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A simple method based on the retroreflection on the fiber-optic end face is developed to measure the
refractive index of a magnetic fluid in this letter. The measuring principle, accuracy, and sensitivity
of this method are analyzed theoretically, and high precision and resolution can be achieved in
principle. Experimental measurements are done to investigate the concentration and temperature
dependent refractive index of the magnetic fluid. The linear dependence relation is obtained for both
cases. The thermo-optical coefficient of the magnetic fluid is measured to be around −2.4
310−4 °C−1. © 2005 American Institute of Physics. fDOI: 10.1063/1.1905808g

Magnetic fluidsMFd is a kind of stable colloidal disper-
sion of finely divided single-domain ferromagnetic nanopar-
ticles in a suitable liquid carrier with the aid of surfactant,
which was successfully synthesized in the 1960s.1 Since
then, the phase separation, agglomeration, dynamic, and
magnetic properties of MF and colloid under external mag-
netic field have been studied extensively.2–5 Little research
on the optical properties of MF has been done until the late
part of the 20th century.6–11 Recently, the optical properties
of MF have been emphasized by many researchers and some
applications to photonic devices based on MF have been set
forth by some authors, for example, optical switch,12 light
modulator,13 tunable optical grating8,9 and coarse
wavelength-division multiplexing,14 etc.

The methods for measuring the refractive indices of liq-
uids can be classified into refraction technique and reflection
technique sincluding total reflectiond.15,16 Refractometer,
which is based on the refraction of light, is broadly used to
measure the refractive indices of liquids. But only the refrac-
tive indices of transparent or translucent liquids can be mea-
sured by this method. MF has a large absorption coefficient,
so reflection method must be adopted. The reports about
measuring the refractive index of MF are few until the year
of 2002 when Yanget al. found a method to measure it
successfully by total reflection technique.17 While tens or
hundreds of experimental data are needed to determine the
critical angle, and then the refractive index. Moreover, a
prism with refractive index higher than that of the MF is
indispensable to meet the condition of total reflection. Their
method also requires a high level of sophisticated instrumen-
tation and elaborate optical alignment to hold the resolution
and precision of measurement. In this letter, we will develop
a method to determine the refractive index of MF, which is
very simple, rapid, without loss of accuracy and sensitivity,
and no upper limit on the magnitude of the refractive index
of the MF exists. This method is optical alignment-free and
only one experimental datum with two calibration data is
needed to determine the refractive index of the MF.

When the light beam is incident onto an interface be-
tween two kinds of materials with different refractive indi-
ces, a portion of light will be reflected. For the absorbing and
magnetic medium, the reflectivities of electric field ampli-
tudes srp and rsd are determined by the Fresnel reflection
formulas sconsidering the light is incident from medium 1
onto the interface between medium 1 and medium 2d:16

rp =
Ep8

Ep
=

ñ2m1 cosi1 − ñ1m2 cosi2
ñ2m1 cosi1 + ñ1m2 cosi2

, s1d

rs =
Es8

Es
=

ñ1m2 cosi1 − ñ2m1 cosi2
ñ1m2 cosi1 + ñ2m1 cosi2

, s2d

whereEp andEs are the electric field amplitudes ofp polar-
ized sparallel to the plane of the incidenced and s polarized
sperpendicular to the plane of the incidenced components of
the incident light,Ep8 andEs8 are the corresponding reflected
amplitudes;ñ1=n1− ik1 and ñ2=n2− ik2 are the complex re-
fractive indices of medium 1 and medium 2,n1 and n2 are
their real refractive indices,k1 and k2 are their extinction
coefficientssk=a / s4pñd, wherea, ñ=1/l andl are absorp-
tion coefficient, wave number, and wavelength, respec-
tivelyd; m1 andm2 are the relative permeabilities of medium
1 and medium 2;i1 and i2 are the angles of incidence and
refraction.

In order to eliminate the complex assembly of optical
devices and optical alignment, we use a 3 dB “X” type
single-mode fiber coupler to guide the incident light to the
interface between fiber core and liquid under investigation
and collect the backreflected lightsFig. 1d. The fiber end face
is flat cleaved and the condition of normal incidence is sat-
isfied. For visible and infrared frequencies, the relative mag-
netic permeabilitym is to be 1.18

As for our experiment, medium 1 is the fiber core with
ñ1=nfc=1.460 and medium 2 the MF of interest withñ2
=nmf− ikmf, wherenmf and kmf are the real refractive index
and the extinction coefficient of the MF, respectively. Now,
the total reflectivity of light intensityR can be written in the
detailed form applicable to our experiment according to Eqs.
s1d and s2d:

adElectronic mail: shlpu@sjtu.edu.cn
bdElectronic mail: xfchen@sjtu.edu.cn

APPLIED PHYSICS LETTERS86, 171904s2005d

0003-6951/2005/86~17!/171904/3/$22.50 © 2005 American Institute of Physics86, 171904-1
Downloaded 19 Apr 2005 to 202.120.52.78. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.1905808


R= urpu2 = ursu2 = U ñ1 − ñ2

ñ1 + ñ2
U =

snfc − nmfd2 + kmf
2

snfc + nmfd2 + kmf
2 , s3d

which is independent of the polarization state of the incident
light. We can see from Eq.s3d that the refractive index of MF
nmf can be obtained given the values ofR andkmf are known.
R is measured through the experiment andkmf can be gotten
by the relationshipkmf=amf/ s4pñd. samf=a0c, wherea0 is a
constant and equals 9166.7 cm−1 for our MF10d.

In nature, always does exist the intrinsic reflection in the
experimental system. This may be assigned to the reflection
from the idle fiber end face or the fusion conjunction be-
tween fibers and so on. So the actual reflected light intensity
from the detecting fiber end face is undeterminable. While
accurate determination of the refractive index of the sample

under test requires accurate value of the reflectivity on the
interface. Then, calibration procedure is necessary. Our cali-
bration method involves measurements of the reflected light
intensities when the detecting fiber tip is submerged into two
samples with known refractive indices. We choose air and
water as the samples for our calibration. The operating wave-
length through our experiment is 1550 nm and the room tem-
perature is 20 °C. The refractive indices of air and water can
be calculated from the empirical equations given by Schmid
and Penzkofer,15 and Quan and Fry19 to benair=1.000 27 and
nwater=1.321 91 under one standard atmospheric pressure, re-
spectively. The intrinsic reflection powerP0 can be achieved
by the following relationship:

sPwater− P0dS
sPair − P0dS

=
Pwater− P0

Pair − P0
=
Snfc − nwater

nfc + nwater
D2

Snfc − nair

nfc + nair
D2 , s4d

whereS is the effective sectional area of the fiber,Pair and
Pwater are the measured reflected powers when the detecting
fiber tip is immersed in air and water, respectively.nair= ñair
and nwater= ñwater are the refractive indices of air and water,
respectively. With Eq.s4d, the intrinsic reflection powerP0
can be obtained.

Similar to Eq. s4d, the refractive index of MF can be
derived to be

nmf =

F1 +SPmf − P0

Pair − P0
DSnfc − nair

nfc + nair
D2Gnfc

F1 −SPmf − P0

Pair − P0
DSnfc − nair

nfc + nair
D2G ±!5F1 +SPmf − P0

Pair − P0
DSnfc − nair

nfc + nair
D2Gnfc

F1 −SPmf − P0

Pair − P0
DSnfc − nair

nfc + nair
D2G 6

2

− nfc
2 − kmf

2 , s5d

wherePmf is the measured reflected power when the detect-
ing fiber tip is immersed in the MF. SubstitutingP0 getting
from Eq. s4d into Eq. s5d, we can get the refractive index of
the MF of interest. From Eq.s5d, we know that there are two
calculated values of refractive index corresponding to one
value of measured reflected power. While for water-based
MF, its refractive index increases from the value of the re-
fractive index of water with the concentration of the MF
from zero or very diluted, so the physically relevant value
must be selected.

In our experimental configurationsFig. 1d, the incident
light is guided by an arm of the fiber coupler to the interface,
and the reflected light is collected by the same fiber at the
same location on the interface automatically. So the complex
optical alignment is canceled. Furthermore, the incident light
is almost normal to the interface and then the reflectivity is
very insensitive to the incident angle according to Fresnel’s
law. Thus, small angle cleaves on the detecting fiber end due
to technique deficiency does not influence the reflectivity. So
measurement of the reflected power is accurate and reliable,

and then the accuracy of the measurement of the refractive
index is assured.

The sensitivity of this method can be gotten according to
Eq. s5d and is given as

dn=
Snfc − nair

nfc + nair
D2

Pair − P0
·

fsnfc + nmfd2 + kmf
2 g2

4nfcsnfc
2 − nmf

2 − kmf
2 d

·dP, s6d

wheredP is the minimum change of power that the power
meter can distinguish. For our experiment condition, the
power meter is sufficient to distinguish the power change of
dP=0.01 dBm. It is apparent from Eq.s6d that the sensitivity
for measuring refractive index depends on the sensitivity of
the power meter, the refractive indices of the fiber core and
the sample, and their difference. Substituting the rough re-
fractive index of the MF and other known parameters into
Eq. s6d, the resolution innmf sdnd can reach the order of
magnitude of 10−4. In addition, a higher resolution of mea-
surement is easy to be achieved when a higher sensitive
power meter is available.

FIG. 1. Schematic diagram of experimental setup for studying the optical
properties of MF.
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Figure 1 shows the schematic diagram of the experimen-
tal setup for measuring the refractive index of the MF. A
stabilized laser is connected to one of the input ports of the
coupler and emits low-power light at the wavelength of
1550 nm. The reflected light is back guided to the power
meter by the 3 dB coupler. The MF is placed on the hot
stage, and a temperature controller is attached to the hot
stage to control the MFs temperature and study its thermo-
optical characteristics. Through our experiment, the incident
power on the interface is about −7.0 dBm. According to Du’s
and Luo’s numerical calculation and our previous work, the
largest temperature increase in the MF assigned to the energy
of the laser is about 0.4 K.5,6,10 So the influence of the tem-
perature increase contributed to the laser energy on the re-
fractive index of the MF is negligible.

Figure 2 draws the concentration dependent refractive
index of the MF calibrated from the experimental data shown
in the inset of Fig. 2. From Fig. 2, we can see that the re-
fractive index of the MF increases linearly with the concen-
tration. So it is easy to tune the refractive index of the MF by
changing its concentration for some optical applications.

Thermal effect is a crucial factor as for the quality of the
optical devices. Considering this aspect, we measure the re-
fractive indices of the MFs at different temperatures for vari-
ous volume fractions. Figure 3 depicts the refractive index of
the MF as a function of temperature for various concentra-
tions using the same calibration procedure as Fig. 2. As
shown in Fig. 3, it is evident that the refractive index de-
creases with the temperature for a fixed concentration; and at
a fixed temperature it increases with the concentration, which
coincides with Fig. 2. The slopes of the linear fitting curves
are the thermo-optical coefficients of the MF, which are
about −2.4310−4 °C−1.

Finally, we would like to point out that the measured
refractive index is the value contributed to a small volume of
the liquid in the vicinity of the fiber end face. So the spatial
distribution of the refractive index of the inhomogeneous
liquid can be determined. By this experimental configuration,
it is easy to determine the dispersion properties of the MF or
other liquids with a wavelength-tunable laser source. This
method can be extended to measure other liquids whether

their refractive indices are higher or lower than that of the
fiber core.

In conclusion, we have measured the refractive index of
the MF by the retroreflection on the fiber-optic end face suc-
cessfully. Theoretical analysis shows that this method gives a
high accuracy and sensitivity of measurement. In our experi-
mental condition, the resolution of 10−4 in the measured re-
fractive index of the MF is obtained. The linear dependence
relation between the refractive index and the concentration or
the temperature of the MF is acquired. The thermo-optical
coefficient of the MF is measured to be about −2.4
310−4 °C−1.
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FIG. 2. Refractive indexnmf as a function of concentration c. The inset
shows the measured reflected powers for various concentrations when the
detecting fiber tip is immersed in the MF.Pair and Pwater are the measured
reflected powers when the detecting fiber tip is placed in the air and im-
mersed in the water, respectively.

FIG. 3. Temperature dependent refractive indices of the MFs for various
concentrations.
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