Texture-induced magnetic interactions in ferrofluids
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We report a method for reversibly controlling the strength of dipole-dipole interactions in maghemite fer-
rofluids. In order to induce some magnetic texture, the ferrofluid is exposed to a strong magnetic field while
it is cooled from room temperature to below its freezing temperature. The experimental data show that the
average strength of dipolar interactions increases with increasing texture and that the magnetic relaxation

becomes slower.
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I. INTRODUCTION

The properties of interacting magnetic nanoparticles
have been extensively studied in the last few decades.!
Interactions are relevant for technological applications,
as they affect the data stability and switching magnetic
fields in high density granular? and patterned® magnetic
media. From a more fundamental point of view, dipolar
interactions lead to a plethora of complex magnetic phe-
nomena, not present in the case of individual nanomag-
nets. Open scientific questions, which are still subject of
considerable debate, are the existence of a (super)spin-
glass phase at sufficiently low temperatures®” and the
influence that dipolar interactions have on the superpara-
magnetic relaxation time.® 12

Experimental studies of these questions usually rely on
the modification of sample parameters which control the
strength of dipolar interactions, such as: i) the concentra-
tion of nanoparticles in frozen ferrofluids,*>'3 granular
composites,'* or polymers,'®16 and ii) the average par-
ticle size!” and the number of layers'® in self-organized
granular multilayers. However, these studies face some
technical difficulties. In solutions, it is usually difficult
to avoid the tendency of magnetic nanoparticles to aggre-
gate. In multilayered materials, by contrast, this effect
can be minimized, as the spatial arrangement of nanopar-
ticles is approximately preserved. Yet, in this case, there
are also some unavoidable uncertainties in parameters
such as the particle size and its distribution, which might
slightly vary between different samples prepared by the
same method.

In the present work we report on an experimental
method that enables us to ‘switch on’ and ‘off’ dipo-
lar interactions. In a ferrofluid, the easy axes orienta-
tions can be controlled, to some extent, via the applica-
tion of a sufficiently strong magnetic field in the liquid
state.!® 21 Within this approach, neither the number of
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nearest neighbours nor the distribution of particle sizes
change. Therefore, differences between the magnetic re-
laxation times measured in the randomly oriented and
textured materials can be safely associated with changes
in the strength of dipolar interactions.

In the case of very diluted ferrofluids, with negligible
dipolar interactions, the texture process does not induce
by itself an increase of the blocking temperature.?! In the
present work, by contrast, we used much more concen-
trated ferrofluids. Because of their intrinsic anisotropic
character, dipolar interactions depend on the relative ori-
entations of the magnetic anisotropy axes. The texture
process increases the strength of dipolar interaction, en-
abling us the study of the influence of dipolar interaction
on the magnetic relaxation.

The paper is organized as follows. In Section I1, we de-
scribe the experimental methods employed to synthesize
and characterize the ferrofluids. The results of magnetic
measurements are reported in Section III. They provide a
detailed information on the magnetic texture attained by
the application of a magnetic field as well as on the pro-
nounced influence that texture has on magnetic dipole-
dipole interactions and relaxation rates. Section IV is
left for the conclusions.

Il. EXPERIMENTAL METHODS
A. Synthesis of ferrofluids

In this paper, we study a ferrofluid of maghemite
nanoparticles dispersed in dioctyl ether. The synthe-
sis of highly crystalline and monodisperse maghemite
nanocrystallites was carried out in organic medium fol-
lowing the Hyeon method.?? This procedure, which al-
lows varying the particle size by controlling the amount of
surfactant, is based in the thermal decomposition of iron
pentacarbonyl in the presence of oleic acid. The resulting
iron nanoparticles were transformed into monodisperse
maghemite by a controlled oxidation using trimethy-
lamine oxide as a mild oxidant. All the reagents were



purchased from Aldrich.

In a typical synthesis of 10 nm diameter nanoparticles,
0.4 ml of Fe(CO);5 were injected into a mixture contain-
ing 20 ml of octyl ether and 2.56 g of oleic acid at 100
°C under a constant argon flow. The resulting mixture
was heated to reflux and maintained at this temperature
(280 °C) for 1 h. During this process, the initial yellow
colour of the solution gradually turned into black, indi-
cating the formation of iron nanoparticles. The resulting
black solution was cooled down to room temperature,
and 0.34 g of (CH3)3NO-2H;0 were added. The mixture
was heated up to 130 °C under argon atmosphere and
maintained at this temperature for 2 h. Then, it was
slowly heated to reflux, maintained at this temperature
for 1 h, and cooled down to room temperature. For the
magnetic experiments, the original ferrofluid was diluted
to a concentration of 0.88 mgFesO3/mL.

B. Crystallographic characterisation

The x-ray powder diffraction (XRD) pattern of the
dried sample (not shown) agrees with an inverse spinel
structure, thus suggesting the formation of either mag-
netite or maghemite. The d spacing and the intensities
predicted for these two phases are however very simi-
lar. It is therefore impossible to differentiate them by
XRD due to the peak broadening associated with the
nanoscopic size of the crystalline domains. The results
of a titration analysis proved the absence of Fe (II), thus
showing that the samples are made of pure maghemite
(’)/—FQQO;;).

C. Morphology and particle dispersion

The size distribution and morphology of the parti-
cles were studied by means of transmission electron mi-
croscopy (TEM) and dynamic light scattering (DLS). A
representative image of the nanoparticles in the ferrofluid
is shown in Fig. 1. The nanoparticles present a spher-
ical shape with average diameter D = 8 & 1 nm. The
analysis of DLS data (not shown) provides an average
hydrodynamic diameter of about 10 nm. This value is
slightly higher than D due to the oleic acid layer sur-
rounding each nanoparticle, appreciable also in the TEM
image. These results confirm that nanoparticles do not
aggregate to form clusters at room temperature.

Small angle x-ray scattering (SAXS) was measured in
order to analyze the influence that a H = 10 kOe mag-
netic field has on the nanoparticle arrangement in the
ferrofluid (notice that M is very close to saturation M
at RT and 10 kOe). The experiments were performed at
the Beam Line BM16 of the European Synchrotron Ra-
diation Facility (ESRF). The intensity profiles measured
at room temperature and at H = 0 and H = 10 kOe are
shown in Fig. 2. The fact that the intensity profiles are
constant at low-q suggests that there is no aggregation in

FIG. 1. TEM image of the 7-Fe;O3 ferrofluid. Inset: distri-
bution of particle diameters determined from the analysis of
TEM data.
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FIG. 2. SAXS intensity profiles measured at room temper-
ature. Solid symbols represent the scattering profile in the
presence of a magnetic field H = 10 kOe. The SAXS inten-
sity in the absence of any magnetic field is also shown (open
symbols).

the ferrofluids, as observed in the DLS measurements. In
addition, the scattering profile measured at H = 10 kOe
agrees perfectly with that obtained at H = 0. These re-
sults indicate that the magnetic field does not induce any
aggregation at room temperature. A fit of these scatter-
ing profiles using a model of polydisperse solid spheres
was made with GNOM software??. The fit provides an
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FIG. 3. (Color online) Experimental protocols employed to
control the magnetic texture. Protocol 1: the sample is cooled
down from room temperature to 1.8 K in zero magnetic mag-
netic field; the easy axes of the nanoparticles stay oriented
at random. Protocol 2: the sample is frozen to 110 K un-
der a magnetic field of 50 kOe; it is subsequently cooled to
1.8 K (crossing TB) in zero field. The angle ¢ that the easy
axes made with the measuring field ranges from zero to ¥max,
which is zero for a perfect alignment and w/2 for randomly
oriented axes.

average diameter of about 8.5 nm, in agreement with the
one determined by TEM.

D. Magnetic measurements

Magnetic measurements were performed with a SQUID
magnetometer (MPMS-XL, Quantum Design) in the
temperature range between 1.8 and 325 K and under
magnetic fields up to 50 kOe. The ac susceptibility was
measured by applying an oscillating magnetic field. The
frequency w/27 of the ac magnetic field was varied be-
tween 0.5 and 852 Hz and its amplitude was hy = 4 Oe.

I1l. RESULTS AND DISCUSSION
A. Control of magnetic texture

In order to control the magnetic texture of the sam-
ple, two different cooling protocols were performed. They
are described in Fig. 3. In the first one, herein after de-
signed as protocol 1, the sample was cooled to the lowest
temperature (1.8 K) under no magnetic field (random
sample, RDM).

After this process, the easy axes of the nanoparticles
are oriented at random. The fraction of particles with the
easy axes making an angle (£ d¢) with the measuring
field is P (¢)sint dip, where the orientational distribu-
tion of easy axes P (1)=1 for 0 < ¢ < 7/2. In the second
one, designed as protocol 2, the sample was cooled from
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FIG. 4. (Color online) Hysteresis loop of the RDM (o) and
TXT (e) samples at T = 2 K. The area increases after the
protocol 2.

280 to 110 K, i.e. crossing the melting point of the sol-
vent (T, ~ 250 K), under a strong magnetic field of 50
kOe (textured sample, TXT). Then, the sample was sub-
sequently cooled from 110 K to the lowest temperature
under no magnetic field. Notice that, since Ty, >> Tp
(the highest blocking temperature Tg is about 100 K,
see below) both protocols were zero field cooled (ZFC)
processes with respect to the supermagnetic blocking.

After process 2, the easy axes of the nanoparticles are
expected to rotate towards the texturing field, parallel to
the measuring field. We model this effect with a narrower
distribution function

Po- (LU W

where 1) can have any value between zero and yax. For
a perfect alignment of the easy axes ¥ya.x = 0. As a
first approximation, we consider that 1 is homogeneously
distributed between zero and ¥yax (see Fig. 3).

The effect of the cooling protocol on the magnetic tex-
ture can be asserted by the properties, remanence and
coercivity, of the hysteresis loops measured at T << T5.
The area of the hysteresis loop at 7' = 2 K, shown in
Fig. 4, is larger for sample TXT than for sample RDM.
This feature suggests that protocol 2 introduces a partial
alignment of the easy axes with respect to the direction
of the freezing field. In agreement with this, the rema-
nent magnetization M, increases slightly, by about 15%,
after protocol 2. The degree of magnetic texture was de-
termined from the remanent magnetization, which can
be written as?*

M, =~ (cos ) Ms (2)



where M is the saturation magnetization and (cos ) is
given by

foﬂ/2 cos P (¢) sin ypdep 1 =08 2¢max
ST singP () dg 41— cosPmax)

3)
Inserting in Eq. (2) M, and M, of sample RDM we
obtain (cost rpm)=0.45. This value is slightly smaller
than that expected at T' = 0 for a sample with the easy
axis oriented at random, (cos¥)=0.5, since the hysteresis
loops were measured at 7' = 2 K, and Eq. (2) is strictly
valid only in the limit of 7" — 0. In order to avoid this
experimental difficulty, (cos ) txT) was determined from
the ratio between the remanent magnetization of sample
TXT and that of sample RDM. Considering that satura-
tion magnetization of sample TXT is the same as that of
sample RDM one can write

(cosp) =

_ <COS¢ RDM>
<COS¢ TXT> ’

M, rpm

(4)

M, txT

Inserting in Eq. (4) the experimental values for rema-
nent magnetizations, M, gpm and M, txT, and using
(cos® rpMm) = 0.5, gives (cost rxr) = 0.575 £+ 0.005,
which corresponds to ¥y = 81 £ 1 °.

The changes induced in the magnetic texture by the
cooling protocol affect also the equilibrium susceptibil-
ity xr.2° As Fig. 5 shows, the in-phase susceptibility of
sample TXT is larger than that of sample RDM above
the blocking temperature but below the melting point.
Interestingly, the susceptibilities of both samples merge
above the melting point of the solvent, indicating that
the texturing process is reversible. In principle, one can
use these effects to determine the magnetic texture. How-
ever, xr is also influenced by the dipolar interactions (see
Section IIIB below) .

In order to avoid this difficulty, the degree of magnetic
texture was estimated from the zero-temperature limit of
the in-phase susceptibility. At T'— 0,

X o~ <sin2 1/1> X1 (5)

where

<Sin2 w> =

foﬂ/2 Sin3 ¢P W) ddj N 24 cos? wmax — COs ¢max

3 (1 — cosPmax)

(6)
XL = Mg/HanN is the equilibrium susceptibility perpen-
dicular to the easy axis, rather insensitive to interactions,
and Han the anisotropy field. The value x; =~ 7.64 x
1072 emu/Oe g was estimated using the in-phase sus-
ceptibility of sample RDM and assuming that in this
sample the easy axes are randomly oriented, i.e., that
(sin® rpm) = 2/3. For sample TXT, the same Eq. (5)
gives then (sin®¢) txr) = 0.608 & 0.001, or Yyax = 81.2
4 0.2 °, in excellent agreement with the value determined
from the remanent magnetization.
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FIG. 5. (Color online) ac susceptibility curves measured at
different frequencies: solid symbols are for the textured sam-
ple (TXT); open symbols are for the non textured sample
(RDM). Above the melting point of the solvent Ty, ~ 250 K
the susceptibility of sample TXT agrees with that of sample
RDM. Inset: magnification of the low temperature region.

The degree of texture obtained from remanence and
susceptibility data can be compared with the theoreti-
cal values calculated in Ref. 24. According to this the-
ory, the average value of cosvy in a fluid dispersion of
nanoparticles with magnetic moment p and anisotropy
energy KV, exposed to a magnetic field H, is given by

foos) = £(9) (1- 5 ) ™
o

where 0 = KV/kgT, 8 = pH/kpT, and L(p) is the
Langevin function. On cooling the sample through its
freezing point Ty, it retains the texture characteristic of
the fluid at Ty,, characterized by g = pH/kpTy, and o
= KV/kgTy,. The anisotropy energy KV = 485 K was
determined from the out-of-phase susceptibility data of
sample RDM following the method described in Ref. 26.
The average magnetic moment at Tj,, ¢ = 7.42 x 103
up, was obtained from the in-phase susceptibility data
of sample RDM. Inserting these values in Eq. (7) gives



(cos1p) ~ 0.73 which corresponds t0 ¥max = 63 °. The de-
gree of texture expected from these calculations is, there-
fore, larger than the one obtained experimentally. The
magnetic texture in a fluid dispersion of nanoparticles
depends on the coupling between the magnetic moment
and the easy axis of each particle. The discrepancy be-
tween the calculated and the experimental degrees of tex-
ture can be explained considering a weaker anisotropy,
probably due to the fact that the anisotropy constant K
decreases with increasing temperature. Also, this the-
ory does not take into account the fluid viscosity, which
hinders the rotation of the magnetic particle within the
carrier liquid. In spite of this quantitative discrepancy,
we can safely conclude, on basis of the remanence and
susceptibility data, that the ferrofluid becomes magneti-
cally textured after protocol 2.

B. Dipolar interactions

We next discuss whether the texture has any influ-
ence on the strength of the interparticle magnetic inter-
actions. Figure 6 shows the reciprocal susceptibilities
1/x’ of RDM and TXT samples. A simple way to model
the effect of interactions is to assume that the equilibrium
susceptibility x7 follows the Curie-Weiss law

XT = <COS2 ¢> XH = % (T — 9) (8)

where x| is the susceptibility along the anisotropy axis,
Cy=N 12, N is the number of nanoparticles per gram
and the Weiss temperature 6 reflects the strength of the
interactions.2” @ is usually obtained from the extrapola-
tion of the reciprocal susceptibility to 0. However, a lin-
ear dependence of 1/xr with temperature is not clearly
observed (see Fig. 6), deviations being more noticeable
as T approaches Ty.2” For this reason, the Curie-Weiss
fit was made for temperatures well above Ty but below
tTm. The fits give 0 RDM = 34.6 £ 2.6 K and 6 TXT =
54.4 + 3.6 K for samples RDM and TXT, respectively
(see Fig. 6). The increase of 6 observed after cooling
the ferrofluid in a magnetic field (protocol 2) supports
the interpretation that the average interaction strength
increases with increasing the magnetic texture.

This result can be wunderstood considering the
anisotropic character of dipolar interactions. Protocol
2 introduces a partial alignment of the easy axes along
the magnetic field, which leads to a narrower distribution
P(v). The orientation of the magnetic moment of each
particle becomes, in average, closer to that of its neigh-
bours, thereby increasing the strength of dipolar interac-
tions. We can conclude that the texturing process is able
to enhance the magnitude of the dipolar interactions by
orienting the easy axes of the nanoparticles.
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FIG. 6. (Color online) Reciprocal ac susceptibilities of the
TXT (solid symbols) and the RDM (open symbols) samples.
The solid lines are Curie-Weiss fits of data measured in the
temperature region 124 K < T < 196 K, in which the sus-
ceptibilities of both samples attain their thermal equilibrium
values.

C. Magnetic relaxation: influence of magnetic texture
and interactions

We can now attempt to explore how the texture, and
the magnetic interactions induced by it, modify the mag-
netic relaxation process. In the absence of dipolar in-
teractions, the ac susceptibility of a set of independent
magnetic nanoparticles is?®

1
2 .2
~ —_— 9
x =~ (cos 1/1>X||1+Z_w7_—|—<sm Yy XL (9)
where ( ) is the average over the distribution of easy axes
orientations (see Section ITTA). The in-phase and out-
of-phase susceptibility components are then given by?®

X = <cos2 V)X 1—|—(lw7')2 + <sin2 Yyxe  (10)
" = {cos? ﬁ
X" = (cos® ) x| T o) (11)

Notice from Eq. (11) that after the texture process one
may expect that x’ and x” components increase because
<C082 1/}> increases.

The relaxation time 7 corresponding to the relaxation
of the particle magnetic moment over the effective en-
ergy barrier Uy is given, at H = 0, by the Néel-Brown
expression??-

7 = 106xp (Uett/kp T) (12)

where 73 is the attempt time and U,g has contributions
resulting mainly from the magnetic anisotropy. The su-
perparamagnetic blocking temperature Tg, defined as the
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FIG. 7. (Color online) Arrhenius plot of the magnetic relax-
ation time of RDM (o) and TXT samples (). The values of
the effective activation energies U.g and the attempt times 7o
obtained for each sample from the Arrhenius fits (solid lines)
are given.

temperature of maximum x” for a given frequency v, cor-
responds approximately to the condition v = 1/2x7. No-
tice that 7 does not depend on the orientation of the easy
axis at H = 0. This argument applies also to systems
with a distribution of particle sizes and therefore of relax-
ation times. Then, the texture process does not change
by itself the magnitude of 7. By contrast, 7 and thus also
Tg can be greatly influenced by the presence of dipolar
interactions.®'2 In this case, Usg has additional contri-
butions resulting from the dipole-dipole interactions.?%
It might therefore depend on the degree of magnetic tex-
ture, only if the latter affects the interaction.

The susceptibility data displayed in Fig. 5 show that
the out-of-phase susceptibility increases after the texture
process, which indicates a larger susceptibility compo-
nent along the anisotropy axis for sample TXT as com-
pared to sample RDM. This effect arises, in part, from
the texture of the easy axes along the direction of the
texturing field (see Eq. (11)) and from the interaction
effects discussed above (see Section IIIB).

The blocking temperatures for v = 0.5 Hz are Ty
~ 19.4 K and Ty ~ 28.3 K for samples RDM and TXT,
respectively. These data suggest that relaxation has be-
come much slower in sample TXT. The dependence of
the relaxation time on the blocking temperature T of
samples RDM and TXT is shown in Fig. 7. It follows
the Arrhenius law?9 3!

Ueff
kg Tg ’

In(7) = In(m) + (13)

Figure 7 shows that 7 of sample TXT is larger than 7
of sample RDM at any temperature. Since the magnetic
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FIG. 8. (Color online) x” as a function of the scaling variable
Us/kg = T In(1/w 7o), with 79 = 4.64 x 10 ~*? s and 70
= 6.70 x 10 15 5 for RDM and TXT samples, respectively.
The size distribution determined by TEM is also included for
comparison to the distributions obtained from x”. Inset: x”
scaled to the maxima.

texture does not modify by itself 7, as it is discussed
above, the large effect observed must be associated with
the stronger interactions present in the textured sam-
ple. The energy barrier U.g determined from the Ar-
rhenius fits is also larger for sample TXT, Ueg TxT =
893 K, than for sample RDM, U.g rpm = 485 K. In ad-
dition, 7y of sample TXT is three orders of magnitude
smaller than that of sample RDM. These results confirm
that, within the studied range, increasing the average
strength of dipolar interactions leads to a much slower
magnetic relaxation. This result agrees with the predic-
tions of models, such as those reported in Refs. 8, 12, and
18, which take into account the dynamic fluctuations of
dipolar interactions, but it is in contradiction with the-
ories that model such interactions as effective magnetic
fields.?-32

The distribution of energy barriers Ueg can be ob-
tained by representing the out-of-phase ac susceptibility
X", measured at different frequencies, as a function of the
scaling variable Ug/kp = T In(1/w7p).2¢ Figure 8 shows
that the maximum of x” for TXT sample is shifted to-
wards larger values of U with respect to the maximum
for the RDM sample. Also, sample TXT shows a nar-
rower Ug distribution. This feature has also been ob-
served in y-FeyO3 nanoparticles assemblies with increas-
ing interaction strength.33

IV. CONCLUSIONS

The application of a magnetic field to a ferrofluid
while it is cooled through its freezing temperature in-
duces a magnetic texture in through the orientation of
the nanoparticles easy axes. This texture is reversible,
which means that if the ferrofluid is warmed up to room
temperature again, it recovers its initial magnetic prop-



erties. After the texturing process, the average strength
of dipolar interaction increases and magnetic relaxation
becomes slower. This experimental procedure therefore
enables a quantitative study of interaction effects while
keeping most relevant parameters, such as the distribu-
tion of particle sizes, constant.
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