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Journal  Name

Thermodiffusion anisotropy under magnetic field in

ionic liquid-based ferrofluids

T. Fiuza,a,b M. Sarkar,a J.C. Riedl,a A. Cēbers,c F. Cousin,d G. Demouchy,a,e

J. Depeyrot,b E. Dubois,a F. Gélébart,a G. Mériguet,a R. Perzynski,a,⇤ and V. Peyre a

Ferrofluids based on maghemite nanoparticles (NPs), typically 10 nm in diameter, are dispersed
in an ionic liquid (1-ethyl 3-methylimidazolium bistriflimide - EMIM-TFSI). The average interparticle
interaction is found repulsive by small angle scattering of X-rays and of neutrons, with a second
virial coefficient A2 = 7.3. A moderately concentrated sample at F = 5.95 vol% is probed by forced
Rayleigh scattering under an applied magnetic field (up to H = 100 kA m�1) from room tempera-
ture up to T = 460 K. Whatever H and T , the NPs are here always found to migrate towards cold.
The in-field anisotropy of the mass diffusion coefficient Dm and that of the (always positive) Soret
coefficient ST are well described by the presented model in the whole range of H and T . The
main origin of the anisotropy is the spatial inhomogeneities of concentration in the ferrofluid along
the direction of applied field. Since this effect originates from the magnetic dipolar interparticle
interaction, the anisotropy of thermodiffusion progressively vanishes when temperature increases
and thermal motion rises.

1 Introduction

Ferrofluids1–4 based on Ionic Liquids (FF-ILs) are new colloidal
dispersions of magnetic nanoparticles, developed for improving
thermoelectric (TE) low-grade energy harvesting. Low-grade heat
recovery is a very active field5,6 and the thermopower that can
be extracted is largely discussed in topical papers7,8. Numerous
recent works have been devoted to thermocells and thermionic
capacitors of various kinds, using either polymer-based elec-
trolytes9–11, crystallization of salt solutions12, small mobile ions
in gels and solid matrices13,14, Ionic Liquids15,16 or colloidal
charged nanoparticles in a standard electrolyte17–19. In classi-
cal ionic ferrofluids based on polar solvents, it has been recently
shown that the application of a magnetic field is able to improve
the thermoelectric properties of the material20. The use here
of an Ionic Liquid (IL) as solvent brings new properties, among
which the access to a wider range of temperatures T 21 . In ionic
liquids, which are molten salts at low T ’s only composed of an-
ions and cations, the colloidal dispersions of nanoparticles (NPs)
has been shown to be possible despite the totally different internal
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structure of ILs from that of molecular solvents. NPs either coated
by polymers,22–27 or coated with shorter surfactant chains, or
even bare charged NPs27–33 have been dispersed in ILs. Among
the extreme variety of room temperature ionic liquids34–36, 1-
Ethyl-3-methylimidazolium bistriflimide (EMIM-TFSI), which is a
widely used IL in applications37–39, can be considered as an im-
portant model system, since it is not too viscous at room tem-
perature and is stable in a large range of T 21,36,40,41. Hydroxyl-
coated maghemite NPs, synthesized in water (diameter ⇠ 10 nm)
are modified in order to adapt the NP/ solvent interface, i.e. the
charge and the nature of the counterions, both shown to be cru-
cial27,30,31. After a liquid-liquid transfer from water to the IL,
stable dispersions are obtained, that can be concentrated up to
⇠ 12 vol% in EMIM-TFSI27,42, these dispersions remaining stable
(from both a chemical and a colloidal point of view) at least up
to 473 K42.

The long-term under-field colloidal stability of a ferrofluid
based on an Ionic Liquid could be challenged in presence of tem-
perature gradients. Probing its under-field thermodiffusive prop-
erties, in terms of Soret coefficient ST and diffusion coefficient
Dm

43, the more so at high temperatures, would be impossible
if the colloid becomes unstable while submitted to T -gradients.
Our aim is here to determine the under-field anisotropy of the
NP’s thermodiffusive properties at various mean temperatures,
in a monophasic fluid phase, without any boundary such as the
electrodes present in TE devices, which seriously modify the ob-
served thermodiffusive properties19,44 and without the added re-
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dox couple which would be necessary for TE measurements. A
forced Rayleigh scattering experiment45–52 is undertaken, in the
presence of an applied magnetic field and in a wide range of
mean temperatures T (from room temperature up to ⇠ 460 K),
using a moderately concentrated dispersion (F = 5.95 vol%) in
order to render easier the under-field anisotropy measurement.
As in53 for aqueous ferrofluids at room temperature, the results
are here analysed according to the model developed in54 for sta-
ble colloidal dispersions. To perform these adjustments, it is of
paramount importance to probe independently the interparticle
interaction in the dispersion. This is undertaken here (under uni-
form T ) for the first time in ferrofluids based on EMIM-TFSI by
Small Angle Neutron Scattering (SANS) and Small Angle X-ray
Scattering (SAXS) to determine the osmotic compressibility c of
the NP’s system and the corresponding second Virial coefficient in
the colloidal dispersion33,55.

In the next section we present the colloidal system, briefly re-
calling how it is prepared and the proposed origin of its stability,
together with the probing by SAXS and SANS measurements of
the interparticle repulsion in zero magnetic field. The third sec-
tion is devoted to the forced Rayleigh scattering experiments and
the obtained results in zero field and under applied field. The
fourth section recalls the theoretical model used here to interpret
the under-field measurements and its nice adjustment to the ex-
perimental data, which is besides demonstrating the under-field
colloidal stability of the system in presence of temperature gradi-
ents. The last section presents a global discussion of the whole
study .

2 Magnetic Fluid samples

2.1 Synthesis

The magnetic nanoparticles used here are chemically synthe-
sized using a well-known aqueous coprecipitation method56,57.
From the analysis of magnetic measurements (Vibrating Sam-
ple Magnetometer), their size distribution can be described by
a log-normal distribution of median diameter 8.9 nm and a
polydispersity index 0.23, leading to a volume-averaged diam-
eter2 dNP = 9.6 nm. The details of the preparation of their
dispersions in EMIM-TFSI are given extensively in27. Here is
a short summary of the process. Firstly, the interface of the
NPs is modified in water: a structural charge Z ⇠ + 400 ±
100 is introduced. The species compensating their charge are
deprotonated 1-(4-sulfobutyl)-3methylimidazolium bistriflimide
(SMIM±-TFSI�), which has been shown to be close to the inter-
face27. Secondly, the ionic liquid is added and the water removed
by freeze-drying, leading to NPs in pure EMIM-TFSI. All the pro-
cess is performed with a volume fraction of NPs around 1%.

EMIM-TFSI is a room-temperature ionic liquid, here supplied
by Solvionic, with a viscosity ranging from 4⇥10�2 Pa s at 294 K
down to 3⇥ 10�3 Pa s at 460 K (following36). It presents a low
vapor pressure, a low flammability, a high ionic conductivity and a
wide electro-chemical window 21,36,41. It is also chemically stable
up to high temperature (long-term ⇠ 500 K and up to ⇠ 700 K for
shorter times21), making it a good candidate for thermoelectrical
applications58. The colloidal dispersions of the used maghemite

NPs have been reported as being stable at room temperature in27

with a repulsive interparticle interaction.
A series of samples at various volume fractions F have been

produced by ultracentrifugation of the initial dispersion at F ⇠
1%, following the method described in42.

2.2 Colloidal stability - Interparticle interaction

Small Angle X-ray Scattering (SAXS) experiments were carried
out with the XEUSS 2.0 (Xenocs) of LLB-Saclay at room tem-
perature on dispersions at several volume fractions F’s between
0.2 % and 12 %. Complementary Small Angle Neutron Scatter-
ing (SANS) experiments were performed at PAXY spectrometer
in Orphée - LLB - Saclay at various T ’s ranging between 293 K
and 473 K. All these experiments were performed without applied
magnetic field. The scattered intensity I(q), analyzed as in59,60,
shows that the interparticle interaction is repulsive indeed. The
determination of the intensity at low scattering vector (q ! 0)
leads to the osmotic compressibility c of the NP’s system, which
is related to the osmotic pressure P of the NP’s system by the
following relation:

c =
kT⇣

∂PvNP
∂F

⌘

T

, (1)

where vNP is the NP’s volume. The experimental results at room
temperature and zero magnetic field are shown in Fig. 1. More-
over it has been observed that c does not present any signifi-
cant temperature dependence in the experimental T -range. As
shown by Fig. 1, the F-dependence of c can be described by
the Carnahan-Starling formalism55,61 with effective hard spheres
of volume fraction Feff = 1.82 F and a second virial coefficient
A2 = 7.3.

The colloidal stability of the samples under-field up to H =

716 kA m�1 (= 9000 Oe) has been checked optically, looking at
the scattering pattern of a non-absorbing laser beam, as described
in27,62.

The colloidal stability of these samples, both in zero field and
under-field, proves that a strong interparticle repulsion exists,
which dominates the two kinds of interparticle attractions that
are present here, van der Waals attraction (which is isotropic and
is present in any colloid) and magnetic dipolar interaction specific
of magnetic colloids such as those studied in the present work;
They are anisotropic and attractive on average.

It has been proven both experimentally63–65 and by numeri-
cal simulations66–70 that along a flat and charged interface, Ionic
Liquids can organize themselves as layers of ions, of alternat-
ing sign. Along a curved interface such as that of the present
charged NPs32,71, long-range charge-density oscillations can be
also formed, for given geometrical and charged conditions of the
IL anions and cations27,69,72. If the number of organized lay-
ers is large enough, they are able to overcome attractive compo-
nent of the interparticle interaction (usually van der Waals attrac-
tion) and stable colloidal dispersions can be obtained27,30,32,72.
The colloidal stability of the present NPs in EMIM-TFSI is thus
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Fig. 1 Main figure: Osmotic compressibility c of the NPs in the colloidal
dispersions as a function of their volume fraction F - Open symbols: Ex-
perimental determinations at room temperature by SAXS (open circles)
and SANS (open squares) - Full line: Carnahan-Starling adjustment with
effective hard spheres 55,61 of volume fraction Feff =1.82 F leading to
A2 = 7.3 ; Inset : Sketch of the ionic layering around the NPs responsi-
ble for the colloidal stability of the dispersion. The NP’s surface, which
is positive due to the hydroxyls groups, is compensated by a first layer
of condensed SMIM±-TFSI� counterions, layer which initiates the long
range IL-layering.

proposed to come here from the "effective" interparticle repul-
sion, due to the regular layering of ions, of alternate sign, around
the NPs (see the sketch in the inset of Fig. 1), which dominates
both van der Waals and magnetic dipolar interparticle attrac-
tions. Here the resultant characteristic length k

�1 of repulsive
(on average) interparticle interaction73 can be extracted from
the Carnahan-Starling adjustment of c(F), writing33 Feff/F as
[(dNP + 2k

�1)/dNP]
3. It leads to k

�1 ⇠ 1.1 nm. The structure of
the liquid being modified on few k

�1, typically up to 5 k

�1, it
corresponds to 6-7 layers of anions and cations from the IL31.

3 Forced Rayleigh scattering experiment

3.1 Experimental device

The setup we use for these forced Rayleigh scattering⇤ (FRS) mea-
surements (see Fig. 2) has been initially presented in ref.49. A
high power lamp (Oriel 6285 - 500 W - Hg Arc Lamp) illuminates
a grid, the image of which is made in the liquid sample, put in
a thin and thermalized optical cell (of thickness e = 25 µm). Be-
cause of the strong optical absorption of the maghemite NPs, a
thermal grating of time-dependent amplitude DT (t) and of spa-
tial period L ranging between 88 and 145 µm is created in the
NP dispersion. A concentration grating of amplitude DF(t) with
the same spatial period L is then induced thanks to the Ludwig-
Soret effect74,75. Both the thermal and the concentration gratings

⇤ Forced Rayleigh scattering implies forced inhomogeneities 45.

Fig. 2 Forced Rayleigh scattering device: (a) Experimental set-up, seen
from above; The Hg-lamp illuminates a grid, the image of which is made,
periodically at a few Hz, in the thermalized sample, possibly submitted to
an horizontal magnetic field ~H; Both a thermal and a concentration arrays
are induced in the sample (for more details see text); Their temporal
evolution is observed by the diffraction of a He-Ne laser beam; (b) Direct
observation of the image of the grid in the sample; The applied field is
either parallel (~Hk) to the horizontal thermal gradients or perpendicular
(~H?) to the vertical thermal gradients; (c) Diffracted pattern of the He-Ne
laser beam by the temperature and concentration arrays; (d) Recorded
intensity of the first order diffraction at F = 5.95% as a function of time;
When the heating beam is cut, the recorded intensity relaxes towards
zero.

are here probed with the first order diffraction of a He-Ne laser
beam, which is poorly absorbed by these dispersions. The Soret
coefficient ST links the applied temperature gradient ~—T and the
induced volume-fraction gradient ~—F, in the following way:

~—F =� FST~—T. (2)

ST is obtained here by means of a modulation at 4 Hz of the Hg
lamp intensity (the thermal response of the system being by or-
ders of magnitude faster than the concentration one) and thanks
to the knowledge of ∂n/∂T and ∂n/∂F †(for details see52 and its

† The derivative ∂n/∂T is taken equal to �2.82⇥10�4 K�1 following Kamysbayev et
al 72, independent of T in our range of T from the optical index measurement of Seki
et al 76 (even if only measured up to 353 K); The derivative ∂n/∂F is taken equal to
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E.S.I..). If DFSt is the spatial modulation of volume fraction in
stationary conditions, we obtain:

ST =� DFSt

FhDT i , (3)

DFSt being negative with the convention of52 and hDT i being the
time-averaged spatial modulation of temperature. As an example,
at F = 5.95 %, we obtain here |DFSt|/F  10�2 and hDT i  0.1 K
whatever the amplitude and the direction of the applied field ~H
and whatever T in the experimental range.

Switching off the Hg lamp makes the concentration grating re-
lax as well as the modulation of the optical index related to DF(t)
and thus also the intensity of the diffracted beam (see Fig. 2(d)),
allowing a determination of the mass diffusion coefficient Dm of
the NPs.

DF(t) = DFSte�q2Dmt (4)

with q = 2p/L.
The sample environment is thermo-regulated (here tempera-

ture T may vary from room temperature up to 460 K). It is also
possible to apply an horizontal magnetic field ~H, homogeneous at
the scale of the sample, thanks to movable magnetic polar pieces
(here H may vary from 0 up to 100 kA m�1), making possible to
determine both ST(H,T ) and Dm(H,T ) in a large range of temper-
ature and magnetic field. The under-field anisotropy of ST(H,T )
and Dm(H,T ) is probed by orienting the temperature gradient
(and thus also the concentration gradient) either horizontally or
vertically, optical cell and grating being both in the vertical plane.
All problems of gravity such as convection and instabilities do not
occur here because of the small values of DF and of the sample
thickness. In-field measurements are performed at ratios sample
thickness e over spatial period L, such that 0.17< e/L< 0.28, thus
in the 2D-array conditions. The experiments are also performed
at magnetic fields ~H below the threshold of 2D magnetoconvec-
tion78,79.

It is checked that the measured ST is independent of L and of
the power of the Hg lamp (the experimental range is limited to
the power linear regime80).

3.2 Experimental results in zero field

Fig. 3 presents the values of Dm (main figure) and ST (inset) ob-
tained experimentally in zero magnetic field at various tempera-
tures T and volume fractions F.

3.2.1 Diffusion coefficient in zero field

In zero applied magnetic field, the mass diffusion coefficient Dm

is isotropic and equals:

0.97 as calculated from Bruggeman 77.

Fig. 3 Main figure: Diffusion coefficient Dm at various F as a func-
tion of T . The symbols are experimental determinations at 5.95% (open
squares) and F = 1% (open circles). The full line corresponds to the ideal
case Dm(F ! 0 , T ) given by Eq. 7. The dashed lines correspond to the
general case of Eq. 5 taking into account the interparticle correlations
with c = 0.86 at F = 1% (pink dashed line) and 0.43 at F = 5.95% (green
dashed line), z (F,T ) being given by Eq. 8 with the hard sphere volume
fraction equal to Feff = 1.82 F. Inset : Soret coefficient ST at various T ’s
as a function of F. Dashed lines are guide for the eye.

Dm(F,T ) =
1
z

∂PvNP

∂F
=

1
z (F,T )

kT
c(F)

(5)

where the compressibility c(F) is given by Eq. 1 and Fig. 1; c has
been shown experimentally to be T -independent. Oppositely the
friction term z is F and T -dependent.

In the absence of interparticle correlations (F ! 0), c = 1 and
the friction z (T ) writes as:

z (F ! 0 , T ) = z0(T ) = 3ph0(T ) dH (6)

where h0(T ) is the solvent viscosity and dH the NP’s hydrody-
namic diameter. The mass diffusion coefficient Dm(F ! 0 , T )
can then be written as :

Dm(F ! 0 , T ) =
kT

z0(T )
=

kT
3ph0(T )dH

(7)

In the presence of interparticle correlations c 6= 1 and z (T ) 6=
z0(T ), these correlations modify Dm. An expression for the fric-
tion experienced by hard spheres in hydrodynamic interaction at
a volume fraction F has been proposed in81 for F ⌧ 1:

z (F,T ) = z0(T )(1+ kFF) with kF = 6.55 (8)
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The evolution of Dm(F,T ) as a function of T is plotted in main
Fig. 3. The full line is the computation of Dm(F ! 0 , T ) as a
function of T taking h0(T ) as given by36 and dH = 13.6 nm. As
shown by this figure and Eq. 7, the strong temperature depen-
dence of Dm(F ! 0 , T ) can be ascribed to the large decrease of
the solvent viscosity h0(T ) as T increases.

However, note that here, the NPs present strong interparticle
repulsion (as shown by Fig. 1, c = 0.43 at F = 5.95%). These in-
terparticle correlations cannot be forgotten in the expression of
Dm(F,T ). Fig. 3 thus also presents Dm(F,T ) as obtained from
the general expression of Eq. 5 for F = 5.95% (dashed line) and
F = 1% (long dashed line), using SAXS and SANS experimental
c values and Eq. 8 with Feff(= 1.82 F) as hard sphere volume
fraction. It matches correctly the experimental results at F = 1%,
which are close to the ideal case Dm(F ! 0 , T ) due to a com-
pensation between c(F = 1%) and z (T,F = 1%)/z0(T ) – except
at T � 420 K, but it should be necessary to check that the viscosity
values deduced from the calculations of Paduszynski and Doman-
ska 36 are completely reliable in this range of T . On the contrary, a
systematic discrepancy (by a factor ranging from 1.4 at room tem-
perature down to 1.2 at 420 K) is found at F = 5.95%, meaning
that the friction z is 40% to 20% larger than what is given by the
development of Eq. 8 at this volume fraction in this temperature-
range.

3.2.2 Soret coefficient in zero field

Inset of Fig. 3 shows the evolution of the Soret coefficient ST as
a function of the volume fraction F at three different tempera-
tures. Let us note first that whatever F and T , the measured ST is
here always positive, contrary to what is sometimes observed for
ferrofluids in water48,53 and similarly to what is observed with
ferrofluids in another very different ionic liquid (ethylammonium
nitrate, EAN)33. EAN is indeed hydrophilic and totally miscible
with water, whereas EMIM-TFSI is hydrophobic‡.

Moreover the Soret coefficient ST is a decreasing function of F,
which is expected as it has been shown in43,55 that

|ST| µ c, (9)

which is here a decreasing function of F – see Fig. 1. ST also
decreases as a function of T , as observed in EAN33. For a deeper
analysis of the behaviour of ST(F,T ) (as in33 for example), a
larger number of samples at various volume fractions F should
be investigated. It will be done in a forthcoming paper, we focus
hereafter on the under-field behavior of only one sample (F =

5.95%) in the whole accessible T -range of the experiment.

3.3 Under-field experimental results

An anisotropy of both the diffusion coefficient Dm (see Fig. 4)
and of the Soret coefficient ST (see Fig. 5) is observed whatever
T ranging between 295 K and 460 K, if an external magnetic field
~H is applied to the sample during the FRS measurement (0 
H  100 kA m�1). Dm and ST both depend on the amplitude of

‡ Note that the NP/ liquid interface is not constituted of the same species and H-bonds
can occur with EAN while only weaker ones can exist with EMIM-TFSI.

the applied field and on its direction, as it has been previously
observed for Dm and/or ST in non-ionic magnetic fluids82–84 and
in aqueous ferrofluids46,53,85,86 at room temperature.

We recall that we limit ourselves here to gradients of tempera-
ture (~—T ) and of concentration (~—F) either horizontal (and thus
parallel (||) to the applied field – this direction is here denoted
~H||) or vertical (and thus perpendicular (?) to the field – this di-
rection is here denoted ~H?) .

Fig. 4 and 5 show typical in-field anisotropies of Dm and of
ST observed at F = 5.95 % and 0  H  100 kA m�1, for both
~H|| and ~H?. As previously shown in main Fig. 3, the zero field
value of Dm increases with T . Under-field Dm is anisotropic with
Dm(H?)<Dm(H=0)<Dm(H||) and this anisotropy decreases with
T . In an opposite manner (as also previously shown in inset of
Fig. 3), the zero field value of ST decreases with T with an under-
field anisotropy of ST, with ST(H||) < ST(H=0) < ST(H?). Let us
note that, in the experimental range, whatever the amplitude of
~H and whatever its direction with respect to ~—F and ~—T , ST(H)

remains always positive, as ST(H = 0).

4 Under-field model and adjustment of the

experimental results

4.1 Under-field model of diffusion coefficient

At room temperature, the in-field anisotropy of Dm in aque-
ous samples, measured in the absence of temperature gradi-
ent, has been extensively described with a mean-field framework
in46,85,86. In this framework, the effective Langevin parameter xe
in the ferrofluid, based on NPs of magnetization mS with a volume
vNP and a magnetic moment µNP = mSvNP, is defined as :

xe = x (H,T )+lgL(xe) with x (H,T ) =
µ0µNPH

kT
(10)

x (H,T ) is the Langevin parameter, l the mean-field parameter, g

the magnetic dipolar interaction parameter

g(F,T ) =
µ0mSµNPF

kT
(11)

and L(x ) = cotan(x )� 1/x the Langevin function. Here we use
l = 0.22 as in46,85,87, value confirmed by the numerical simu-
lations in water of ref.86 §. Under-field, the chemical potential
of the dispersion then contains a supplementary additive term
µH

3,85,92:

µH =�kT ln
shxe
xe

(12)

The in-field diffusion coefficient Dm writes with ~—T k ~—F k ~Oy,
either perpendicular to the applied field ~H ( ~H?) or parallel

§ The validity of the simple mean-field model of Eq. 10 with l = 0.22 has been tested
up to g ⇠ 5. It has been shown (at room temperature) in ref. 88,89 that this model
gives same initial magnetic susceptibility as the second order perturbation model of
Ivanov and Kuznetsova 90 with l = 1/3 and as the mean-spherical model of Morozov
and Lebedev 91, all the three being in good agreement with experiments.
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(~Hk)3,85 (see inset b in Fig. 2):

D ~H?
m =

kT
z

✓
1
c

�a

l

◆
= D⇤

m [1�c a

l

] (13)

and

D
~Hk
m =

kT
z

✓
1
c

+b

l

�a

l

◆
= D⇤

m [1+c (b
l

�a

l

)] (14)

where D⇤
m(F,T ) = Dm(H ! 0,F,T ), the parameters a

l

and b

l

being given by3,85:

a

l

=� F
kT

✓
∂ µH

∂F

◆

H

=
lgL2(xe)

1�lgL0(xe)
(15)

and

b

l

=
F

kT ∂F/∂y

✓
∂ µH

∂H

◆

F

=
gL2(xe)

[1�lgL0(xe)] [1+(1�l )gL0(xe)]
.

(16)
a

l

is associated with the mean-field-averaged dipolar interac-
tion, which is here isotropic and attractive. The term b

l

is
anisotropic and due to the discontinuity of ~Hk in Maxwell equa-
tions along the spatial inhomogeneities of concentration¶ over the
y axis3,46,54,85. b

l

is maximum in the field direction parallel to
~—F and null perpendicularly. The higher is the volume fraction
F, the larger are magnetic dipolar parameter g and coefficient b

l

,
and thus the larger is the anisotropy of Dm.

The adjustments of D ~H?
m and D

~Hk
m at room temperature are both

presented in Fig. 4. They are made, assuming as in refs.46,85,87

that c and z keep under-field their zero field value. Using
c = 0.43 and mS = 3.2 ⇥ 105 A m�1, and letting in the fit dNP

and D⇤
m as free parameters. D⇤

m is found within the experimen-
tal error bar of Dm(H=0) and we obtain dNP = 13.2 nm, lead-
ing to g = 2.3 at room temperature. In the monodisperse model
used here for the adjustment, the polydispersity in NP’s diame-
ter is not taken in account and the value of dNP obtained is 30%
larger than the volume average diameter obtained from magneti-
zation measurements. It is anyway reasonable as it corresponds
to a reduced dipolar parameter Ydd = g/F= 39, quite comparable
to those previously obtained experimentally for aqueous samples
based on maghemite NPs similar in diameter88,89.

At higher temperatures than 295 K, the osmotic compressibility
c, as determined by SANS measurements at H=0, is observed
to be independent of T 42. The temperature dependence of z (T )
enters inside the fitting parameter D⇤

m(T ), still kept within the
experimental error bar of Dm(H=0) at the given T .

However two other parameters have to be modified in the
model because of their T -dependence and that of the NP’s mag-
netization mS(T ). Namely these two parameters are the Langevin
parameter

x (H,T ) µ µNP

T
µ mS(T )

T
(17)

¶ Such under-field inhomogeneities of concentration are also present at the local scale
as attested by small angle scattering 87,93.

Fig. 4 Under-field diffusion coefficient Dm as a function of the applied
field for different temperatures T (from bottom to top: 295, 350, 398 and
461 K); The label perp (resp. para) and open discs (resp. open dia-
monds) mean measurements in H? direction (resp. Hk); Symbols corre-
spond to FRS measurements, dashed lines (resp. full lines) correspond
to adjustment of the data in H? direction with Eq. 13 (resp. in Hk direction
with Eq. 14). See the text for the detailed values of the parameters used.

and the dipolar parameter

g(F,T ) µ mSµNP

T
µ

m2
S(T )
T

(18)

.

In a first approximation, it is here proposed to approximate the
temperature dependence of mS with the following Bloch law of
bulk maghemite94–97 as finite-size effects and interface effects on
the magnetization are small for the present size of NPs98–101:

mS(T ) = 390
⇣

1�3.3⇥10�5T
3
2

⌘
, (19)

where mS is expressed in kA m�1, T in K. Note that Eq. 19 is only
valid up to 723 K, temperature above which maghemite trans-
forms in hematite94,95.

Fig. 4 presents the adjustment of the in-field anisotropy of Dm

at F= 5.95% and various T ’s, with c kept independent of ~H and T
as said above, dNP =13.2 nm and D⇤

m being the only T -dependent
fitting parameter. At each T , the shape of the anisotropy of
Dm is well adjusted with the model of Eqs. 13, 14, 15 and 16
with a dipolar interaction parameter g(T ) derived from Eqs. 11
and 19 given in Table 1. The model quite nicely reproduces the
anisotropy of Dm in the experimental range of T and ~H.

4.2 Under-field model of Soret coefficient

The in-field anisotropy of the Soret coefficient ST(~H) can be ex-
pressed in the same framework as that of Eqs. 13 and 14 for
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Table 1 Evolution of some parameters as a function of temperature T : g magnetic dipolar parameter deduced from Eq. 11 using dNP = 13.2 nm and
Eq. 19; Dm(H=0) experimental value of diffusion coefficient Dm in zero magnetic field; D⇤

m value of Dm in zero magnetic field deduced from the under-
field adjustment of Dm(H); ST(H=0) experimental value of Soret coefficient ST in zero magnetic field; S⇤T value of ST in zero magnetic field deduced from
the under-field adjustment of ST(H).

T (K) g Dm(H=0) (m2/s) D⇤
m (m2/s) D⇤

m�Dm(H=0)
D⇤

m
ST(H=0) (K�1) S⇤T (K�1) S⇤T�ST(H=0)

S⇤T
295 2.3 8.06 10�13 9.0 10�13 +10 % 0.099 0.089 - 11 %
350 1.7 5.24 10�12 5.7 10�12 + 8 % 0.070 0.064 - 9 %
398 1.3 1.21 10�11 1.3 10�11 + 7 % 0.054 0.05 - 8 %
461 0.92 2.45 10�11 2.5 10�11 + 2 % 0.037 0.036 - 3 %

Dm(~H) but including derivatives of the NP’s chemical potential
with respect to temperature53,54:

S ~H?
T =

1
1�ca

l


S⇤T +c

S1

T

�
(20)

and
S
~Hk
T =

1
1+c(b

l

�a

l

)


S⇤T +c

S1 �S2

T

�
, (21)

where S⇤T = ST(H ! 0,F,T ), the parameters S1 and S2 being given
by :

S1 =
xeL(xe)

1�lgL0(xe)
� ln

sinhxe
xe

(22)

and

S2 = b

l

xeL0(xe)

L(xe)
. (23)

These equations involve the same parameters as Eqs. 13 and
14, in particular xe (effective Langevin parameter given by
Eq. 10), l (mean field parameter, here fixed to 0.22), g(T ) (dipo-
lar interaction parameter deduced from Eqs. 11 and 19), a

l

and
b

l

given by Eqs. 15 and 16. We use in Fig. 5 the same values
of all these parameters as in Fig. 4 and only keep free S⇤T as a T -
dependent parameter, adjusted within the experimental error bar
of ST(H=0) at the given temperature. A quite reasonable agree-
ment with the experimental variation of in-field anisotropy of the
Soret coefficient ST(~H) is obtained in the whole range of T and
~H.

D⇤
m(T ) and S⇤T(T ), which have been left free because of the sub-

stantial experimental error bars on the direct experimental deter-
minations of Dm and ST in zero field at T , presents however a
systematic small shift with respect to these values (see Table 1).
This shift, which remains within the experimental error bar, is
positive for D⇤

m and negative for S⇤T.

5 Discussion

Let us go deeper in the analysis of each of the terms entering in
the adjustments, to try to separate their respective influences. In
the under-field analysis the two main contributions to Dm(~H) and
ST(~H) come from the two parameters a

l

and b

l

, which equal
zero at zero magnetic field. The term a

l

is related to the under-
field dipolar interaction, modeled in the framework of a mean
field approximation. It decreases as T increases. In this frame-
work, it is isotropic and thus exists in both directions ~H? and
~Hk. In the model, the under-field anisotropic contribution to
Dm(H) comes from the under-field inhomogeneities of concentra-

tion, modeled by b

l

. This anisotropic term, which is also propor-
tional to the magnetic dipolar parameter g(T ), becomes weaker
as T increases. Let us first briefly have a deeper look on these
two terms a

l

and b

l

, and on their influence on the under-field
variations of Dm(~H) and ST(~H). We then will focus on the two
terms S1 and S2.

It is possible to compare the theoretical expressions of a

l

and
b

l

given by Eqs. 15 and 16 to direct experimental determinations,
namelyk:

�a

l

=
1
c

D ~H?
m �D⇤

m
D⇤

m
(24)

as in ~H? direction a

l

solely appears in Dm and

b

l

=
1
c

D~Hł
m �D ~H?

m

D⇤
m

. (25)

as the anisotropy of Dm is solely influenced by b

l

.

Fig. 6 presents at T= 295 K and 461 K the experimental values
of �a

l

and b

l

deduced from Eqs. 24 and 25 using c = 0.43 and
D⇤

m values obtained in Fig. 4 adjustments (see Table 1). Fig. 6
also compares these experimental determinations to the theoret-
ical expressions of �a

l

and b

l

deduced from Eqs. 15 and 16,
using the same parameters values as in Fig. 4. As expected, there
is a very good agreement between the theoretical and the exper-
imental expressions of �a

l

and b

l

as a function of H and T ,
within the error bar of the experiment.

For its part, the anisotropy of the Soret coefficient ST is also
mainly related to the terms a

l

and b

l

, which bring large con-
tributions, larger than S1 and S1 � S2 . In order to probe more
precisely the influence of the terms S1 and S1 �S2, we can remark
that when looking at the product STDm both a

l

and b

l

contribu-
tions vanish. We obtain⇤⇤:

S ~H?
T D ~H?

m

D⇤
m

= S⇤T +c

S1

T
(26)

kWe use here the adjusted value of D⇤
m and not the corresponding experimental value

Dm(H=0) to reduce the error bar in Fig. 6
⇤⇤We use here the adjusted values of S⇤T and D⇤

m, and not the corresponding experi-
mental values ST(H=0) and Dm(H=0) to reduce the error bar in Fig. 7
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Fig. 5 Under-field Soret coefficient ST as a function of the applied field
for different temperatures T (Fig. 5a at 295 and 350 K, Fig. 5b at 398
and 461 K); The label perp (resp. para) and open discs (resp. open dia-
monds) means measurements in H? direction (resp. Hk); Symbols corre-
spond to FRS measurements, dashed lines (resp. full lines) correspond
to adjustment of the data in H? direction with Eq. 20 (resp. in Hk direction
with Eq. 21). See the text for the detailed values of the parameters used
in the adjustments.

and
S
~Hk
T D

~Hk
m

D⇤
m

= S⇤T +c

S1 �S2

T
. (27)

Fig. 7 presents, at the various T ’s, the experimental values of

S ~H?
T D ~H?

m /D⇤
m (open discs) and S

~Hk
T D

~Hk
m /D⇤

m (open diamonds), using
D⇤

m values obtained in Fig. 4 adjustments (see Table 1). Fig. 7 also
presents the expressions S⇤T + cS1/T (full lines) and S⇤T + c(S1-
S2)/T (dotted lines), using S⇤T values obtained in Fig. 5 adjust-
ments (see Table 1), c = 0.43 and theoretical expressions of S1

and S2, given by Eqs. 28 and 29.

The first conclusions from this representation are that here:

c

S1(H,T )
T

⌧ S⇤T(T ) (28)

Fig. 6 Field-dependence of parameters �a

l

(b) and b

l

(a) at T=295 K
and 461K. Experimental values (see text for details) are obtained from
Eqs.. 24 and 25 (open diamonds at T=295 K; open discs at T=461 K).
Theoretical adjustments (full lines) are deduced from Eqs. 15 and 16,
using the same parameters values as in Fig. 4.

c

[S1(H,T )�S2(H,T )]
T

⌧ S⇤T(T ), (29)

which means that almost no under-field anisotropy is predicted in
Eqs. 26 and 27 from a theoretical point of view, as well as a very
weak field dependence of STDm/D⇤

m, weaker than the experimen-
tal error bar.

From an experimental point of view, similar conclusions are
obtained. If a subsidiary field anisotropy of STDm/D⇤

m is observed
(mainly at 295 K and 350 K), it however always remains smaller
than the error bar. So within the error bar, which is here much
larger than cS1/T and c(S1-S2)/T variations, experimental values
of STDm/D⇤

m can thus be adjusted by Eqs. 26 and 27. Then the
main contribution to the under-field anisotropy of ST is coming,
as for Dm, from the term b

l

, which is associated to the under-field
inhomogeneities of concentration.

Note that the small shift at H=0 between experimental and
adjusted values of Dm and ST, almost completely compensate in
DmST representation of Fig. 7. It is also true for b

l

in Fig. 6a. On
the contrary the term a

l

in Fig. 6b, present small distorsions at
very low fields. This isotropic term a

l

, associated to the under-
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Fig. 7 Under-field anisotropy of STDm/D⇤
m at various T ’s; Experimental

determinations (open discs symbols correspond to measurements in H?
direction and open diamonds to measurements in Hk direction) are com-
pared with theoretical expressions of Eqs. 26 (full line) and 27 (dotted
line) - for details see text.

field modeling of the mean-field averaged magnetic dipolar inter-
action, is in fact responsible for the small, but systematic, positive
shift obtained between D⇤

m and the direct experimental value of
Dm in zero field at the same temperature. It is as well respon-
sible for the negative shift obtained between S⇤T and the direct
experimental value of ST in zero field at the same temperature.

We propose the following explanation; In Eq. 13, contributions
of magnetic dipolar interparticle interaction appear in two places,
i) inside the compressibility c measured in zero field by SAXS and
SANS, through a contribution cdip (here supposed additive) and
also ii) in the mean-field expression a

l

, which equals zero in zero
field. The approximation of Eq. 13 is in fact very rough in very
low fields as the zero-field contribution cdip should vanish in the
presence of field. Eq. 13 is thus strictly valid only in the limit of
cdip ⌧ c (condition which is here verified see ahead).

At the first order, in zero field, D⇤
m can be seen as the extrap-

olation of Dm(~H) at H = 0 in the absence of zero-field magnetic
dipolar interaction, D⇤

m ⇠ kT/[z (c � cdip)] while experimentally
we measure Dm(H=0) = kT/z c. The conclusion is equivalent for
S⇤T; following Eq. 9, S⇤T µ (c �cdip) and ST(H = 0) µ c.

We can then roughly evaluate here at T = 295 K the contri-
bution cdip in zero field of the magnetic dipolar interaction to
the total compressibility c of the NPs’ system to ⇠ 10% of c, as
(D⇤

m�Dm(H=0))/D⇤
m ⇠ (ST(H=0)�S⇤T)/S⇤T)⇠ 10%: cdip ⇠+0.04,

which is of the order of magnitude of the error bar on c measure-

ments at 295 K. This contribution would be smaller than the error
bar at higher T s.

6 Conclusions

Due to an efficient long-range ionic layering of the EMIM-TFSI
anions and cations around the maghemite NPs, the present syn-
thesized ferrofluids are stable colloids in a large domain of tem-
peratures T and applied magnetic fields ~H, at least up to 460 K
and 100 kA m�1. This stability will be very useful for their future
thermoelectric applications. In zero applied field, the average
interparticle repulsion is associated to a large second virial coeffi-
cient A2 = 7.3, found experimentally independent of T . FRS mea-
surements are performed with a fluid sample of thickness 25 µm
in gradients of temperature ~—T which meet the criterion DT ⌧ T
over ⇠ 100 µm. The colloidal dispersion remains stable in pres-
ence of the temperature gradient, whatever the mean tempera-
ture T . The NPs always present here a positive Soret coefficient
ST. The NPs are thus always migrating to the cold, as it is stan-
dardly observed in well-stabilized oily colloids3,48,49. NPs migrat-
ing to the hot are up to now only observed in some aqueous dis-
persions (based on pure water or aqueous mixtures)47–49,51–53,55,
presumably due to the presence of hydrogen bonds in the external
medium102. Increasing T lowers ST as the NP’s compressibility is
decreasing, and it also increases Dm, as the EMIM-TFSI viscosity
decreases.

Under-field the colloidal dispersion remains here also stable in
presence of the temperature gradient, whatever the mean tem-
perature (up to 353 K). ST and Dm coefficients are anisotropic.
ST is larger when ~—T and ~—F are perpendicular to ~H, while Dm

reduces in this configuration, which is promising for thermoelec-
tric applications20. Their variations are well predicted by the
reference theoretical model of54. The main cause of thermod-
iffusion anisotropy is attributed to under-field spatial inhomo-
geneities of NP’s concentration, associated here to b

l

coefficient
in the model. In the field-direction parallel to the gradient of
temperature, a Soret-induced gradient of NP’s concentration, as-
sociated to spatial inhomogeneities of magnetization, appears in
the fluid. According to Maxwell laws, this induces magnetic-field
inhomogeneities and thus forces increasing the diffusion in the
direction of the gradients.

When T increases, the NP’s magnetization mS as well as the
magnetic dipolar interaction parameter and b

l

coefficient de-
crease, the under-field anisotropy of both ST and Dm coefficients
then drastically reduces, as it is observed in the experiment. The
under-field anisotropy of ST and Dm is well described, at the first
order, by the model from53,54 applied here in the whole range of
T and ~H, using the same values of the different parameters for
the adjustment of both ST and Dm at same ~H and T . Such a FF-IL
in EMIM-TFSI is a good candidate for thermo-electric applications
at high temperatures, which will be probed in a near future.
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E. Dubois and R. Perzynski, Phys. Chem. Chem. Phys., 2019,
21, 1895–1903.

54 T. Salez, S. Nakamae, R. Perzynski, G. Mériguet, A. Cēbers
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