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The capabilities of the small-angle neutron scattering (SANS) method for the research of var-
ious magnetic fluids with low magnetite concentrations (∼0.1 vol.%), when the structural
factor effect is absent, have been considered. The structural parameters of nanoparticles (the
magnetic coherent scattering length density, thickness of a nonmagnetic layer on the surface
of magnetic nanoparticles, and thickness of a stabilizing shell), which can be obtained from
SANS experiments and the Guinier parameters for the scattering intensity, were analyzed in
the framework of the “spherical core–shell” model. The model is found to be sensitive to a
variation of the structural parameters of magnetic fluids if the particle polydispersity is taken
into account. Experimental conditions for magnetite/oleic acid/benzene (a nonpolar carrier
fluid) and magnetite/oleic and dodecyl-benzenesulphonic acids/pentanol (a polar carrier fluid)
ferrofluids are selected and compared.
K e yw o r d s: magnetic fluid system, small-angle neutron scattering, surfactant.

1. Introduction

Magnetic fluid systems (MFSs)–or ferrofluids–are col-
loids of magnetic nanoparticles about 10 nm in di-
mension covered with a surfactant layer, which is
used to stabilize the fluid system. The nano-sized
dimensions of particles correspond to their single-
domain state of magnetization and are responsible
for the MFS behavior close to the superparamagnetic
one. The study of the structure in such systems is of
high interest, from both the academic and application
viewpoints [1–3].

c○ A.V. NAGORNYI, L.A. BULAVIN, V.I. PETRENKO,
M.V. AVDEEV, V.L. AKSENOV, 2013

The method of small-angle neutron scattering
(SANS) has been actively used [2–5] while studying
the nuclear and magnetic structures in MFSs. The
presence of a homogeneous fluid medium (liquid car-
rier) gives ample opportunities for the contrast varia-
tion to be realized in the systems concerned with the
use of solutions of deuterated and protonated fluid
bases [6]. At the same time, magnetic nanoparti-
cles dispersed in a carrier fluid are characterized by
a considerable polydispersity, which complicates the
analysis of experimental data. First of all, this is as-
sociated with the fact that there exists a substantial
dipole–dipole magnetic interaction between particles
in ferrofluids, which depends on the relative orien-
tation of particle magnetic moments and results in
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deviations from the paramagnetic behavior. The in-
dicated factors hamper a direct observation of one of
the most interesting properties predicted for magnetic
nanoparticles—the existence of a nonmagnetic surface
layer about 1 nm in thickness, which could explain
a decrease in the specific magnetization of magnetic
nanoparticles as their dimensions diminish [2, 6] and
improve the interpretation of the results of some ex-
periments dealing with magnetization [7–10] and the
Mössbauer effect [11, 12]. A numerical calculation
of this phenomenon was made in a theoretical work
by Kodama et al. [13]. It has to be noticed, how-
ever, that the effect of magnetic scattering reduction
can be associated with reorientations of the magnetic
moment vectors and the Brownian motion of parti-
cles [14]. As was demonstrated earlier [4], even in the
case of low-concentrated MFSs the volume fraction
of a magnetic material close to 1%, the influence of
the structural factor gives rise to the effective growth
of the observed dimensions of magnetic particles. If
the scattering of nonpolarized neutrons by nonmag-
netized MFSs in the absence of an external magnetic
field is used for this purpose, the particle size growth
manifests itself as a deviation of the model scattering
curves calculated making no allowance for the inter-
action from the experimental data in the interval of
small scattering vectors [15]. The dipole–dipole inter-
action can be reduced if we further decrease the par-
ticle concentration in the fluid system. However, this
way gives rise to a reduction in the registered scatter-
ing intensity and, owing to a noncoherent background
(especially in the case of completely protonated sol-
vents), makes the analysis of scattering curves possi-
ble only in the Guinier region, where the roles of main
substance characteristics are played by integrated pa-
rameters [16] such as the scattering intensity at the
zero angle, 𝐼(0) =

⃒⃒∫︀
𝜌(r)𝑑r

⃒⃒2, and the squared gyra-
tion radius, 𝑅2

𝑔 =
∫︀
𝑉
𝜌(r)𝑟2𝑑r/

∫︀
𝑉
𝜌(r)𝑑r, which are

defined in terms of the scattering length density 𝜌(r),
the latter being equal to the length of coherent neu-
tron scattering in a unit volume of the substance av-
eraged over the chemical and isotopic compositions.

Earlier, we carried out calculations for strongly
diluted nonpolar magnetic fluid systems in the
monodisperse approximation [17]. The present work
aimed at estimating the possibility of carrying out a
SANS experiment for polar and nonpolar magnetic
fluids in the polydisperse approximation and in the
absence of an influence of the structural factor (the

volume fraction of a magnetic material is about 0.1%)
and at finding such experimental conditions, which
would allow us to estimate the magnetic properties of
particles using the results obtained. For this purpose,
we analyzed the sensitivity of the Guinier parame-
ters to variations in the parameters of polydisperse
MFS particles, including the thickness of a nonmag-
netic layer in nanoparticles, by carrying out the cor-
responding simulation on the assumption that there
is no magnetic interaction between the particles.

Expressions for the Guinier parameters–namely,
the squared gyration radius, 𝑅2

𝑔, and the zero-
angle scattering intensity, 𝐼(0)–were calculated in the
framework of the “spherical core–shell” model for the
profiles of nuclear and magnetic scattering length
densities in polydisperse magnetite (Fe3O4) parti-
cles. Two cases of polydisperse colloid systems were
considered: with the typical average sizes of mag-
netic particles 𝑅0 = 3 and 8 nm; in both cases,
the parameter of particle polydispersity was selected
to equal 𝑆 = 0.3 for the log-normal distribution
over particle dimensions. The quantities to vary
were the nonmagnetic layer thickness ℎ, the mag-
netic scattering length density 𝜌𝑚, the thickness 𝛿
of the surfactant layer, and the neutron scattering
length density 𝜌1 in it. Taking into account that
the match points for the given model systems lie in
a range 40–70 vol.% of the deuterated component
in the fluid basis, the calculations were carried out
for maximum SANS signals and a completely pro-
tonated or completely deuterated carrier fluid. Our
purpose was to choose conditions for an experiment
on varying the SANS contrast for a reliable (with
an error less than 5%) determination of MFS par-
ticle parameters. The criterion of 5%-deviation was
selected with regard for typical errors in real SANS
experiments.

2. Description of the Model

In the case of magnetic spherical polydisperse parti-
cles and in the absence of an external magnetic field,
when the magnetic moments of particles are oriented
randomly, and the magnetic component of scattering
is isotropic, the intensity of angular neutron scatter-
ing can be written down as a sum of nuclear and
magnetic scattering terms [16],

𝐼(𝑞) = 𝐼𝑛(𝑞) + (2/3)𝐼𝑚(𝑞), (1)
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where 𝐼𝑛(𝑞) and 𝐼𝑚(𝑞) are the nuclear and magnetic,
respectively, contributions to the scattering. The co-
efficient 2/3 in the second term of formula (1) is asso-
ciated with the fact that the magnetic coherent scat-
tering length depends on the angle between the scat-
tering vector and the magnetic moment of the atom.
It emerges when the averaging is carried out over all
disordered positions of magnetic moments inherent in
magnetically noninteracting particles. The quantities
in expression (1) can be written down as follows:

𝐼𝑛(𝑞) = 𝑛(𝜌0 − 𝜌1)
2×

×⟨[𝑉 (𝑟)𝐹 (𝑞𝑟) + 𝜂𝑉 (𝑟 + 𝛿)𝐹 (𝑞(𝑟 + 𝛿))]2⟩𝑟,

𝐼𝑚(𝑞) = 𝑛𝜌2𝑚⟨[𝑉 (𝑟 − ℎ)𝐹 (𝑞(𝑟 − ℎ))]2⟩𝑟,

(2)

where 𝑛 is the concentration of particles in the MFS;
𝜂 = (𝜌1 − 𝜌𝑆)/(𝜌0 − 𝜌1) is the parameter of neutron
contrast, which depends on the coherent scattering
length densities in the magnetic core, 𝜌0, surfactant
shell, 𝜌1, and in the liquid medium, 𝜌𝑆 ; 𝛿 is the sur-
factant shell thickness; 𝜌𝑚 is the magnetic scattering
length density in the particle core; ℎ is the thickness
of a hypothetical nonmagnetic layer on the magnetite
surface; 𝑉 (𝑟) = (4/3)𝜋𝑟3 is the volume of a sphere of
radius 𝑟; and 𝐹 (𝑞𝑟) = = 3(sin(𝑞𝑟)− 𝑞𝑟 cos(𝑞𝑟))/(𝑞𝑟)3

is the form factor of this sphere. In the second ex-
pression of system (2), the scattering magnetic par-
ticles with the effective volume 𝑉𝑚 = (4/3)𝜋(𝑟 − ℎ)3

are assumed to be located in a nonmagnetic medium,
and the notation ⟨...⟩𝑟 means the averaging with a
log-normal distribution function, which looks like

𝐷𝑛(𝑟) =
exp(− ln2((𝑟/𝑅0)/2𝑆

2))

𝑟
√
2𝜋𝑆

.

In the Guinier approximation region (𝑞𝑅𝑔 < 1), the
corresponding approximation is used [16],

𝐼(𝑞) ≃ 𝐼(0) exp(−(𝑞𝑅𝑔)
2/3), (3)

where 𝐼(0) is the intensity of zero-angle scattering,
and 𝑅𝑔 is the gyration radius of the particle. Using
Eqs. (2) and (3) and introducing the notation Δ𝜌 =
= 𝜌0 − 𝜌1, we obtain

𝐼(0) = 𝑛(Δ𝜌)2⟨[𝑉 (𝑟) + 𝜂𝑉 (𝑟 + 𝛿)]2⟩𝑟+

+(2/3)𝑛𝜌2𝑚⟨𝑉𝑚(𝑟 − ℎ)2⟩𝑟,

𝑅2
𝑔 = (1/𝐴)⟨[𝑟𝑉 (𝑟) + 𝜂(𝑟 + 𝛿)𝑉 (𝑟 + 𝛿)+

+(𝜂𝛿)2𝑉 (𝑟)𝑉 (𝑟 + 𝛿)]2⟩𝑟+

+(1/𝐴)(2/3)(𝜌𝑚/Δ𝜌)2⟨(𝑟 − ℎ)2𝑉𝑚(𝑟 − ℎ)2⟩𝑟,

𝐴 = ⟨[𝑉 (𝑟) + 𝜂𝑉 (𝑟 + 𝛿)]2⟩𝑟+

+(2/3)(𝜌𝑚/Δ𝜌)2⟨𝑉𝑚(𝑟 − ℎ)2⟩𝑟. (4)

The scattering length density in the solvent with
volume fraction 𝑥 of the deuterated component can
be written down as 𝜌𝑆 = 𝑥𝜌𝐷 + (1− 𝑥)𝜌𝐻 , where 𝜌𝐷
and 𝜌𝐻 are the scattering length densities in the com-
pletely deuterated and protonated solvents, respec-
tively; and the parameter 𝑥 can vary in the interval
from 0 to 1 (0–100%). We carried out calculations for
two values of deuterated component fraction, 𝑥 = 0
and 1.

The relative changes of parameters in the Guinier
approximation, Δ𝑅2

𝑔/𝑅
2
𝑔 and Δ𝐼(0)/𝐼(0), were deter-

mined by varying the structural parameters of par-
ticles ℎ, 𝛿, 𝜌𝑚, and 𝜌1; the other parameters were
adopted to be constant. As a fixed starting point,
we selected characteristic values for highly stable
MFSs on the basis of nonpolar and polar organic sol-
vents with magnetite (𝜌0 = 6.9 × 1010 cm−2) sta-
bilized by monocarboxylic acids [15]. As a carrier
fluid for the ferrofluid, we selected benzene (a non-
polar solvent, C6H6) with 𝜌𝐷 = 5.4 × 1010 cm−2

and 𝜌𝐻 = 1.1 × 1010 cm−2, and pentanol (a po-
lar solvent, C5H11OH) with 𝜌𝐷 = 6.6 × 1010 cm−2

and 𝜌𝐻 = −0.3 × 1010 cm−2. The initial values
for varied parameters were as follows: 𝛿 = 1.5 nm
for a nonpolar MFS on the basis of benzene with a
single surfactant layer, and 𝛿 = 3 nm for a polar
MFS on the basis of pentanol with a double surfac-
tant layer; 𝜌1 = 0.08 × 1010 cm−2; ℎ = 0 nm; and
𝜌𝑚 = 2.2 × 1010 cm−2. The choice of variation in-
tervals for those parameters was based on the pre-
liminary analysis of literature data [5, 15, 18–22]. For
the parameter 𝛿, we selected the interval from 1.2
to 1.8 nm in the case of a nonpolar MFS and from
2.0 to 3.6 nm in the case of polar one, which corre-
sponds to the probable effective thickness of a surfac-
tant layer in a polar or nonpolar ferrofluid [15, 23].
The coherent scattering length density in the surfac-
tant shell, 𝜌1, was changed within an interval from 0
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Fig. 1. Relative deviations of (a) zero-angle scattering intensity and (b) gyration radius at the variation of various parameters
of the “core–shell” model in the polydisperse case for the MFS magnetite/oleic acid/benzene. Thick solid curves correspond to
𝑅0 = 8 nm, and thin solid ones to 𝑅0 = 3 nm in the case of deuterated carrier fluid; dotted curves correspond to the case of
protonated carrier fluid
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Fig. 2. The same as in Fig. 1, but for the MFS magnetite/oleic and dodecylbenzenesulfonic acids/pentanol
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to 0.12×1010 cm−2 to reflect the fact that, in the case
of the preparation of a magnetic fluid on the basis of
benzene, the solvent practically does not penetrate
into the surfactant layer [23]. For a polar solvent, the
scattering length density in the surfactant shell was
varied within an interval from 0 to 0.5 × 1010 cm−2,
because, in this case, the indicated magnitude is
the averaged value (0.3 × 1010 cm−2) for two sur-
factant layers on the surface of magnetic particles,
oleic (C17H33COOH, 𝜌1 = 0.078×1010 cm−2) and do-
decylbenzenesulfonic (CH3(CH2)11C6H4SO3H, 𝜌1 =
= 0.51×1010 cm−2) acids. The parameter ℎ was var-
ied within an interval from 0 to 1.0 nm, in accordance
with the expected effect [8, 13]. For the magnetic
scattering length density 𝜌𝑚, the variation interval
amounted to (1.0÷ 3.0)× 1010 cm−2.

It is known that, for an external stabilization layer
to be formed in the case of polar MFSs, there must
exist a certain excess of a surfactant in the bulk of
a carrier fluid [5, 20]. In this case, nonadsorbed sur-
factant molecules may form micelles in the bulk of
a polar solvent [24], the phenomenon being not ob-
served in the case of a nonpolar solvent [25]. In this
work, we did not consider the contribution to the neu-
tron scattering by micelles, which can be formed in a
polar ferrofluid only provided a surfactant excess.

3. Results and Their Discussion

In Figs. 1 and 2, we demonstrate the calculated de-
pendences of relative variations for those quantities,
which can be observed in SANS experiments while
varying the parameters of nonpolar and polar ferroflu-
ids indicated above. The Guinier approximation pro-
vides us with the squared gyration radius, so that we
considered the variation Δ𝑅2

𝑔/𝑅2
𝑔. The dotted curves

correspond to the dependences obtained in the case of
MFS with a completely protonated carrier fluid, and
the solid curves to the case of completely deuterated
carrier fluid. The thin curves correspond to MFSs
with a small average particle size, and the thick ones
to MFSs with a large average particle size.

Neglecting those curves in Fig. 1, for which the de-
viations exceed 5%, we may assert that the Guinier
parameters for nonpolar MFSs are practically insen-
sitive to the uncertainty of 𝜌1, the scattering length
density in the shell. By combining the correspond-
ing information about other three parameters, we see
that the most informative is the case of a completely

deuterated fluid system with large average particle
dimension. It is a favorable factor for carrying out
SANS experiments with very diluted MFSs on the
basis of nonpolar carrier fluids. Moreover, the con-
siderable substitution of a protonated solvent by a
deuterated component additionally improves exper-
imental conditions, because the background level of
the noncoherent neutron scattering intensity in sys-
tems with a high content of the deuterated component
is much lower than that in the case with protonated
fluids. The data obtained for nonpolar ferrofluids in
the polydisperse approximation qualitatively confirm
the results of similar calculations, which were made
earlier for the monodisperse case [15].

Generalizing the data obtained for MFSs on the
basis of a polar carrier fluid (see Fig. 2), we come
to a conclusion that, in the case of polar ferrofluid,
the Guinier analysis remains valid for the determina-
tion of the thicknesses of the nonmagnetic layer and
the stabilizing surfactant shell, if the concentration of
a magnetic material substantially decreases. In this
case, of two observed integrated parameters, 𝑅2

𝑔 and
𝐼(0), the latter is the most informative. However,
in contrast to a low-concentration nonpolar MFS,
the Guinier analysis in a polar fluid system becomes
weakly sensitive to uncertainties of the parameter 𝜌𝑚.
At the same time, the deviation of the parameter 𝜌1
from the expected value can be determined with a
sufficient accuracy from the SANS experiment. Such
a result is quite reasonable, because the presence of
a stabilizing double layer on the nanoparticle surface
simultaneously gives rise to a growth of the effective
volume for the nuclear scattering and a relative re-
duction of the magnetic material volume, in which
the magnetic scattering is observed.

4. Conclusions

Hence, while carrying out the small-angle neutron
scattering experiments for the determination of a
structure in magnetic fluid systems with low concen-
trations of magnetite, the most promising way is the
variation of a contrast by changing the fraction of
the deuterated component 𝑥 in the interval of 0.75–
1.0 for MFSs with relatively large average particle di-
mensions. On the one hand, the system is far enough
from the effective match point. On the other hand,
the indicated range allows one to obtain the curves of
small-angle neutron scattering that are suitable for
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the reliable determination of the following parame-
ters. In the case of nonpolar MFS, these are the non-
magnetic layer thickness ℎ, the magnetite magnetic
scattering length density 𝜌𝑚, and the stabilizing shell
thickness 𝛿; in the case of nonpolar MFS, these are the
nonmagnetic layer thickness ℎ, the scattering length
𝜌1, and the surfactant shell thickness 𝛿.
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ЧУТЛИВIСТЬ МЕТОДУ МАЛОКУТОВОГО
РОЗСIЯННЯ НЕЙТРОНIВ ПРИ ВИЗНАЧЕННI
СТРУКТУРНИХ ПАРАМЕТРIВ МАГНIТНИХ
РIДИННИХ СИСТЕМ З НИЗЬКОЮ
КОНЦЕНТРАЦIЄЮ МАГНЕТИТУ

Р е з ю м е

У роботi розглядаються можливостi методу малокутово-
го розсiяння нейтронiв при дослiдженнi магнiтних рiдин-
них систем рiзного типу з низькою концентрацiєю магнети-
ту (∼0,1% за об’ємом), коли вiдсутнiй ефект структурного
фактора. У рамках моделi “сферичне ядро–оболонка” про-
аналiзовано структурнi параметри наночастинок (густина
довжини магнiтного когерентного розсiяння, товщина не-
магнiтного шару на поверхнi магнiтних частинок та товщи-
на стабiлiзацiйної оболонки), якi можна одержати з експе-
риментiв малокутового розсiяння нейтронiв та параметрiв
наближення Гiньє для iнтенсивностi розсiяння. За допомо-
гою розрахункiв встановлено чутливiсть указаної моделi до
змiни структурних параметрiв магнiтної рiдинної системи
з урахуванням полiдисперсностi частинок. На прикладi ма-
гнiтних рiдинних систем магнетит/олеїнова кислота/бензол
(на основi неполярної рiдини-носiя) та магнетит/олеїнова
та додецил-бензолсульфонова кислоти/пентанол (на основi
полярної рiдини-носiя) здiйснено вибiр та проведено порiв-
няння умов виконання експерименту.
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