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Abstract

The dynamical rotational behavior of magnetic nanostructured rods based on the auto-association of maghemite 
nanoparticles and block-copolymers is probed by optical microscopy under rotating fields in a  s imple l iquid. The 
re-orientation of the rods by a field rotated by 9 0◦ is first studied. The measured relaxation is characteristic of param-
agnetic objects. Under a stationnary rotating field, a synchronous rotational regime is observed at low field frequency. 
Above a frequency threshold which scales as H2, the dynamics becomes asynchronous with back-and-forth rotations. 
These behaviors are well predicted by the presented model.
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1. Introduction

Probing the local rheology of complex media, such as
the internal compartments of a living cell [1], is a cur-
rent stake of research. Magnetic rods gives the oppor-
tunity of such a local probing under a time-dependent
field. Direct optical measurements are possible with
sub-millimetric rods [2, 3] and even at smaller scales,
thanks to the under-field chaining of sub-micronic mag-
netic particles [4]. Such particles joined together in a
chain through a temporary or a permanent link, can be
used for mixing chemical moities in microfluidic de-
vices [5] and allows a local rheological probing in the
linear hydrodynamic regime [1, 6, 7]. However for large
aspect ratios, these softly-linked chains present shape
instabilities [4, 8] analogous to the one observed with
magnetic liquid needles [9]. Rigid magnetic rods would
not present such limitations.
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We present here a study by optical microscopy, of the
rotational behavior in a simple liquid under an applied
rotating field, of rigid magnetic nanostructured rods, ob-
tained by the co-association of magnetic nanoparticles
and di-block copolymers [10, 11]. We first probe the
system under a field abruptly rocked by 90◦ and study
the rotation of the rods as a function of field amplitude
H. We then analyze the rotational behaviour of these
rods under an applied field rotating at angular frequency
ω as a function of H andω, both in the linear regime and
in the non-linear one, following the descriptions pre-
sented in [12].

2. Synthesis and shape characteristics of the micro-
rods

The magnetic nanostructured rods result from the
under-field auto-association of maghemite nanoparti-
cles synthesized following Massart’s general proce-
dure [13] and block co-polymers denoted as PTEA11k-
b-PAM30k provided by Rhodia [14]. PTEA stands
for poly(dimethyl ammonium ethylacrylate methyl sul-
fate) and is positively charged, while PAM stands for
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poly(acrylamide) and is neutral. PTEA blocks glue to-
gether the negatively charged nanoparticles and PAM
blocks provide the rods with a neutral corona that takes
the rods apart from each other. The process followed
for the synthesis of the rods is detailed in [10]. The
maghemite nanoparticles (NP’s) used here are coated
with 2000 g/mol PAA poly(acrylic acid). The dis-
tribution of magnetic NP diameters is well described
by a log-normal distribution with a mean diameter 7.1
nm and a polydispersity 0.26. These superparamag-
netic NP’s have a dipolar magnetic interaction param-
eter 3χ0/24Φ = 0.48 where χ0 is the initial magnetic
susceptibility of a liquid dispersion of these nanopar-
ticles at low volume fraction Φ (see [15]). Transmis-
sion Electron Microscopy (TEM) reveals the elongated
shape of the obtained clusters, as illustrated in Figure 1.
The observation by optical microscopy of dilute aque-
ous dispersions of these rods allows to determine their
distribution of lengths L, as given by the inset of Fig. 1.

Figure 1: TEM picture of a nanostructured rod. Inset : Distribution
of length L of the rods in a dilute aqueous dispersion as determined
by optical microscopy. Full line : fit by a log-normal distribution with
median length 12.3 µm and polydispersity 0.5

3. Experimental set-up

For the dynamical study under rotating field, dilute
dispersions of magnetic rods are placed between two
glass slides separated by 0.03 mm double-sided sticky
tape with an aperture cut in the center. The rotating
magnetic field is created by four water-cooled coils giv-
ing a field 0 - 20 kA/m in the frequency range 0.1 - 5
Hz. The rotation of the filaments is captured by a Zeiss
Universal microscope and a JAI CV-S3200 video cam-
era. With time, the rods slowly sediment under gravity

and sometimes stick to the cell wall by one end. In the
experiment which duration is short with respect to the
sedimentation time, we retain only the rods which are
freely rotating in the liquid carrier. The registered im-
ages are analyzed with the ImageJ code [17] .

Figure 2: Re-orientation of a rod with L = 15 µm under a field of
amplitude H = 10 kA/m abruptly rotated by 90◦ and observed as a
function of time by optical microscopy.

4. Forced re-orientation under a rocking field

Experiments of rod re-orientations under a static ap-
plied field, abruptly rotated by 90◦ are first performed.
The rods follow the field orientation, as attested by Fig-
ure 2 with a rod of length 15 µm. The angle β between
the field and the rod directions is registered as a func-
tion of time t in Figure 3. The inflexion point of the re-
laxation β = f (t) at β = 45◦ confirms the paramagnetic
nature of the rods as observed in [10, 11].

5. Theoretical background

The paramagnetic rod submitted to a magnetic field
~H = H0~h has a magnetic moment ~µ proportional to its
magnetic susceptibility tensor ¯̄χ : ~µ = µ0 ¯̄χVM ~H where
VM is the magnetic volume of the rod. Projecting ~µ
along its main axes ~e‖ and ~e⊥ and with β = (~h, ~e‖), it
writes :

~µ = χ‖VMH0 cos β ~e‖ + χ⊥VMH0 sin β ~e⊥ (1)

the anisotropy of susceptibility of the rod being ∆χ =
χ‖ − χ⊥. If the magnetic field ~H rotates (abruptly or at
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the pulsation ω) in the plane (~ex, ~ey), the rod experiences
a magnetic torque ~Γmagn :

~Γmagn = ~µ × ~H =
µ0∆χVMH2

0

2
sin 2β ~ez (2)

Figure 3: Relaxation as a function of time t of the angle β between
the field and the rod directions - same experimental conditions as in
Figure 2. The full line is a best fit by expression (5).

and a viscous torque ~Γvisc [16] :

~Γvisc = − fη~Ω = −
πηL3

3ln(L/D) − 2
~Ω (3)

where fη is the coefficient of hydrodynamic drag expe-
rienced by the rod, ~Ω the instantaneous angular velocity
of the rod, η the viscosity of the fluid carrier and D the
diameter of the rod section.

5.1. Field abruptly rotated by 90◦

If the re-orientation of the rod is forced under a quick
rocking at right angle of the field direction, the relax-
ation is then driven by the following differential equa-
tion :

dβ
dt
= −

1
2τ

sin 2β with
1
τ
=
µ0∆χVMH2

0

fη
(4)

The equation has three solutions (mod π) : β = 0 (stable
equilibrium), β = π/2 (unstable equilibrium) and :

β(t) = arctan
[

exp
(
−

t − tπ/4
τ

) ]
(5)

where tπ/4 is defined as β(t = tπ/4) = π/4.

5.2. Field rotating at angular frequency ω

In the experiment under a field rotating at angular fre-
quency ω, the angle θ = (~e‖, ~ex) between the rod and the
axis ~ex is equal to :

θ = ωt − β (6)

It leads to the differential equation in β :

dβ
dt
= ω − ωc sin 2β with ωc =

µ0∆χVMH2
0

2 fη
(7)

where the critical pulsation ωc is introduced.

Figure 4: Inverse of the relaxation time τ of various rods, measured
under a field abruptly rotated by 90◦ and plotted as a function of field
amplitude H0; Various symbols correspond to various rod lengths L.
Dashed lines are guides for the eye of slope 2.

.

This equation has two solutions [18, 12, 19, 20] :
- for ω < ωc, there is a stationary solution in β :

sin 2β = ω/ωc and thus

β =
1
2

arcsin
(
ω

ωc

)
(8)

The expression of θ(t) is then affine :

θ(t) = ωt −
1
2

arcsin
(
ω

ωc

)
(9)
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- for ω > ωc, there is a periodic solution for β, and
pseudo-periodic for θ.

β(t) = arctan
[
ωc
ω

+

√
1 −

(
ωc
ω

)2
tan

(√
1 −

(
ωc
ω

)2
ω(t − t0)

)] (10)

The mean angular velocity Ω̄ = 〈θ̇〉 of the rod, taken
over a period of time long with respect to 1/ωc, then
writes as Ω̄ = ω −

√
ω2 − ω2

c [19].

6. Experimental results

6.1. Field abruptly rotated by 90◦

The β(t) relaxation under forced re-orientation after
a quick rocking at right angle of the field direction is
nicely reproduced by expression (5). An illustration of
the good fit quality is given in Figure 3. Relaxation
times τ measured for several rods are collected in Fig-
ure 4. At the first order 1/τ scales as H2 as predicted by
expression (5). We should remark that if the field is not
exactly rocked at θinit = 90◦, but at a smaller angle θinit,
it is however possible to nicely determine the relaxation
time τ.

6.2. Field rotating at angular frequency ω

Indeed with a field rotating at constant ω, the two ro-
tational regimes are observed experimentally. Below a
critical pulsationωc , scaling as H2

0 , each micro-rod syn-
chronously follows the applied field with a phase-lag β
(see Inset of Figure 5) as also observed in [16]. As the
pulsation ω of the magnetic field increases, the angular
velocity Ω of the rod increases (see main part of Fig-
ure 5) up to ω = ωc, for which the phase-lag β reaches
the value π/4. Then the rotational dynamics of the rod
becomes jerky, with back-and-forth rotations more and
more pronounced as ω increases. As shown in Figure 5,
the mean angular velocity of the rod Ω̄ then decreases
towards zero.

Polar representations, such as that of Figure 6, plot-
ting the time t as radial coordinate and the angle θ
as polar angle, clearly distinguish the two regimes.
At low frequencies, the synchronous regime leads to
Archimedes spirals while for ω > ωc some back-and-
forth rotations mark the jerky regime, they are more and
more numerous as the pulsation increases above ωc.

Figure 5: Reduced representation of the mean angular velocity Ω̄ of a
rod of length L = 10 µm as a function of the pulsation ω of the field
normalized at the limit of the synchronous regime where ω = ωc (H0
= 8 kA/m and ωc = 6.2 rad/s). Inset : temporal evolution of the rod
orientation (cos θ - thick line) compared to the orientation of the field
(thin line) for a rod of length L = 14 µm under a field amplitude H0 =

3.2 kA/m at ω = 0.94 rad/s just below ωc = 0.95 rad/s.

Figure 6: Polar representation θ(t) (θ polar angle; time t radial coor-
dinate) of the rotational dynamics of the same rod as in Figure 5 with
L = 10 µm under a magnetic field of amplitude H0 = 8 kA/m rotating
at various frequencies (from top to bottom: left ω = 3.1, 7.5 and 12.6
rad/s; right ω = 5.0, 9.4 and 18.8 rad/s); here ωc = 6.2 rad/s
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7. Discussion

Identifying hydrodynamic and magnetic characteris-
tics of the rods, we assume that the rod magnetic volume
can be writen as :

VM =
πLD2

4
(11)

Following expressions (3) and (4), we can rewrite the
inverse relaxation time of forced re-orientation as :

1
τ
=
µ0∆χH̃2

4η
(12)

where

H̃ = H0
D
L

√
3 ln

L
D
− 2 (13)

Figure 7 presents the results of Figure 4, re-plotted
as a function of H̃ which is calculated with D = 150
nm, a value compatible with TEM observations (optical
images have not enough accuracy for a precise determi-
nation of D). A master curve of slope 2 is then obtained
in Figure 7, leading to a value the anisotropy of suscep-
tibility ∆χ = χ2/(2 + χ) = 0.26 thus a susceptibility of
the internal material χ = 0.87.

Figure 7: Inverse of the relaxation time τ of various rods, measured
under a field abruptly rotated by 90◦ and plotted as a function of the
reduced variable H̃ given by expression (13). The line is an adjust-
ment of the data by expression (12) with D = 150 nm.

It is also possible to deduce the rod anisotropy of sus-
ceptibility ∆χ from the experimental threshold ωc using
expressions (3) and (7). Figure 8 demonstrates for a par-
ticular rod of length L = 14 µm the pretty good agree-
ment between the field-dependence of 2ωc and of 1/τ
deduced from the two kinds of measurements. From
these determinations, we find ∆χ = 0.26 (resp. 0.16)
for D = 150 nm (resp. 200 nm), thus a susceptibility
of the internal material χ = 0.87 (resp. 0.65). Tak-
ing in account the low value of the dipolar magnetic
interaction parameter of the present superparamagnetic
nanoparticles, this internal susceptibility is here directly
proportional to the mean internal concentration Φint of
nanoparticles inside the rods [15]. With D = 150 nm
(resp. 200 nm) we find Φint = 23% (resp. 17%) of the
same order as in [10].

Figure 8: Log-log representation of 2ωc as a function of the amplitude
of the rotational field H0 for a rod of length L = 14 µm, compared to
1/τ determined under a field abruptly rotated by 90◦ and plotted as a
function of field amplitude H0.

If now a small ellipticity of the rotating field is intro-
duced, it sensibly modifies the shape of the curve Ω̄ =
f(ω) of Figure 5, as predicted in [19], slightly reducing
the experimental value of ωc while keeping its H2 de-
pendence. This behaviour will be detailled elsewhere.
A remarquable point is that it introduces an anisotropy
in the back and forth motion of the rods as it is here il-
lustrated by the polar representation θ(t) of Figure 9 for
the same rod as in Figure 6 with L = 10 µm.
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Figure 9: Polar representation θ(t) of the rotational dynamics of a
rod with L = 10 µm under a magnetic field slightly elliptic of mean
amplitude Hmax = 4.8 kA/m rotating at ω = 2.5 rad/s (field ellipticity
Hmin/Hmax of the order of 0.87). The induced back and forth motion
is anisotropic.

At high frequency, this anisotropy allows to observe
localized motions of the rod around the direction Hmax

as predicted in [19] (see Fig. 10).

8. Conclusion

Probing the rotational dynamics of our rigid mag-
netic rods, dispersed in a standard liquid, either by re-
orienation along field rocked at 90◦ or by a steady ro-
tating field, we demonstrate the paramagnetic nature of
the rods and characterize their anisotropic susceptibil-
ity. The behaviour under steady rotating field fairly well
follows in the linear and in the non-linear regime the
theoretical predictions initially developped - for pairs of
magnetic holes in a ferrofluid in [19, 20] and - for para-
magnetic ellipsoids in [12]. In [12], paramagnetic ellip-
soids of aspect ratio up to 5 were tested, our magnetic
rods have an aspect ratio more than 10 times larger.

These magnetic rods will thus find applications as
active elements in microfluidic devices viz. mechani-
cal stirrers or pump elements. A rheological probing of
complex medium has now to be undertaken with these
magnetic nanostructured rods.
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Figure 10: Polar representation of θ(t) of a localized mode of a rod
with L = 10 µm, observed in an experiment with a field ellipticity
Hmin/Hmax of the order of 0.87 (Hmax = 8 kA/m and ω = 4 Hz).
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