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Characterization of magnetic nanoparticles in solution is challenging due to the interplay between magnetic relax-

ation and agglomeration. The AC magnetic susceptibility of magnetite nanoparticles in water has been studied using

magneto-optical methods in the frequency range 10 Hz to 250 kHz. The Faraday effect is detected simultaneously with

changes in the fluid configuration. It is shown that the relative sensitivity to the magnetic and structural response can

be adjusted by varying the wavelength, paving the way towards spatially resolved studies at the micro-scale.

Magnetic hyperthermia exploits heating from the hystere-

sis cycle of magnetic nanoparticles (MNP) to locally increase

the temperature of malignant cells above a critical value of

43−45 ◦C and induce their death1. The choice of MNP is lim-

ited by the need for sufficiently large magnetic moment while

keeping low toxicity within the human body, so that magnetite

MNPs are commonly used2,3. However, careful characteri-

zation of the MNP dynamics stimulated by an AC magnetic

field is necessary, since the choice of field amplitude and fre-

quency is limited by the generation of electric currents within

the body4 that can result in untargeted temperature increases.

The magnetization induced by an AC field may be mea-

sured directly using compensated pickup coils. This gives a

quantitative measure of the AC susceptibility (ACS) but is dif-

ficult to scale to small sample volumes. On the other hand

magneto-optical measurements that exploit the Faraday effect

can be used to probe the ACS5–8 and can be realised within an

optical microscope. The Faraday effect describes the rotation

of polarization that occurs when linearly polarized light prop-

agates through a magnetized material. The rotation is propor-

tional to the component of magnetization parallel to the direc-

tion of propagation. However the rotation is typically small

at 10−2 deg/mm. Measurements within a magnetic fluid can

be difficult because the field may also affect the dispersion of

the MNPs within the solution. MNPs will agglomerate due to

dipolar interactions9–13, affecting the propagation and scatter-

ing of the light within the fluid9–11. The Faraday rotation also

depends upon the wavelength of the light and is sensitive to

the size of the MNPs14,15.

In this article a magneto-optical method for the character-

ization of MNP dynamics is demonstrated. Changes in the

spatial configuration of the MNPs (the fluid configuration) are

found to influence the measurement, but magnetic and struc-

tural effects may be disentangled by making measurements at

a number of different wavelengths.

Faraday rotation measurements were made with a tuneable

light source consisting of a Xenon lamp (Jobin-Yvon FL-

1039) and a monochromator (Jobin-Yvon, iHR320) as shown

in fig. 1. To maximise the signal to noise ratio, the entrance

a)Electronic mail: r.soucaille@exeter.ac.uk

and exit slits of the monochromator were fully opened, re-

sulting in a bandwidth of 50 nm. The emitted light was then

passed through a calcite Glan-laser polarizer. After passing

through the sample, the beam was split into two components

with orthogonal linear polarization using a Thompson prism.

The intensities of the two beams were recorded using two

fiber optic coupled photodiodes that formed part of a balanced

bridge detector (Thorlab PCB450A) of 5 MHz bandwidth.
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Figure 1. Sketch of the experimental apparatus, with white light

source (L) coupled to monochromator (M). The beam is focused with

the help of several lenses (double ended arrows) and passed through

a polarizer (Pol). The location of the sample cuvette is indicated

by the central black rectangle. The electromagnet (EM) generates a

magnetic field parallel to the beam direction, and a Thompson beam

splitter (PBS) splits the beam into two beams with mutually orthog-

onal linear polarization (Ch+ and Ch−). The coil of the EM is con-

nected to an AC power amplifier and a series resistor (R) that allows

the current to be measured, while the ferrite yoke is shaded grey.

DC measurements were made using an electromagnet with

a steel yoke, and pole pieces with holes drilled through their

centre for optical access, which could generate a magnetic

field of up to 300 mT. The sample was contained within a

cuvette made of optical glass (hellma-analytics 110-os-2) that

resulted in a path length of 2 mm within the sample and 2.5

mm within the walls of the cuvette.

The retrieval of the Faraday rotation from the difference

output of the bridge detector (Ch+ - Ch−) requires care be-

cause the MNPs react to an applied magnetic field on a

timescale comparable to or longer than the duration of the

measurement. Specifically, agglomeration of MNPs can mod-

ify the optical transmission in a complex manner depending

on the wavelength and field history on time scales ranging

from miliseconds to hours9. The following procedure was

used to ensure consistent calibration of the Faraday rotation

for all field values within a hysteresis loop measurement. The
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first field value was set and the sample allowed to relax for

250 ms before the detector output was recorded for different

wavelength values. The next field value was then set and the

process repeated. Once measurements had been made for all

field values, the angle of the polarizer within the incoming

beam was set to a new value, and a new set of measurements

were made for the set of field and wavelength values chosen

previously. Repeating this process, data sets were acquired for

polarizer angles through a range of about 3 degrees. Finally,

the dependence of output voltage upon polarizer angle was

fitted to a straight line for each pair of field and wavelength

values. The Faraday rotation angle was taken to be the polar-

izer angle required to null the output, which was then plotted

versus field for each wavelength value. A vertical offset was

removed so that zero optical rotation was obtained for zero

applied magnetic field. The offset contains a first component

due to the initial setting of the input polarizer being arbitrary,

and a second that is wavelength dependent and due to the use

of non-optimal polarizing optics. An example of the resulting

hysteresis loop is shown within the inset of fig. 2 (b).

High frequency measurements were made with an electro-

magnet based upon a standard ferrite transformer core mate-

rial (ER64/13/51-3F36, Ferroxcube) with cut-off frequency of

2 MHz, to reduce eddy current losses. The core was ground to

the desired dimensions, with optical access through the pole

pieces, while a 5 mm air gap allowed a cuvette to be placed

between the pole pieces. The driving coil was split around the

two pole pieces and was composed of 36 loops of Litz wire

(800 strands, 40 µm diameter per strand). A maximum induc-

tion of 50 mT could be obtained for a current of 7 A. For fre-

quencies higher than 3.6 kHz, the power amplifier (LPA05B

from N4L) cannot provide enough current to reach the maxi-

mum field, and the product of magnetic induction B and fre-

quency f is limited to B f < 180 mT kHz. However this limit

may be extended by creating a resonant LC circuit in which a

capacitor is placed in series with the electromagnet.

The current delivered by the amplifier is measured via a se-

ries resistor (0.1 Ω) while the field is measured by a pick-up

coil (1 cm diameter, 4 turn) inserted between the pole pieces.

Field calibration is performed through the whole frequency

range, at low frequency using a Hall probe, and at higher fre-

quencies using a slab of Tellurite glass for which the Faraday

rotation is recorded. The pick-up coil gives an accurate field

measurement, but the signal is too small to be measured reli-

ably at small fields and frequencies, and then the field must be

inferred from the measured current instead.

For optical ACS measurements, it is necessary to compen-

sate for the frequency dependent impedance of the coil and

its leads so that a constant field amplitude is maintained for

all frequencies. The system is modeled as an electric circuit,

with inductance L in series with resistance R, for which the

resulting magnetic field is proportional to the current. The

value of L is determined by measuring the resonant frequency

f = 2π/
√

LC when a capacitance C is connected in series

with the coil. The control voltage sent to the power amplifier

is required to have the form

Ucom =
B

10K

√

R2 + (2πL f )2 (1)

where B is the magnetic induction generated by the magnet,

K is the conversion factor from current to field (in T/A), and

R includes the resistance of the leads, coil, and series resistor.

The factor of 10 accounts for the gain of the power amplifier.

The AC field calibration is then used to determine the fre-

quency dependent phase of the AC field. ACS measurements

were made by sweeping the frequency of the AC field from

high to low values and recording the detector output with a

lock-in amplifier. Visual inspection of the cuvette was carried

out after each measurement to check for sedimentation of the

MNPs.

The transmitted light intensity was also measured sepa-

rately, after removing all polarizers from the setup, with a

single fast photodiode of 10 MHz bandwidth to avoid polar-

ization effects that might occur in the bridge detector. The

2nd harmonic intensity signal is of particular interest and was

recorded using a lock-in amplifier. The same field calibration

was used as for the ACS measurements, but the phase of the

2nd harmonic intensity signal relative to the command voltage

is twice that of the first harmonic ACS signal.

It is first necessary to characterize the wavelength depen-

dence of the Faraday rotation obtained from the solution. The

magnetization of superparamagnetic nanoparticles in suspen-

sion, and hence the Faraday rotation, may be described by a

Langevin curve. The glass of the cuvette and the liquid con-

taining the MNPs, also yield a small optical rotation that is

proportional to the applied magnetic field. The total mea-

sured polarization rotation may therefore be fitted to a sloped

Langevin curve of form

θF = θmag

(

coth
µB

kbT
−

kbT

µB

)

− νlinB. (2)

where θF is the total Faraday rotation, θmag is the Faraday rota-

tion generated by the MNPs at magnetic saturation, and νlinB

is the additional background that is linear in the magnetic in-

duction B.

A single value of B0 = kbT/µ was used to fit equ. 2 to the

measured θF for all wavelengths. Expanding the coth function

in equ. 2 to first order, θF is found to be linear in B at small

field, with gradient ν = νmag + νlin where νmag = θmag/(3B0).

Fig. 2 shows the wavelength dependence of νmag and νlin for

solutions of magnetite nanoparticles dispersed in cyclohexane

with different dilutions. The results are consistent with pre-

vious studies14,15 since θF associated with the MNPs (νmag)

changes sign at a wavelength close to 560 nm and becomes op-

posite in sign to the linear background (νlin) for wavelengths

between 400 nm and 560 nm. For the shortest wavelengths

the linear background, νlin, is also affected by the nanoparticle

concentration, tending to decrease as the nanoparticle concen-

tration is increased. In contrast, the value of νmag increases to-

wards larger positive values with increasing concentration as

reported in previous studies where θF depends on the packing

of the MNPs14.

Measurements of the frequency dependent ACS are typi-

cally used to obtain the relaxation time of the nanoparticle

magnetization within the framework of linear response the-

ory. The relaxation rate is identified as the frequency at which

a maximum occurs in the imaginary part of the magnetic
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Figure 2. Faraday rotation obtained from solutions of magnetite

nanoparticles dispersed in cyclohexane for different dilutions the op-

tical path of the cuvette is 2 mm. The main panels show the wave-

length dependence of the parameters (a) νmag and (b) νlin defined

within the main text. The inset in (b) shows the measured rotation

after calibration for a solution of x6.2 dilution at 800 nm wavelength.

The solid line is a fit to equ. 2 that allows the Faraday rotation from

the superparamagnetic MNPs and the linear background to be ex-

tracted. Particle sizes are described within fig. S1 of the Supplemen-

tary Material.

susceptibility5,7. The magnetization of a MNP can relax by

one of two possible mechanisms, firstly by rotation of the

nanoparticle associated with Brownian motion, with a relax-

ation time that depends on the hydrodynamic radius of the

nanoparticle, and secondly by Néel relaxation which involves

rotation of the magnetization and depends upon the magnetic

anisotropy1,16,17. In a liquid solution, both mechanisms are

involved, and the two relaxation times cannot be determined

from a single measurement. Instead it may be necessary to

make measurements on solutions of different viscosity2, or to

measure a reference sample in which the MNPs are immo-

bilized. The signal from bridge detector may result from a

combination of different processes since its differential output

depends upon both the intensity and change in polarization
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Figure 3. (a) Real and (b) imaginary parts of the difference channel

output of the bridge detector recorded during low field ACS mea-

surements. (c) Real and (d) imaginary parts of the second harmonic

signal measured with a single photodiode. Results are normalized

to the values obtained at 10 Hz, the different wavelength are given

in the panel (a) in nm. The imaginary part of 600, 750 and 900 nm

data sets in (b) has been multiplied by a factor 5. Arrows in (b) indi-

cate two characteristic features of the measurement F1 and F2. The

amplitude of the applied AC field was 0.25 mT.

state of the light. To determine the magnetic relaxation time,

it is necessary to isolate the contribution to the signal from the

Faraday rotation of the MNPs.

Low field optical ACS measurements were made on mag-

netic fluids consisting of magnetite nanoparticles, with size of

around 14 nm, dispersed in water. The MNPs were stabilized

with an oleic acid coating and the concentration of iron in the

fluid was 1.91 mg/mL. Fig. 3 shows the frequency dependence

of the optical ACS signal, obtained from the output of the

bridge detector, at different wavelengths. Measurements were

also performed for different amplitudes of the applied field

[fig. 4 and 5]. The optical ACS data in fig. 3 exhibits a change

of sign at a wavelength between 550 nm and 600 nm, suggest-

ing that the Verdet constant of the MNPs may be changing

within this wavelength range, as seen previously in fig. 2. The

imaginary part exhibits two features, one at around 100 Hz,

(denoted F1), and another one around 10 kHz (denoted F2)

indicated by arrows in figs. 3 (b), 4 (b) and 5 (b). These two

features have a different dependence on the optical wavelength

and the field amplitude. The low frequency feature, F1, has

a different characteristic frequency for different field ampli-

tudes. F1 manifests as a minimum, even when θF changes

sign, while the high frequency feature, F2, instead changes

from a minimum to a maximum. Similarly, the relative ampli-

tude of the two features varies with the wavelength as seen in

fig. 3 (b), depending on the absorption of the solution and the

wavelength dependence of the DC Faraday rotation shown in

fig. 2 (a).

The ratio of the part of θF arising from the MNPs, to that

from the linear background, depends on the wavelength and

tends to increase for wavelengths greater than 650 nm up to

the longest wavelength measured. In the high frequency limit,
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the magnetic susceptibility of the MNPs tends to zero, and the

optical ACS signal becomes equal to the part of θF due to the

linear background.
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Figure 4. (a) Real and (b) imaginary parts of the optical ACS signal

for different magnetic field amplitudes. (c) Real and (d) imaginary

parts of the second harmonic component of the transmitted light in-

tensity. All data was recorded at a wavelength of 550 nm. All curves

have been normalised to the applied field amplitude.
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Figure 5. (a) Real and (b) imaginary parts of the optical ACS signal

for different magnetic field amplitudes. (c) Real and (d) imaginary

parts of the second harmonic component of the transmitted light in-

tensity. All data was recorded at a wavelength of 900 nm. All curves

have been normalised to the applied field amplitude.

The feature identified as F2 (fig. 3) is caused by Brownian

relaxation of small ( 38nm) clusters of polydisperse nanopar-

ticles, as determined from analysis of conventional inductive

AC susceptibility measurements (see Supplementary Material

fig. S1). To identify the origin of the feature F1, it is help-

ful to consider the variation of the transmitted light intensity.

Different processes can affect the transmission of the light,

such as a time dependent aggregation of the nanoparticles that

tend to form chain structures9, or a reorientation of the easy

axes of the nanoparticles or aggregates18. Structural change

is expected to be an even function of the magnetic field and

so should be visible in the second harmonic component of the

detector output19,20. The measured values shown in figs. 4 (c-

d) and 5 (c-d) exhibit a single absorption feature in the low

frequency part of the spectrum. The centre frequency of this

feature varies with field amplitude and to some extent with the

wavelength of the light [fig. 3 (c,d)]. As seen from the x10 ex-

panded view, the characteristic relaxation frequency decreases

for longer wavelengths, except for 900 nm wavelength where

the decay is slightly more gradual than for 750 nm wave-

length. The wavelength dependence is more obvious when the

field amplitude is larger, for example comparing the minima

in the 2.00 mT curves in figs. 4 (d) and 5 (d). The mean inten-

sity of the transmitted light was also recorded but but did not

show any clear correlation with the frequency and amplitude

of the AC field.

The MNPs respond to an applied field by first aligning with

each other to form columns, which may then coalesce9,12 on

time scales of hundreds of seconds. As the columns thicken, a

wavelength dependence of the transmitted light develops that

indicates the formation of an optical resonance9. This is most

relevant for the highest fields used, since the acquisition of the

susceptibility data for many different wavelengths may take

up to one day. This mechanism may account for the wave-

length dependence of both the F1 feature in the optical ACS

data and also the second harmonic intensity signal.

The orientation of the easy axis of the chain depends on the

strength and the frequency of the applied field18. If the field

varies slowly then the easy axis has time to reorient parallel

to the field. However, the easy axis will exhibit a small os-

cillatory rotation about a direction orthogonal to the field if

the field oscillates with a period shorter than the time needed

for full reorientation to occur. The Verdet constant and opti-

cal absorption also depend upon the direction of propagation

of the light relative to the axis of the chain15. These differ-

ent processes affect the optical ACS data because the bridge

detector output is proportional to the intensity of the light,

the Verdet constant and the induced magnetization. The data

suggests that breakthrough of the intensity variation into the

signal from the bridge detector (feature F1) is not a simple

non-linearity. The amplitude of feature F1 in the optical ACS

data decreases with field amplitude in figs. 4 and 5, but the

opposite trend is expected for a non-linear response of the

magnetization to the applied field. The measurements made

at 550 nm wavelength, shown in fig. 4, also give insight into

the process. Here the θF from the MNPs vanishes and the

optical ACS signal is dominated by feature F1. The centre

frequency of feature F1 follows a similar trend to that of the

feature in the second harmonic intensity data, except that the

frequency of feature F1 is about three times larger. A simi-

lar kind of behavior was reported by Fock et al. 20 where the

peak frequency of the ACS was
√

3 times larger than the sec-

ond harmonic intensity signal, but with any dispersion of the

Brownian relaxation frequency of the MNPs causing this ratio

to increase. Therefore the observed factor of about 3, rather
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than
√

3, suggests a broad dispersion in the hydrodynamic

properties of the agglomerates. Alternatively, the enhance-

ment of this factor may also be related to slow agglomeration

of the MNPs, since the measurements of the transmitted in-

tensity were performed after the optical ACS measurements.

A larger aggregate is expected to exhibit a smaller Brownian

relaxation frequency that is inversely proportional to its effec-

tive hydrodynamic volume19.

In conclusion, optical ACS characterisation of magnetite

nanoparticles dispersed in a fluid has been performed. The

low field optical ACS data depends strongly on the wave-

length of the light, while the transmitted intensity is affected

by changes in the structural configuration of the fluid. The

low frequency feature observed in the intensity signal over-

laps with features due to magnetic relaxation within the opti-

cal ACS data, and extra care should be taken when fitting the

ACS data if the correct magnetic relaxation time is to be ex-

tracted. This work has demonstrated the feasibility of using

light to probe the ACS of MNPs and paves the way to imag-

ing the ACS of MNPs within biological environments using

an optical microscope.

See Supplementary Material for bulk measurements and

simulations of the ACS of MNPs dispersed in cyclohexane.
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