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Abstract

The response of a colloidal dispersion of Ni nanorods to an oscillating magnetic field was characterized by
optical transmission measurements as well as small-angle neutron scattering (SANS) experiments using the
TISANE (Time-dependent SANS experiments) technique. Exposed to a static magnetic field, the scattering
intensity of the rod ensemble could be well described by the cylinder form factor using the geometrical particle
parameters (length, diameter, orientation distribution) determined by transmission electron microscopy and
magnetometry. An oscillation of the field vector resulted in a reorientation of the nanorods and a time-
dependency of the scattering intensity due to the shape anisotropy of the rods. Analysis of the SANS data
revealed that in the range of low frequencies the orientation distribution of the rods is comparable to the static
case. With increasing frequency, the rod oscillation was gradually damped due to an increase of the viscous
drag. It could be shown that despite of the increased friction in the high frequency range no observable

change of the orientation distribution of the ensemble with respect to its symmetry axis occurs.
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I. INTRODUCTION

In recent years several studies have been published, where the analysis of the relaxation behavior
of magnetic nanoparticle ensembles has been utilized to characterize the rheological properties of
the surrounding matrix on the nanoscale [1-6] (nanorheology) or the specific binding of protein
molecules on the particle surfaces [7-21] (biosensor). The classical approach relies upon mea-
suring the shift of the Brownian relaxation frequency by means of AC-susceptometry experiments
(alternating magnetic fields), enabling the detection of viscosity changes (nanorheology) [1-4] or
the increase of the hydrodynamic particle volume (biosensor) [7-17]. Recently, application of
rotating magnetic fields has been proposed [5, 18-21] to significantly enhance the sensitivity com-
pared to AC-measurements [14]. The phase lag between the particle magnetic moments moments
with respect to the rotating field vector is determined as a function of rotation frequency, either
by measuring the macroscopic magnetic moment of the ensemble [14] or, in case of anisometric
particles like nanorods, its optical extinction [5, 19, 20]. In both cases the measured parameter —
magnetic moment m oc (cos®), transmitted light intensity / oc (cos*©) — is an ensemble aver-
age which depends on the distribution P(O) of the angle © between the moments and the field
vector. However, continuous rotation of magnetic nanoparticles is restricted to purely viscous
matrices. To enable measurements of general viscoelastic matter, the application of oscillating
magnetic fields has been proposed [6]. In [6] single domain uniaxial ferromagnetic Ni nanorods
[22-25] were used as probe particles and stimulated to an oscillating motion by an oscillation
of the magnetic field vector with constant magnitude. Analysis of the frequency-dependent re-
sponse of the colloidal dispersion was employed to determine the viscosities as well as the shear
moduli of surrounding viscoelastic matrices on the nanoscale. For data analysis it was assumed
that the orientation distribution P(©) of the nanorods corresponds to the static state even in the
high-frequency range. However, in the particular case of rotating magnetic fields with constant
magnitude, numerical simulations come to the conclusion that the orientation distribution P(©)
of ferromagnetic nanorods not only depends on the magnitude of the field vector but also on the
frequency w [26]. It can be shown that P(©) evolves from the static state at a given field strength
with increasing frequency w — oo towards an isotropic orientation distribution [26]. Moreover
numerical simulations come to the conclusion that the orientation distribution of magnetic particles
exposed to static magnetic fields can be significantly altered by shear-flows and becomes in most

cases asymmetric [27-30]. Hence, the question arises whether the orientation distribution P(O)
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of magnetic dipoles in oscillating magnetic fields is also frequency-dependent.

In the current study an ensemble of Ni nanorods dispersed in water was exposed to oscillating mag-
netic fields with constant magnitude (104 = 6 m'T’) and varying frequency (w = 0 — 18849.6 Hz).
The evolution of the orientation distribution of the colloid was monitored by analyzing time-resolved
SANS patterns. In order to achieve a sufficiently high time-resolution the novel TISANE-mode
(Time-dependent SANS experiments) was employed, which was recently installed at the instru-
ment D22 at the Institut Laue Langevin (ILL), Grenoble. The goal was to test if the orientation
distribution remains comparable to the static state. This is an essential condition so that the relax-
ation behavior detected by means of ensemble averaging methods (e.g. magnetization and optical

transmission measurements) can be analyzed by mean field approaches [6, 26].

II. SAMPLE
A. Synthesis

The synthesis of colloidal dispersions of Ni nanorods involves several steps as described in detail
in [5]. Briefly, the nanorods for this sample were prepared by current-pulsed electrodeposition of Ni
[31] from a Watts-bath [32] into a nanoporous alumina template, which was prepared by a twofold
anodization process [33]. The rods were released from the template by dissolving the alumina in
a 20 mM sodium hydroxide solution, which additionally contained polyvinyl-pyrrolidone (PVP)
as surfactant. The PVP adsorbed on the rod surface and acted as steric stabilizer to prevent
agglomeration during the following washing process which consisted of multiple centrifugation
and redispersion steps in deuterium oxide (D,0O). The final dispersion of rods in D,O had a total

volume of ~ 500 pul.

B. Structural characterization

The structure of the rods was characterized by Transmission Electron Microscopy (TEM, JEOL
JEM-2011, Fig. 1). The nanorods had a cylindrical shape and analysis of N = 100 particles revealed
an average length (/) = 170 =4 nm (0; = 40 nm) and average diameter (d) = 23.8 + 0.2 nm
(04 = 2nm). Using the volume of equally sized cylinders and the saturation magnetization of
bulk Ni (Mg = 4.85-10% A/m [34]), the average magnetic moment of the rods can be estimated
to (m,) = 3.7-107'7 Am?.
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C. Magnetic characterization

To characterize the magnetization behavior of the rod ensemble dispersed in D, O, the quasistatic
magnetization curve of IV = 135 ul of the colloidal dispersion was measured at 7' = 295 K
with a Vibrating Sample Magnetometer (VSM, Lakeshore 7300). With diameters below about
40 nm the nanorods are expected to be single-domain particles, which are magnetized along
their long-rod axes due to shape anisotropy [22-25]. Dispersed in a liquid matrix the nanorods
align preferentially parallel to a static external magnetic field [5, 35], giving rise to the pseudo-
superparamagnetic behavior observed in Fig. 2. The curve could be reasonably well described by
a single Langevin function m(H) = mg- L(§) = mg (coth(§) — 1/€) with & = m,uoH/kgT,
where g = 47-1077 Vs/(Am) is the vacuum permeability and kp = 1.381-1072% J/K the
Boltzmann constant. The best fit result was obtained for a saturation moment mg = 3.2 - 107> Am?
and an average magnetic moment of m, = 3-107'7 Am?. The moment is below the average rod
moment estimated from TEM, which can be attributed to a ~ 1.5 nm thick oxide layer [36, 37].
From the saturation moment of the colloid the volume concentration of magnetic phase can be
estimated to V},4,/V = 0.5%0. Additionally, the orientation of the rods at a given field strength
can be extracted from the quasistatic magnetization behavior [38]. The orientation distribution
P(©) is symmetric around the field axis and can be represented by a tapered distribution with fixed
characteristic polar angle between the moments and the field vector [O(H)|] = arccos(L(H)).
According to the magnetization measurement (Fig. 2) the Langevin function takes on a value of
L =0.978 at upH = 6 mT (£ = 44), and hence the angle between the rod axes and the magnetic
field vector is [©] = 12°. This value is important for the analysis of the optical transmission (OT)
and SANS experiments where the response of the colloid to an oscillating field with magnitude

poH = 6 m'T was characterized.

III. NANOROD COLLOIDS IN OSCILLATING FIELDS
A. Experimental setups
1. Optical transmission OT

The experimental setup used for the OT-measurements is described in detail in [6]. Briefly,

an optical grade glass cuvette containing the colloidal dispersion was placed in the center of two
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crossed pairs of Helmholtz-coils. The nanorod oscillation was monitored by detecting the time-
dependent transmitted light intensity of linearly polarized light, passed through the cuvette. To
achieve an optimal resolution of the oscillating light intensity the original dispersion was diluted
by a factor of 100, reducing the volume concentration of the nanorods in the dispersion from

Vinag/V = 0.5%0 to V.OL /V = 0.005%o.

mag

2. Small Angle Neutron Scattering

For the SANS experiments ~ 300 p!l of the original colloidal dispersion of nanorods was filled

into a standard quartz cuvette (Hellma) and mounted with a silicon holder in the center of two
crossed Helmholtz coil-sets (Fig. 3). Static fields could be generated by connecting the coils to a
DC power supply (Agilent 6642A). In case of AC-fields, the coils were driven by a resonance circuit
consisting of a frequency generator (Agilent 33220A) and an audio amplifier (Crown XLS5000).
To match the impedance of the coils at high frequencies, a variable number of capacities connected
to a 100 pin terminal block (Agilent U2903A) could be connected in series by means of a Digital
1/0 (Agilent U2653A).
The time-resolved SANS experiments were performed on the instrument D22 at the ILL, Grenoble,
using the newly implemented TISANE technique. The time-resolution in SANS experiments using
a continous neutron beam is generally limited to some ms due to frame overlap related to the
wavelength broadening. The TISANE technique [39] is a stroboscopic method, which allows to
study fast cyclic processes down to the microsecond regime, where the neutron beam is chopped
in neutron bunches of frequency w,, by means of a chopper located close to the monochromator in
front of the collimation section. For this experiment unpolarized neutrons with a mean wavelength
of \=6Aanda wavelength spread of AN/ = 10% were used. The distance between chopper
(C) and sample (S) was Ly = 20.88 m (Fig. 3) and the area detector (D) with 128 x 128 pixels of
8 x 8 mm? was placed L, = 8 m behind the sample. The data acquisition was triggered with a
frequency generator at given frequency w, and one period was divided in 100 time channels with
a channel width of ¢ = 27 /(100 - w,). For optimal time resolution, the frequency of the oscillating
field (sample frequency wy), the chopper frequency (w,,) and the data acquisition frequency (wy)
must satisfy the conditions [39, 40]

Lo
Wy .
Ly + Lo

ey

Wy = Wg — Wy, With 1 w,, =
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The rawdata treatment was carried out by means of the GRASP Software Package [41].

B. Measurement protocol

For both, the OT- as well as SANS-measurements, the response of the colloid to oscillating
magnetic fields with magnitude o ~ 6 m'T' was monitored as a function of the frequency ws;.
The fields were generated by applying a static field of 6 mT (with coil pair A in z-direction,
Fig.3) and an alternating field with magnitude 1.2 mT and frequency w, perpendicular to it
(with coil pair B in x-direction, Fig.3). Due to the small amplitude of the excitation field the
magnitude of the field vector can be considered as constant (g = 6 +0.12 mT ~ 6 mT). The
angular position of the magnetic field vector in the z-z-plane is hence 5(t) = Soexp(iwst), with
Bo = arctan (1.2/6) = 11.3°. The field stimulated an oscillation () = (o(ws)exp(i(wst+p(ws)))
of the nanorods, with the frequency-dependent amplitude (y(w;) and phase shift ¢(w;) between the
nanorod axes and the field vector. In case of the OT-measurements the phase shift ¢(w;) as well
as the oscillation amplitude (y(ws) were extracted from the oscillating transmitted light intensity
as described in [6], under the assumption that all nanorods are mutually aligned. The results of
both quantities obtained from optical transmission are presented in the following section and used

as the basis for the analysis of the SANS-experiments.

C. Experimental results
1. Optical transmission (OT)

In Fig. 4 the phase shift between the nanorods and the field vector as well as the magnitude of
the oscillation amplitude of the nanorods is shown. For frequencies w; < 1800 Hz the phase shift
only slightly increased from ¢ = 0° to 6° and the oscillation amplitude ¢, equaled 5y = 11.3° in
that range. Hence, in this frequency region the nanorod oscillation can be regarded as to be in phase
with the field vector. With increasing frequency however, the phase shift increased gradually up to
@ = d7.7° at wy = 31415.9 Hz, due to the growing viscous friction between the nanorods and the
surrounding water. As a direct result, the oscillation amplitude of the nanorod ensemble decreased
and reached a value of (y = 5.9° at ws; = 31415.9 Hz. From the frequency-dependent response of
the nanorod ensemble the viscoleastic properties of the surrounding matrix can be extracted [6].

For that purpose the imaginary part of the complex response function X (ws) is determined from
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the experimental data (Fig. 4) as X" (w,) = (o(ws)/ o - sing (Fig. 5). Theoretically it is found that
[6]

" _ Ws/we
X" (ws) = 1T (W)’ (2)

in a purely viscous matrix, with the characteristic relaxation frequency w,.. In an oscillating field
with the Langevin-parameter ¢ the characteristic relaxation frequency w, = wp - £/2 is related to
the Brownian relaxation time wp [42]. Hence, with the parameters used in this study (§ = 44) the
characteristic frequency w, is larger by a factor 22 compared to the Brownian relaxation frequency
wp. The mean value of the characteristic relaxation frequency of the nanorods can be obtained by
a fit of the experimentally determined imaginary part X" (w;) of the response function with Eq. 2,

using a logarithmic normal distribution of w,:

(Inw, — 1nw2)2> | 3)

1

fee) = o TP <_ 207
The best fit result shown in Fig.5 was obtained for w? = 21460 Hz and the scatter parameter
o = 0.58, and thus the mean value of the characteristic frequency is (w.) = w?-exp (02/2) =
25391 Hz.
Determination of the frequency-dependent response function from the time-dependent transmitted
light intensity 7(¢) oc (cos?©(t)) is based on the transmitted light intensity I o< (cos’®) in the
static state. Implicitly it is thus assumed that the orientation distribution P(©) in the dynamic
case corresponds to the static state, despite the distribution of relaxation frequencies and the
growing viscous friction with increasing frequency. To gain information about the dynamic
orientation distribution of ensembles of dipoles in time-modulated fields from OT- or magnetization
measurements the experimental data has to be modeled with the Fokker-Planck-equation, as done
e.g. in case of rotating fields [26]. In contrast, a direct experimental access to the frequency-
dependent orientation distribution of the individual particles is provided by the analysis of the

time-dependent 2D SANS scattering patterns, as shown in the following.

2. SANS

As a starting point, the scattering behavior of the nanorod ensemble in a static magnetic field
of pH = 6 m'T, applied parallel to the neutron beam with coil pair A (Fig. 3), was characterized.
Fig. 6 shows the 2D scattering pattern and Fig. 7 displays the SANS intensity as a function of the

magnitude of the scattering vector () after circular averaging. In order to retrieve information about

7
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the orientation distribution of the nanorods from the scattering data, the experimental results were
simulated.

—

In general the unpolarized SANS intensity /(()) of a dilute particle system is given by [43]
1(Q) = nAp*VAIF(Q). O

Here n is the number density of particles, Ap the scattering length density difference between
particle and solvent, V' the volume of the particle and F' (Q) the form factor. Please note that in
the following magnetic scattering contributions will be neglected due to the significantly smaller
magnetic scattering length density contrast Ap?, compared to the nuclear scattering length density
contrast Ap? ~~ 6.6Ap?, of the nanorods dispersed in D,O [44]. The geometrical particle form
factor of a cylinder with volume V', radius r and length [ is given by [43, 45, 46]

2J; <QTM) sin (Qlu/2)

with J;(x) being the first-order Bessel function and x the normalized projection of the oriented

cylinder on the detector plane. With the orientation angles © and ® (Fig. 8), the projection of the

cylinder is ;© = sin© and the contributions in z- and y-direction are
g = sinOcos®P, p, = sinOsind. (6)

To simulate the scattering data, a non-interacting ensemble of Ni cylinders dispersed in D,O was
assumed, taking into account the length and diameter distributions determined by TEM (minus
the oxide layer). As shown in Fig.7, the simulated intensity /() of such a cylinder ensemble
aligned parallel to the field vector and hence to the neutron beam (© = 0°) shows significant
differences compared to the experimental data, which indicates a significant orientation distribution
in the experiment at Langevin-parameter £ = 44. According to the quasistatic magnetization
measurements, at a field strength of o/ = 6 m'T the characteristic angle between the rod
moments and the field vector was [©] = 12°. To include an orientation distribution the orientation

average

27 s .
~ d® [ dOsinOP (P, 0)F(Q, 1)
F(@) - 222k O . G
J, dOsin®@P(®,0)
has to be computed. For the simulation it was assumed that the distribution is symmetric in ¢

around the z-axis so that P(®,0) = P(©)/2r (Fig. 8).

As shown in Fig. 7, the simulated intensity is in very good agreement with the experimental data

8
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when the polar angle is fixed at © = 12° (P(©) = §(© — 12°)). Hence, the analysis of the SANS
data in the static field agrees with the results of the magnetization measurements. In the following
the cylinder model will be applied in order to extract the dynamic orientation distribution of the
nanorod ensemble in oscillating magnetic fields from the time-dependent scattering patterns.

Application of the alternating excitation field in z-direction (Fig. 6) resulted in an oscillation of
the field vector in the x-z-plane, stimulating an oscillation of the nanorod ensemble. In case of a
rotation of the nanorods exclusively in the x-z-plane by the angle (, the orientation angles with

respect to the neutron beam (in the following the z’-direction, as defined in Fig. 8) are

©'" = arccos (cosOcos( — sinBOcosPsin() (8)
: o :
O — arccos (sm@cos CO.SC + cosOsin( ) ©)
sin®’

and hence the projections of the cylinder (Egs. 6) on the detector (z’-3/-plane) are

Ly =sinOcos®’ = sinOcosPcosC + cosOsinC (10)

fhy =sin®’sin®’ = sinOsind. (11)

Thus, the SANS intensity /() along the y’-direction does not change (compare Eq. 6) but tends to
decrease along the z’-direction with increasing rotation (Fig. 6). In order to evaluate the anisotropic
scattering patterns, analysis of the time-dependence of the nanorod oscillation was performed by
integrating the intensity in =10° sectors parallel to the alternating field as well as perpendicular to
it, in each case for all 100 time channels.

Fig.9 shows three examples of the integrated intensities detected for sample frequencies of
ws = 157.1 Hz, ws = 11309.7 Hz and wy = 18849.6 Hz. For each frequency the intensity in
the vertical sector is constant and corresponds to the radially-averaged scattering intensity of the
sample in the static field (normalized intensity ~ 1), whereas a significant modulation is observed
in the horizontal sector. This observation verifies that the nanorod oscillation exclusively occurs in
the z-z-plane. With increasing frequency the minimum of the time-dependent integrated intensity
(at wst = 90°, Fig.9) shifts to larger values and can be explained by a damping of the nanorod
oscillation due to the increasing viscous drag. In order to extract the magnitude of the average
oscillation amplitude of the nanorod ensemble in analogy to the OT-measurements, the SANS
measurement with the lowest sample frequency ws; = 157.1 Hz was used as reference. In this case
it is safe to assume that the orientation distribution of the nanorod ensemble remains symmetric

and rotates in phase with the field vector, i.e. the rotation angle ((¢) of the symmetry axis of the

9
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nanorod ensemble equals the angle (¢) of the field vector at a given time channel w,t (Fig. 9).

To correlate the integrated intensity with the rotation angle |{(t)

, the inverse function, i.e. |5(t)]
as function of the measured integrated intensity for w, = 157.1 Hz, was fitted with a phenomeno-
logical polynomial (Fig. 10). This calibration enabled to translate measured integrated intensities
to |¢(¢)| (Fig. 11) and to determine the oscillation amplitude as function of w,. The results of the
given examples are for w, = 11309.7 Hz (, = 7.8° and for w, = 18849.6 Hz (, = 5.5° (Fig. 11). A
summary of the complete set for all measured frequencies is shown in Fig. 4. Comparison with the
results of the OT shows a shift to smaller frequencies by a factor of 1.5. For this observation two
possible explanations can be envisaged. First, the volume concentration V/,,,,/V" of the colloid char-
acterized by SANS was significantly larger compared to OT (V72N /V = 100- VST /V = 0.5%0),
which could result in hydrodynamic interactions between the oscillating nanorods. Second, using
the integrated intensity from the measurement with w, = 157.1 Hz as reference, it was implicitly
assumed that the orientation distribution P(©) does not change with increasing frequency, identical
to the data analysis of the OT measurements. However, if P(©) changes occur with increasing
frequency, the data analysis would be incorrect and thus the obtained values for the oscillation
amplitude by OT and SANS (Fig. 4) should not agree. Therefore, in the following, we focus on the
time-dependent intensities /(()) of the sectors in order to get insight into the dynamic orientation
distribution of the nanorod ensemble.

As already shown in Fig.9 the integrated intensity in the vertical sector for each frequency is
constant and identical to the static case. Furthermore, the functional form of /((Q)) is also identical
to the circular averaged intensity of the ensemble aligned in the static field, as exemplarily shown
for wy = 157.1 Hz in Fig. 7. Therefore, it can be already concluded, that orientation distribution
along the y-direction does not change with increasing frequency.

In Fig.7 1(Q) of the horizontal sector of the time channel with minimal integrated intensity for
the frequency ws = 157.1 Hz is displayed (black full circles). In this time channel the nanorod
ensemble should be quasistatically (low frequency) rotated by the maximum angle ( = 11.3° out
of the neutron beam (z’-direction, Fig. 8). Under assumption of a coherent rotation of the entire
ensemble (represented by the characteristic angle [©] = 12° and an symmetric distribution in ¢
around the symmetry axis) the expected scattering intensity /() (Eq.4) in the horizontal sector
(«'-direction) is proportional to the form factor F'(Q, 1,») (Eq.5 and 10). Simulation of the orien-
tation averaged SANS intensity (Eq. 7) resulted in good agreement with the experimental data, as

shown in Fig. 7. This indicates that at a frequency of ws = 157.1 Hz the orientation distribution of

10
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the rods around the symmetry axis at the maximum rotation angle is comparable to the static case.
In Figs. 12 and 13, the radially averaged intensity of the time channels with minimal integrated
intensity (wst = 90°) forwys = 11309.7 Hz and w, = 18849.6 Hz are plotted, respectively. Compar-
ison with I(Q) of the time channels from the measurement at w, = 157.1 Hz with equal integrated
intensities (i.e. equal average orientation) shows, that they are virtually identical. Additionally,
the simulated intensities I(Q) for rotation angles ( = 7.8° and 5.5° were in good agreement with
the experimental data for w, = 11309.7 Hz and 18849.6 Hz, respectively. In other words, the
increasing value of the minimum integrated intensity is essentially the result of a reduced average
oscillation amplitude of the nanorod ensemble at increasing frequency without a significant change
in the orientation distribution function.

Overall it can be concluded that the orientation distribution of the rods around the symmetry axis
is independent on the oscillation frequency up to 20 kHz and comparable to the static case. As a
consequence, the mean-field approach introduced in [6] to analyze the oscillation behavior of such
nanorod ensembles in oscillating magnetic fields is justified. This also means, that the observed
shift (Fig.4) of the average oscillation amplitude of the nanorod ensemble to lower frequencies
detected by SANS in comparison to OT, must be real. As previously mentioned, a possible ex-
planation for this observation may be the significantly higher volume concentration V,,,,,/V of
the colloid characterized by SANS compared to OT (V52N /V = 100- V.9 /V = 0.5%0), which
could lead to hydrodynamic interactions between the nanorods. To define an upper limit for the
volume concentration, or rather for the average interparticle distance, so that such hydrodynamic
interactions are negligible, would require a systematic investigation. However, it has to be em-
phasized that a possible structure formation (e.g. chains) in the concentrated nanorod colloid
induced by dipolar interactions can be ruled out here, as the scattering intensity could be simulated
in all cases by a dilute dispersion (no structure factor) of cylinders with the length and diameter

distributions determined by TEM.

IV. CONCLUSIONS

The response of a colloidal dispersion of Ni nanorods to an oscillating magnetic field was
characterized by SANS at the instrument D22 at the ILL, Grenoble, using the TISANE mode in
the frequency range of 0 Hz < w, < 18849.6 Hz. In the static case the scattering intensity can

be well described by the cylinder form factor using the structural parameters determined by TEM

11
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and VSM. An oscillation of the field vector resulted in a time-dependency of the SANS intensity
due to the shape anisotropy of the magnetic nanorods. Analysis of the nuclear scattering data
revealed that in the range of low frequencies (up to ws; = 157.1 Hz) the oscillation of the nanorod
ensemble is in phase with the field vector and that the orientation distribution around the symmetry
axis is comparable to the static case. With increasing frequency, the oscillation of the horizontal
SANS intensity decreased due to damping of the nanorod rotation as a result of an increased
viscous drag. The central result of the analysis of the scattering data in the high-frequency range
is that despite the viscous drag and the polydispersity of the ensemble no change of the orientation
distribution was observed. Consequently, the relaxation behavior detected by means of ensemble
averaging methods (e.g. optical transmission measurements as additionally done in this study)
can be correctly analyzed by mean field approaches, confirming the oscillating field method as a

powerful alternative for nanosensing approaches.
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FIG. 2. Magnetization curve of the nanorod dispersion in D2O and corresponding fit with a single Langevin
function (red line) with the magnetic moment m, = 3-10~!7 Am? of the nanorods and the saturation

moment mg = 3.2-107° Am? of the colloidal dispersion; inset shows the upper right quadrant from 0 mT

to6 mT.
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FIG. 3. Schematical illustration of the topview of the coil-setup used for the time-resolved SANS (TISANE)
experiments. With coil pair A a static field of 6 m'T was applied parallel to the pulsed neutron beam N
(z-direction). With coil pair B an alternating field with amplitude 1.2 mT was generated perpendicular

(z-direction) to the static field, resulting in an oscillation of the field vector 5(¢) in the x-z-plane.
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S
FIG. 4. Magnitude of the oscillation amplitude of the nanorods (y (black circles) and the phase shift ¢
(black triangles) between their axes and the oscillating field vector as a function of frequency, determined by
OT. The red circles are the magnitudes of the oscillation amplitudes determined by SANS. Good agreement

with the results from OT is obtained, when the values are shifted by a factor of 1.5 on the frequency-axis

(open red circles).

14



Page 15 of 24 Nanoscale

0.04

0.03 1

0.02 +

X!!

0.01 +

0-00 T T T LA AL L T T T T T TTT
100 1000 10000

FIG. 5. Imaginary part X" of the response function of the nanorods as a function of frequency, determined
by OT (open black circles). The black line is the fit with Eq. 2 assuming a lognormal-distribution (Eq. 3) of

the characteristic relaxation frequency w, with w? = 21460 Hz and o = 0.58.

y

—

FIG. 6. 1) 2D scattering pattern I(Q) of the colloid exposed to a static magnetic field of 6 mT in z-direction.

2) Summation of the time-dependent scattering patterns of the colloid in an oscillating field with frequency
ws = 157.1 Hz. To generate the oscillating field an alternating field H ¢ (t) = HYsin(wt) with amplitude
ungc = 1.2 mT was applied in z-direction.

3) Scattering pattern of the colloid exposed to the oscillating field (2) substracted from scattering pattern of
the colloid exposed to the static field (1). The difference along the y-axis is & 0 over the whole ()-range,

but significantly above O in z-direction.
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FIG. 7. Red squares: SANS intensity /(@) after circular averaging the 2D scattering pattern from Fig. 6 of
the colloid in the static magnetic field. Red line: simulated intensity for an ensemble of Ni cylinders with
the length and diameter distributions determined by TEM oriented parallel to the neutron beam (dashed) and
with an angle of © = 12° between the cylinder axes and the neutron beam oriented symmetrically around
the symmetry axis (straight). Black open circles: SANS intensity in the vertical sector of a random time
channel of the time-resolved measurement for ws; = 157.1 Hz. Black full circles: SANS intensity in the
horizontal sector of the time channel with minimal integrated intensity of the time-resolved measurement for
ws = 157.1 Hz. Black line: simulated intensity for an ensemble of Ni cylinders with the length, diameter

and orientation distributions determined by TEM and VSM, rotated ¢ = 11.3° out of the neutron beam.
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FIG. 8. Schematical illustration of the orientation of an individual nanorod with respect to the detector and
definition of the relevant angles. When the ensemble is quasistatically rotated by the angle ¢ out of the

neutron beam (NB, z’-direction) the z-direction is the symmetry axis of the ensemble.
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FIG. 9. Integrated intensities for sample frequencies of ws = 157.1 Hz (black), ws = 11309.7 Hz (magenta)

and ws; = 18849.6 Hz (cyan) in the horizontal sector (full symbols) as well as in the vertical sector (open

symbols) as a function of time. The integrated intensities were normalized to the sector area and divided

by the normalized integrated intensity I, pc of the static scattering pattern in the circular area indicated

in Fig. 6. Phase shifts between the signal and the magnetic field were omitted by shifting the intensity on

the time-scale, so that wst = 90° corresponds to the minimum and hence maximal rotation of the nanorod

ensemble out of the neutron beam. The blue line is the orientation of the magnetic field vector with respect

to the neutron beam as a function of time.
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FIG. 10. Magnitude || of the orientation angle of the field vector and hence the symmetry axis of the
ensemble |(| as a function of the integrated intensity at ws = 157.1 Hz (black). The fitting function enables

to translate measured intensities into |(].
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FIG. 11. Orientation of the symmetry axis of the nanorod ensemble with respect to the neutron beam for

ws = 157.1 Hz (black), ws = 11309.7 Hz (magenta) and ws; = 18849.6 Hz (cyan) as a function of time.
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FIG. 12. Intensity after radially averaging in the horizontal sector of the time channel with minimal
integrated intensity at ws = 11309.7 Hz (magenta) and of the time channel with identical integrated
intensity at wg = 157.1 Hz (black, see Fig.9). Full line is the simulated intensity of the ensemble when the

symmetry axis is rotated by 7.8° out of the neutron beam.
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FIG. 13. Intensity after radially averaging in the horizontal sector of the time channel with minimal
integrated intensity at ws = 18849.6 Hz (cyan) and of the time channel with identical integrated intensity at
ws = 157.1 Hz (black, see Fig.9). Full line is the simulated intensity of the ensemble when the symmetry

axis is rotated by 5.5° out of the neutron beam.
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