensor designed is suitable for using in
higher temperature, to say above 60°C. With further
research, such kind of temperature sensor may have
versatile applications in the condition that magnetic field
with high intensity exists in the measuring range where
dangerous for people to achieve.
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