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We describe a technique to optically characterize superparamagnetism. Faraday rotation
measurements are performed on a superparamagnetic nanocomposite using small alternating
current magnetic fields. The superparamagnetism of the iron oxide nanoparticles causes signals at
the uneven harmonics of the magnetic field frequency. These signals provide information on the
magnetic moment of the superparamagnetic nanoparticles. Dia- and paramagnetism do not cause
signals at higher harmonics, resulting in a high sensitivity to superparamagnetism, even in samples
with large dia- or paramagnetic contributions. This technique provides a rapid, economical method
to characterize superparamagnetism in composite samples not easily accessible by other
techniques. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801837]

Reducing the size of magnetic particles to the nanometer
range causes new effects to occur that do not exist in bulk
materials." An important effect is superparamagnetism,
which occurs when magnetic nanoparticles are so small that
they can only support a single magnetic domain.> Under this
critical radius, the nanoparticles can be described as having a
single giant magnetic spin.’ The critical radius depends on
the type of material and typically ranges from nanometers to
hundreds of nanometers. For magnetite nanoparticles, it is
approximately 20 nm.* Under this size, thermal energy is suf-
ficient to relax the magnetization of the nanoparticles in the
absence of an externally applied magnetic field on a time-
scale smaller than that of the experiment.” Shape and surface
anisotropy present in the nanoparticles generally causes a
uniaxial anisotropy, described by a single anisotropy energy
density parameter® K. In the absence of an externally applied
magnetic field, the particle magnetization lays along this ani-
sotropy axis. Application of an external magnetic field ini-
tially causes the magnetization to favor one direction along
the easy axis, causing a sharp increase in net magnetization
of the nanoparticle sample. Higher applied magnetic fields
cause the magnetization to rotate away from the anisotropy
axis and towards the applied magnetic field direction.” This
behavior can be described by the Langevin equation, and the
size of the anisotropy for magnetic nanoparticles is typically
such that magnetic saturation occurs at fields under 1 T.

Superparamagnetism has interesting applications in a
wide variety of fields, including biomedicine,® bio-imaging,®
hyperthermia,” magnetic fluids,'® magnetic separation,'’ mag-
netic data storage,'” and many others. Characterization of the
magnetic moment u of a superparamagnetic material is crucial
for these applications. This determines amongst others the
contrast of the MRI images and the effectiveness of the hyper-
thermia.® It is also important for magnetic data storage pur-
poses,® and can be used for nanoparticle size determination.'?

VSM'* and SQUID' are techniques frequently used to
determine hysteresis, magnetic moment, saturation
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magnetization, and blocking temperatures in superparamag-
netic materials.'® Alternatively, magnetization-induced sec-
ond harmonic generation'’ ™" is powerful for probing
magnetic interfaces, and Faraday rotation can also be used to
determine magnetic parameters.”’>' However, these techni-
ques measure the total magnetic response of the probed
region of the sample, and a large dia- or paramagnetic
response can make the detection of a small superparamag-
netic contribution difficult and time-consuming.

Nanocomposites, composite materials where at least one
constituent has a size on the order of nanometers, have
become important materials with many current and future
applications,22 such as in batteries,23 antibacterial materials,24
biochemistry,”> magnetic-field controlled electrical devices,*
and many others. Nanocomposite material properties not only
depend on the properties of their constituent materials but also
strongly depend on their morphology, dispersion, and interfa-
cial characteristics of the constituents.”>”>’ The increase in
research on nanoscale materials has been driven by the ability
to characterize these materials.”® In order to further advance
the field, new characterization techniques are necessary that
are accessible to many researchers.

The advantages of superparamagnetic nanoparticles in
imaging have previously been demonstrated.”” In order to
improve imaging contrast, it has already been demonstrated
that it is possible to perform detection at higher harmonics of
the frequency of the applied magnetic field.’*' However,
the precise relationship between the superparamagnetism
of the material and the observed nonlinearities has not yet
been derived.

The underlying principle of our technique (depicted in
Fig. 1) relies on the nonlinear response of a superparamag-
netic material to an externally applied sinusoidal magnetic
field. The direction and amplitude of an externally applied
magnetic field, generated by a solenoid, are modulated by an
alternating current. Under the influence of this modulation,
light that propagates along the direction of the magnetic field

© 2013 AIP Publishing LLC
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has its direction of polarization rotated, due to the Faraday
effect. This rotation of polarization is detected by a lock-in
amplifier. At the applied magnetic field strengths, maximally
18 mT, dia- and paramagnetic materials can be considered to
have a linear behavior as a function of the applied magnetic
field strength. As such, they only cause a signal at the funda-
mental frequency of the modulated magnetic field. Over the
same applied magnetic field strength range, superparamag-
netic materials show clear deviation from linearity due to their
Langevin-dependence on the applied magnetic field strength.
This deviation can be observed in the uneven higher harmon-
ics of the modulated magnetic field, where the signal is solely
attributable to superparamagnetism. This allows analysis of
complex samples with very small superparamagnetic contri-
butions. Furthermore, the size and magnetic field strength de-
pendence of the signal at each harmonic can be correlated to
the superparamagnetic properties of the material. The pro-
posed technique for the characterization of magnetic moment
in superparamagnetic materials is rapid, economical, and eas-
ily adaptable to many sample types.

Superparamagnetic iron oxide nanoparticles were syn-
thesized using forced hydrolysis in polyol.'® Briefly, a
round-bottom flask with 37.5ml of diethylene glycol and
25ml of octylamine was heated to 150°C while stirring.
Separately, 2.4g of anhydrous FeCl; was dissolved in a
beaker with 3ml of water and 10ml of diethylene glycol.
This mixture was added all at once to the round-bottom flask,
which was then refluxed at 180°C for 24 h. The resulting
mixture was magnetically filtered and washed three times
with acetone. After drying in a vacuum oven, a black powder
of superparamagnetic nanoparticles was obtained. In order to
avoid any effects of physical orientation of the superpara-
magnetic nanoparticles on the measurement,>” polymer
nanocomposites were synthesized with these nanoparticles.
The nanoparticles were dispersed in chloroform with
PMMA, typically at 10 to 15wt %, and sonicated for 2 h.
Subsequently, they were spincoated at 2000 rpm for 20s on
1 mm thick BK7 glass slides, resulting in films of 1 to 2 um.
The resulting samples were optically isotropic. VSM meas-
urements of a powder of the nanoparticles were performed at
300K on an unmodified VSM Maglab setup (Oxford
Instruments) (see supplementary material®”).

In the experimental setup used to detect Faraday rotation
in transmission (Fig. 2), a laser diode generates continuous

wave 405nm light, which is then linearly polarized by a
GL10 Glan-Laser polarizer. This linearly polarized beam
passes through a solenoid containing the sample. At the sam-
ple the beam is approximately 1 mm in diameter, at approxi-
mately 40 mW. The solenoid containing the sample is driven
by a Europower EP2500 amplifier, which receives a refer-
ence sine wave at 857 Hz. The resulting sinusoidal magnetic
field strength inside the solenoid causes Faraday rotation in
the sample. A Wollaston prism positioned at 45° splits the
light coming out of the solenoid into two beams of orthogo-
nal polarization. Two photodiodes detect these two beams,
and the resulting electronic signals are processed by a lock-
in amplifier (SR830). This lock-in amplifier operates in A-B
mode, subtracting the signal from the two photodiodes from
each other. Measurements were performed by discretely
varying the magnetic field strength and measuring the locked
voltage at each harmonic for each magnetic field strength.
Faraday rotation can be described by

0 = VBd, ey

where 0 is the Faraday rotation, V is the Verdet constant, B is
the magnetic field in the direction of the propagation of light,
and d is the distance traveled through the magnetic field.
Rewriting the magnetic field yields (in SI units)

0 = Vuo(H + M)d )

Solenoid
containing sample

N0ty

Polarizer Wollaston Prism

—

w, 3w, 5w, ...

Amplifier

Ac

Lock-in
amplifier

FIG. 2. In the experimental setup, a 405nm laser diode beam is linearly
polarized and then passes through a solenoid. The beam is then split into or-
thogonal polarizations by a Wollaston prism at 45° and is detected by photo-
diodes. A lock-in amplifier powers the solenoid via an amplifier at 857 Hz,
producing a magnetic field in the solenoid that varies sinusoidally as a func-
tion of time.
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with H the magnetic field strength, M the magnetization, and
U the magnetic permeability. For dia- and paramagnetic
materials the magnetization is linear as a function of the
magnetic field strength, so we can write

0= V(1 + 7)Hd 3)

with y the magnetic susceptibility. Using this linear relationship
between Faraday rotation in a dia- or paramagnetic material
and an applied magnetic field, it is possible to linearly correlate
the light intensity on a photodiode to the Faraday rotation.*

For superparamagnetic materials, the magnetization is
not a linear function of the magnetic field strength, but can
be described by a Langevin function®

M = MsL(H), “)
where Mj is the saturation magnetization. We can now write

0 = Vyuo(H + MsL(H))d. (5)

The Langevin function can be written as a function of
the magnetic field strength2

1
L(H) = coth(C x H) Cr A’ (6)
where C = u/(kgT) with kB the Boltzmann constant and mu
the magnetic moment. Because 1/(C x H) is undefined at
H=0, we cannot perform a Taylor expansion around this
point. We can however expand coth(x) in a Laurent series
around x =0

1 o 22’132”)(2”_1
coth(x) = T + Zw, @)

n=1

where B,, is the 2nth Bernoulli number. Filling this into the
Langevin function, Eq. (6), yields

Z 22}132

H)Zn— 1

®)

The applied magnetic field strength is sinusoidal in time
H = Hysin(A), 9)

where we write A = wt + ¢ to lighten the notation. Filling
into Eq. (8) results in

> 2B CH 2=l
=y == 2 0) sin”~ ' (A). (10)

n=1

Because 2n — 1 is odd, we can expand sin® Y (A) via de
Moivre’s formula

n—1
—1
- (2n-1) yr1= n
sm 2211 22 < k )

X sm((Zn —1-2k)A), (11)

where b

a> is the binomial coefficient. Filling Eq. (11) into
Eq. (10) yields

Appl. Phys. Lett. 102, 161903 (2013)

4 % By, (CHo) ™" &4 14 2n—1
won =3B o ()

k=0

x sin((2n — 1 — 2k)A)] (12)
and finally we fill Eq. (12) into Eq. (5)

0=V, (HO sin(A) + MSZ

x ;; (—1)"‘1“’(2"; : >sin((2n —1-2k)A)

|i" *an CHO)Zn 1

>d_

(13)

We see that, in contrast to Eq. (3) for dia- and paramag-
netic materials, the observed Faraday rotation 0 contains
components at higher harmonics of the frequency of the
magnetic field. Because 2n — 1 — 2k is uneven, we see that
there will only be uneven harmonics present. Using Eq. (13),
we can now determine what signal will be present at each
harmonic for a given superparamagnetic sample. Explicit
derivations for the first and the third harmonic can be found
in the supplementary material. Neglecting nonlinearities at
very low fields reduces Eq. (13) to a linear relation between
the signal at the fundamental frequency of the applied mag-
netic field and the amplitude of the applied magnetic field,
allowing determination of the Verdet constant of the
material.'%-*'*

For the measured superparamagnetic nanocomposite, a
clear signal was detected on the lock-in amplifier for all
uneven harmonics until the 13th harmonic, while no signal
was observed for any even harmonic. Purely dia- and para-
magnetic samples only produced a measurable signal at the
fundamental frequency. The signal for the superparamag-
netic nanocomposite divided by the dc voltage on the photo-
diodes is plotted as a function of the magnetic field in Fig. 3
for the first to the seventh harmonic.

Signal Signal
5x10*{ 1@ 1 30
2x10%]
2.5x10*
1x10™]
0 O
5x10°] 5@ J )
1x10™
2.5x10°®
0 n n 0
0 9 18 0 9 18

Magnetic Field (mT) Magnetic Field (mT)
FIG. 3. A clear non-linear dependence is seen in the signal of the superpara-
magnetic nanocomposite as a function of the magnetic field, with higher
order harmonics displaying higher order nonlinearities in the magnetic field.
Fitting is performed to equations derived from Eq. (13), allowing for four
magnetic field strength dependent terms per fit.
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TABLE I. Value of C for fits to Eq. (13) for each measured harmonic of the
superparamagnetic nanocomposite.

Measured harmonic C (T~') from fitting to Eq. (13) *

3 163.16057 13.29059
5 153.29697 13.51621
7 143.12684 12.48853
9 132.8965 11.4159
11 127.12693 10.72927
13 119.17883 9.68399

Fitting the observed signal as a function of the applied
magnetic field strength to Eq. (13) yields a value for C, the
constant in the Langevin equation (6). When performing
these fittings, care needs to be taken to avoid overﬁtting.35
Using too many terms in the fit attributes too much impor-
tance to noise in the data, resulting in incorrect fits (supple-
mentary material Fig. 2) For our data, it was empirically
determined that the optimal number of terms was four. The
resulting fits are displayed in Fig. 3, and the associated val-
ues for C are displayed in Table 1.

These C values can be related to the magnetic properties
of the material via® C = y/(kgT); this can be interpreted as a
ratio of the magnetic moment to the thermal energy. We can
now compare the measured C to that derived from VSM
measurements performed on a powder of the nanoparticles
from —20mT to 20mT, where C = 177T"'. This corre-
sponds quite well to the values obtained from our characteri-
zation technique. However, this is larger than the values
typically reported in literature for these nanoparticles, which,
for this size of iron oxide nanoparticles, range'? from 25T
to 45T~!. The reason for this discrepancy lies in the small
range of the magnetic field strength measured. When the
VSM hysteresis is acquired from 3T to —3 T, we obtain
C =40T"'. As the range of magnetic field strength is
decreased, the fit value for C increases. This dependence of
C on the magnetic field strength range is due to the fact that
the particles deviate from ideal Langevin behavior.

Our technique is more applicable to small magnetic field
strengths than VSM measurements, which tend to be opti-
mized for measurements at large magnetic field strengths.
See supplementary material for an example of a VSM curve
at a small magnetic field. Our technique on the other hand
excels at smaller magnetic field strengths.

An important application of our technique is the obser-
vation of non-ideal superparamagnetic behavior. For ideal
Langevin behavior, the C values for each harmonic in Table I
would be equal. From this single C value, the magnetic
moment of the nanoparticles can be calculated. However, the
value of C differs for each harmonic. The deviations from
the ideal values of C can be used to acquire information on
the non-idealities present in the sample. Possible causes of
non-idealities are the size distribution of the nanoparticles,
inter-particle interactions, or surface effects.>® Our technique
is well-suited to further analyze these non-idealities.

Superparamagnetism is an important effect in magnetic
nanoparticles. While magnetism in materials can be charac-
terized by a variety of techniques, characterizing superpara-
magnetism in thin film samples with a large dia- or

Appl. Phys. Lett. 102, 161903 (2013)

paramagnetic contribution remains difficult. We have dem-
onstrated an optical magnetization characterization uniquely
sensitive to superparamagnetism.

For the investigated superparamagnetic iron oxide poly-
mer nanocomposite, a clear signal was observed for all
uneven harmonics until the 13th harmonic, while no signal
was observed for any even harmonic. Solely dia- and para-
magnetic samples only produced a measurable signal at the
fundamental frequency, with no signal at any higher har-
monic. Our characterization technique is rapid and economi-
cal, and the resulting values provide information on the
superparamagnetism present in the sample.
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