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Thermodiffusion in magnetic colloids evidenced and studied by forced Rayleigh
scattering experiments
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This paper shows how forced Rayleigh scattering can be used as an experimental tool for studying ther-
modiffusion (Soret effect The systems investigated are magnetic colloids of different types. A framework
including thermodiffusion and dielectrophoresis is described in which the evolutions of temperature and of
colloid concentration are clearly distinguished. The framework is then shown to account for experiments on
steady-state concentration gratings coupled with transient temperature ones, and the parameters are determined
therefrom. Dielectrophoretic forces are found to be negligible. Studying different types of magnetic colloids
with various dilution rates shows that the sign of the Soret effect is controlled by the nature of the particle
coating made up of electrostatic charges or of surfactant, and that its mechanism is located at the nanoparticle
core-solvent interface.
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[. INTRODUCTION portional to the gradient of light intensity. This force is
termed here dielectrophoretic by analogy with the electro-
Forced Rayleigh scatterin@RS is a powerful technique phoretic force. In the second possibility, the observed mass
for studying heat and mass transfgts-4] and has been used flow is due to thermodiffusive effedt18,19, also called
by us with magnetic colloids recentfs]. These colloids, Soret effect[20], in which the mass flow is induced by a
also called ferrofluids, are divided in two classes, ionic ordradient of temperature. This explanation based on a thermal
surfacted, according to the nature of the interparticle repul€ffect is consistent with our previous qualitative observations
sion: electrostatic if the particles are coated with ionicthat large FRS signals are only found in optically absorbing
ligands, steric if the particles are coated with surfactantS@MPles[S,8]. After briefly recalling our colloidal system

[6,7]. Ferrofiuids exhibit very interesting properties under an@"d the FRS setup in Sec. I, a model is presented in Sec. lll

applied magnetic fiellB—14] and have many technical uses anq Sec. IV in which bOFh dlelectropho_retlc and thermodn‘T
[15-17. fusive effects are taken into account simultaneously, and in

. . . . . which temperature and nanoparticle-concentration variations
If a magnetic colloid sample is placed in the interference

. ; . are determined at the same time. The question whether the
region of two coherent intersecting laser bedicaled here q

b havi h larization directi h diffracted intensity is mainly due to an index or to an absorp-
pump beamshaving the same polarization directions, the i, grating is also answered by complementary optical mea-

nanoparticle concentration and, therefore, the index of résurementsAppendix and Sec. )/ Our model and related

fraction become spatially modulated with the same periodicgyperimental procedure are first validated by experiments

ity as that of the interference pattef. The sample works  carried out on the magnetic colloid sample that provides the

as a diffracting grating that is probed by a cw laser beam. lfargest and clearest signdBec. \). Experimental diffraction

the interfering beams are switched off, the grating vanishegesults obtained under various geometrical conditions and

because the colloid concentration becomes homogeneowgth different types of colloids, ionic or surfacted, will lead

again through diffusion processes. The decay of the difus to a deeper analysis of the origin of the Soret effect in

fracted probe-beam intensity provides information abouthese colloidgSecs. VI and VI).

them because it follows an exponential law with a rate pro-

portional to the nanoparticle diffusion coefficiebt,,. As Il. MAGNETIC COLLOIDS AND ERS EXPERIMENTAL

diffusion processes are sloDf,~10 ' m? s™1) [5], con- SETUP

ventional tracer techniques are time consuming. In a FRS

experiment, this problem is bypassed as diffusion processes Our magnetic liquidsor ferrofluidg are colloidal solu-

take place on very short lengths ranging from 20 tou#b,  tions of nanosized magnetic oxide particles dispersed in a

leading to decay times of some seconds, allowing extensiviquid carrier that are chemically synthesized after Massart’s

measurements. method[21]. In this work, particle cores are made of either
However, the concentration gratings we observed in oumaghemite §-Fe,O3) or cobalt ferrite (CoFg0,); they are

samples exhibited such a strong contrast that their buildupragnetic monodomains bearing a magnetic moment of about

mechanism was not clear up to nd]. To find it, two  10* ug. van der Waals and magnetic-dipolar interactions be-

possible mechanisms seem to be worth exploring. In the firgtveen particles are of the same order of magnitudkgds

one, the force acting on nanoparticles has a dielectric originkg being the Boltzmann constant. Thus the colloidal stability

the particles and the solvent are differently polarized by theof these dipolar solutions has to be ensured by an additional

electric fields of the pump beams, which yields a force pro-interparticle repulsion: electrostatic in a polar carfierthis
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TABLE |. Structure and mass-diffusion properties of the magnetic colloids under study. The structure of
the studied magnetic colloids is as follows. The particle core is made up of magherfi@©;) or cobalt
ferrite (CoFg0O,), and is denoted “207” or “184,” respectively. In surfacted samples, the solvent is cyclo-
hexane (GHq,) or toluene (GHg) and is denoted “CX” or “Tol,” respectively; the surfactant is denoted
“BNE” or “OA" for Beycostatne or oleic acid, respectively. In ionic samples, nanoparticles are dispersed in
water, colloids are stabilized by citratéCit” ) or H' ligands, with N& (pH~7) or NO; (pH~2) counter-
ions, respectively. Nanoparticle-diffusion coefficiebtg are mainly measured according to the method given
in Ref. [5] or in Sec. VII, which gives the hydrodynamic radiRg, through the Stokes-Einstein equation
(67D Ry 7=KkgT). Solvent viscosityy is found in Ref,[25]. EstimatedD, values are calculated from an
already known value dRy, . The mean radiuRg of the nanopatrticle core, is determined by x-ray diffraction
measurements with a good accuracy, which is not in contradiction with the observed large polydispersity
[24,32. Symbol~ before a number indicates a value estimated from nearby data.

Sample 10%D,, 16y Ry Rrx
name Structure (m’s™Y)  (Pas (nm) (nm)

Surfacted Surfactant Core Solvent

CX207BNE Beycostatne y-Fe,O; CgH1» 30.6:5 0.98 7.16:1.2 4.82

Tol207BNE Beycostatne y-Fe,0O, C;Hg ~51 0.59 ~7.16 4.82

CX2070A Oleic acid v-Fe,04 CgH12 ~30.6 0.98 ~7.16 4.82
lonic Stabilization Core Counter-ion

V207NO3 H" v-Fe,03 NO3 365 1.002 5.950.8 4.82

V207Cit Citrate v-F&04 Na* 21+6 1.002 10.23 4.82

S184 Citrate CoFR®©, Na* ~17.3 1.002 ~12.4 7.05

work, watej, and steric in a nonpolar one. In aqueous media(Fig. 1). A direct optical observation setup helps to make
nanoparticles are macroions coated with surface ligands thaure that the interference pattern is really located within the
give a surface-charge density(|o|~2x10"2Cm ?). thin sample cell10 to 400um thick); this setup is also used
Ligands are either hydroxo onesgtl~2 (0>0 with NO;~ to determine the incident beam diameter by counting the
counterionor citrate ones gpH~7 (o<<0 with Na" coun-  pattern interfringes. A He-Ne cw probe laser be€880 to
terionsg. In nonpolar media, a surfactant coating is added ta#00 um diametey is sent onto an area of the sample that
the particles to provide interparticle steric hindrance. Thancludes the interference zone so as to obtain a first-order
colloidal stability of most of the samples has been checkedliffracted beam whose intensity is analyzed. For a reliable
under a 1 T magnetic field by a diffraction methigd. The  numerical analysis, the detection setigptical attenuators,
characteristics of all the studied samples are given in Table Wwavelength selecting filters, photomultipliers, digitizer, aver-
A large part of the paper is devoted to the presentation of ager, etg.is carefully chosen so as to bring no distortion to
method for proving and measuring the Soret effect in a ferthe signal.
rofluid; this method is often tested experimentally with the
most efficient sample we have. It is based on maghemite
particles coated with Beycostatne® surfactéafiso called lil. TWO-TIME-SCALE MODEL
BNE) and dispersed in cyclohexane. This ferrofluid is called The coup|ed variations of the four fo||owing quantities,
“CX207BNE" in this paper, whatever its dilution rate. the particle volume-fraction®, the volume-fraction flow

In the FRS technique, a transient grating generated in thgensityJ,,, the temperaturd, and the heat flow densit;,
sample by the interference pattern of two coherent pumph the sample, will now be studied according to the conven-
beams diffracts a probe laser bedfig. 1). This grating is  tjonal theory of transport phenomena. In the absence of con-
due to Space'periOdiC variations of the volume fracti®im vection they obey the fo”owing equations:
nanoparticles, and of temperatuiie in the sample. The
Q-switched mode-locked Nd:YAGyttrium aluminum gar-
ned pump laser used in the experiments provides 80-ps-wide
pulses that are gathered, with a variable repetition rate, in
150-ns-long trains. A 25-pulse train is short enough to beand
considered as a Dirac function in our further analysis. The

Jn="Dp[VO+SVT+(D/kgT)VU4], (3.9

pump-laser beam is frequency doubled, €532 nm) so as o o
to be strongly absorbed in the ferrofluid, and the residual Jth=(TST(£) _T<ﬁ +u|dn— VT,
infrared light is separated out by means of a prism. The P.T P,®

second-harmonic green light beam is split into two beams 32
that interfere inside the sample with a well-defined angle

by means of a 50/50% beam splitter, which provides a goodavhere the coefficient®,, Sy, u, and x are, respectively,
contrast to the pump interference pattern of 400 diameter the particle diffusion coefficient, the Soret coefficient, the
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FIG. 1. Experimental forced Rayleigh scattering setup.

chemical potential of the colloid per unit volume, and the In the absence of convection phenomésee Eq.(57.2
thermal diffusivity of the colloid. The following definition of of Ref. [22] for the first ong, the following conservation

the volume-fraction flow: equations complement Eq8.1) and(3.2):
- adb
In=V, 33 —=+div,=0, (3.6

wherev is the particle mean velocity, is taken in the above

equations. As the asymmetry between nanoparticles and sol- oT .

vent is very strong in ferrofluids, the notion of volume- pcherithh:Q, (3.7
fraction flow loses meaning aB— 1. The sometimes quoted

following definition, J,=®(1-®)v, is useless here as no wherep is the mass density of the colloid, its specific heat
study is made here beyon#=8%. Equations3.1) and  canacity and) is the heat input per unit time per unit vol-
(3.2) derive, with some changes, from those given by Landay,me of the colloid, due to the absorption of the pump laser

a_md Llfshltz[Eqs.(58.1]) and(58.19 n R?.f' [2_2]' In addi- beams. Finallyd,, and J,, obey boundary conditions on the
tion to notation changes, and to a simplification due to CONge| \yajis, that will be detailed later on, when modeling pro-
stancy of pressure, a dielectrophoretic nanoparticle VOIumeéesses ir{ the FRS setup '

fraction flow is present in Eq3.1). It is the product ofb by The coupling ofd® and T in Egs. (3.1, (3.2), (3.6), and
the particle drift velocity Eq. (3.3)] that is itself the product (3.7) makes a general solution i and T difficult to be

of the dielectrophoretic force{VU,) by D,/kgT, i.e., the

obtained. We propose hereafter an approximate solution,

nanoparticle mobility according to the Stokes-Einstein rela;miiar to that of Born and Oppenheimer, based upon the fact

tion. The dielectrophoretic force derives from the following i,o+ in colloids. thermal responses are much shorter
potential: (~10"* s) than mass-diffusion processesl s). This ap-
proximation is easily validated if the pump-beam intensjty

1 .
Ug=— Evg goE?=—2Z4l P (3.9 and henc& andU, are either time constant or periodic with
a period 6t much shorter than the mass-diffusion response

whereE is the amplitude of the pump electromagnetic field,t'me' I'n a first step of the appfOX|mat|on pro.cedure', the fast
evolution of temperatur@&(r,t) in the magnetic colloid and

* . . . .
gndVd 'S an effectwg volume given by a Clausius-Mossott in the cell is determined by regarding the particle volume
like relation[23]. It gives

fraction as a constant. It means tlatis taken to be zero in

V* 3V (N")2—(n%)2 Eqg. (3.2 and that the volume fractio®(r,t) used implicitly
Z4= d _ - > il 5, (3.5  inEgs.(3.2 and(3.7) is “self-consistently” taken as a time-
2n,c - 2npC 2+ (ny)“/(ny) constant profile equal td(r,t’) in whicht’ lies in the time

] o ~ range in which temperature is determined. This gives
wheren, is the real part of the refractive index of the colloid

at the pump wavelength,, c is the velocity of light,V is JaT 0

the mean nanoparticle volume, anfiandnj are the refrac- e DnAT= T (3.9
tive indices, at\,, of the nanoparticle and of the solvent, P

respectively. The dielectrophoretic force is proportional towhereD,, is the thermal diffusivity expressed as

the gradient of the pump-beam intenslityinside the sample

[see Eq.(3.4)]. D= klpCp. (3.9
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In a second step, the slow time evolution of the volumelV. LINEARIZED TWO-DIMENSIONAL APPROXIMATION
fraction ®(r,t) is found as a function of timg through the
following modified version of Eq.(3.1) in which T is

changed into the time-averaged val@(r,t) of T(r,t") in

the vicinity oft, so that

The two-time-scale model is tested in a simple geometry
in which FRS experiments are idealized by assuming a two-
dimensional(2D) infinite extension for the interference pat-
tern of the two pump beams. The sample is a thin layer of
. magnetic colloid located between two glass plates that define
o _ a (Ox,0y plane, the(Oy) axis being parallel to the fringes.
ot DmA®=Din(SrA(T) + ¢A(Ug)), (3.19 The mean direction of the pump beams is orthogonal to the

sample plane and defines tt@2) axis. The ferrofluid sample
with lies in the region &<z<I, whereas the input and output cell
glass plates of thickness correspond to the zonese<z
o=D/ke(T). (3.11) <0 andl<z<Il+e, respectively. For a contragt in the
interference pattern of the two pump beams, the light inten-

As U, varies even faster thah the same averaging &f is sity can be approximated to

made as withT. The functiond(r,t) found must not depend -0 _

on the detail of the time averaging BfandU. For the sake 'p(x Y. 2D =1p(O[ 1+ cosax)Jexp ~ap2), (4.1

of simplicity, the following floating-time averaging of a wherel(t) is the mean intensity of the pump beams, apd

function f(t), is chosen: is the absorption coefficient at the pump wavelenggh The
wave vectorg of the interference pattern is defined by

"ttt (3.12 q=27/A, 4.2

t+t

(-1t |

where the interfringe lengti is expressed as
where the averaging duratidp lies between the thermal and
mass-diffusion response times. In the case of a time-periodic
pumping,t, is chosen to be equal to the pump laser period
ot

Ap

A= Ssinon)

4.3

As will be shown later on, no general solution of Egs.for an angled between the two pump-beam directiorsjs
(3.8) and (3.10 is needed in this work, as we only want to also the spatial period of the grating generated in the sample.
determineD,, and S;. Therefore, measurements will be  To complete this two-dimensional approximatich, T,
made on two different states of the sample that are brieflyand all the other thermodynamic variables are assumed not to
described hereafter. For the evaluationSsf, it is noticed depend ony and to be periodic along th€Ox) direction,
that, if the pump-laser light intensity is time periodi(r,t) giving rise to the diffraction phenomenon. As Ed8.8),
becomes independent blong after the pump laser has been (3.10, and(3.13 are assumed to be linear, and as the Fourier
switched on. Denoting b (r) the functiond®(r,t=), Eq.  expansion of the light intensity, in Eqg. (4.1) is limited to

(3.1 reduces to the first order in cos(x), the expansions of and ® are
limited to the first order, too. In the absence of an interfer-
VO +SV(T)+ oV{(Uy) =0. (3.13  ence pattern, the glass plates and the colloidal sample are

homogeneous and isotropic in ti@x, Oy) plane; therefore,
T and ® exhibit no spatial dephasing with respect to the

This regime, called steady statefurther in this paper, is interference pattern, and no s term appears in their ex-
well suited for studying the two-time-scale model. The above P ' ™ PP

equation will be used to deriv8; and the dielectrophoretic pansions.
contribution.

For evaluatingD ,,, we will use the fact, included in the Tay.20=To(zt)+ Ty(zt)cosqx “49
two-time scale model, that temperature becomes verynd
quickly homogeneous in the sample after the pump laser
beams have been switched off. When temperature homoge- d(x,y,z,t)=Dy(z,t)+D(z,t)cosgx. (4.5
neity is achieved, Eq(3.10 reduces to the following well-
known diffusion equation: Ten to twenty fringes are seen in the interference pattern,

which is enough to validate a model where periodicity is

P assumed fol and ®.

——D,A®P=0. (3.19 The determination of the functiom should be done by

at solving Eq.(3.7), noticing that
This regime, called tlecay statéfurther in this paper, has Q(x,y,z,t)=aplp(x,y,z,t). (4.6)
already been studied by the present autfi6y8,13. Finally,
we will use linearized versions of these last two equations byFor a rigorous description of the diffracted intensity of the
taking coefficientsS;, ¢, andD,,, as constants. probe beam, the temperature variations inside the glass plates
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V. EXPERIMENTAL DETERMINATION OF THE
TEMPERATURE RESPONSE AND EVIDENCE

of the cell should be taken into account as well as those
inside the colloid. As the aim of this paper is not the math-

ematical determination of, but that of® as a function ofT,
we will just check the characteristics df that are to be
measured. In the following reasoning, both functidigéz,t)
andT4(z,t) are assumed to be already known.

In the steady-state regime, E®.13 becomes

oD (X,2) HT(X,z,1)) N Uq4(x,2,1))
X T TP

=0, (4.7

which gives the following relations between the cwp{
(n=0,1) Fourier components @b, T andUy:

Do(2) + S(To(z,1)) + ¢(Vgo(z,1)) =K, (4.9
whereK is independent of position, and
©4(2) +S(T1(z)) + ¢(Ug(z,1))=0. (4.9

The definitions olJ 4o andU 4, are similar to those of ; and
T, in Eq. (4.9).

In the decay-state regime®/dz is zero atz=0 andz
=], because there is no drifSoret effect and dielectro-
phoresig term in Eq.(3.14). To make the determination df
easier in this regime, its domain of definition is extended t
[—o, +o] by assumingd to be symmetric with respect to
z=0 andz=I. The extended functiod is continuous and
2|-periodic, allowing the following Fourier expansion of
(I)]-X(z,t) alongz

q)jx(z’t):jzo q)jsz(t)COS(quZZ), (4.10

with j,=0 or 1, and
d,=mll. (4.12)

Equation(3.14) gives
q’isz(t):g« D e —tUr; ), (412

where the mass-diffusion time constany; ; is expressed as

Tmi, "=Dm(i’a*+]502). (4.13

As the system is assumed to be infinite alg@y) and(Oy),
the mean valueb, of ®, defined by

1

|
CDOOZ | foq)o(Z)dZ,

(4.19

0

FOR A CONCENTRATION GRATING

In the following, the study is mostly restricted to the so-
called steady-state regime. This restriction does not prevent
the most important parameters of the two-time-scale model
from being evaluated if the temperature and volume-fraction
responses are clearly distinguishable from each other in the
experimental diffraction signal.

A time-independent analysis of the different contributions
to the diffracted signal is given in the Appendix. In its final
expressionA7), the ratio of the first-order diffracted inten-
sity to the transmitted one§~/157°, is related to the fol-

lowing z averages of Fourier components:

Te =

1 !
I foTl(z)dz, (5.1

1 (1
®F12Tf0®l(z)dzy (52)

1 0 I+e
I (f_eTl(z)derfI Tl(z)dz), (5.3

Ter=

through partial derivatives of the refraction indicesg
+in”g andn’g of the ferrofluid and the cell glass, respec-
tively. The imaginary part of the refraction index of the mag-
netic colloid (”=~10 %) is much less than unity, which
makes, in Eq(A8), on"/JdT andadn” /9P quite negligible

in front of on'c/dT and dn'g /9P, respectively(in the
CX207BNE sample we have found dr{’g/dT)=~2
X10 ¢ K1, (on"gl9d)~10"2, an'gldT=—-5.6
X104 K™ andan’g/9P=1.08. Therefore Eq(A7) re-
duces to

an’ 2
||31/||é—0_( aTFZW”)\t) [Tea(t) +rTgy(t) = NFdg, 2,
(5.4
where the ratios andNF are defined by
_(?n/G én’,:
=T / T ©3
and
an'g / an'g
Fo _
N acp/ T (5.6)

The “calibration factor”NF, so defined, has the dimension
of a temperature and is positivedh’ ¢ /JT is negative, as is
usually the case.

As seen abové and® modulations extend on at least ten
A periods alongOx). The probe beam is broad enough to be
diffracted by the whole temperature and concentration grat-

does not vary with time because of particle-number consering, which is enough for detecting it. In fact, diffracted

vation, which is consistent with Eq4.13. With an actual
finite-size laser spot, it would not be exactly the case.

beams(k=*1 and sometimes 2) are visually observed as
round spots on a screen. Let us examine now the qualitative
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30
25
—_ FIG. 2. Typical fast response of the first-order
2 204 * diffracted intensity. Measurements are performed
S at a fixed pulse-repetition rate of 1 kHz in a
_e' 15 1 sample of BNE-surfacted maghemite in cyclo-
8 hexane (CX207BNE, ®=3.3%) with a cell
- 10 thickness of 10um and a grating period of 28
- pum. The curve clearly shows a continuous back-
5 - ground due to a concentration grating and a tran-
sient contribution due to a temperature grating.
0 —— 7T
0 0.5 1.5 2

Time1 (ms)

features of the experimental diffracted intensity as a function=0.123Wm K1, and pC,=1.54x 10 Jm3K?

of time in the case of CX207BNE samples. The two ex-[24,25. The observed decay is, therefore, mostly due to heat

pected types of contributions are easily distinguished in thejiffusion in the colloid. Generally speaking, thermal re-

curves of Fig. 2. The transient thermal contribution is recogsponses are series expansions of exponential decays, but in

nized as an instantaneous increase of the diffracted intensitthe measurements reported here only one term is detected,

followed by an exponential relaxation, whereas the continuwhich allows us to denote henceforth by the decay time-.

ous background is due to the constant-concentration contria second point is worth noticing: thermal effects in glass

bution. Diffraction signals are rather noisy and have to beplates give no detectable contribution to the diffraction sig-

averaged over tens or hundreds of similar experiments. Final. Two converging explanations can be advanced for the

nally, it is observed that all experimental curves can be fittedack of contribution due to the glass plate. The first one is

to that, as the proper response time of the glass plates is much
Keloon s ) shorter than that of the colloid layefg,(t) is “forced” by

Iy (t)—G(e +X) ' (5.7 Te1(t), and then should exhibit the same decay profile as

with a very good precision, between two consecutive Iase-ErFl(t)' The second explanation is that the produdic (t)
pulses; for the sake of simplicity, the starting time of a pump_o " be neglected in front dfg;(t) in Eq. (5.4), firstly be-

. . . causer is much lower than unityr=3x10"°%/5x10 %=6
pulse is assumed to bie=0 in Eq. (5.7). This procedure )
simultaneously provides accurate values @y r, and X. 10 “[see Eq(5.5]), and secondly becaude(t) should

QuantitiesG and 7 are strictly positive whereas, as will be be much smaller thaii,(t). Two reasons can be brought

; o for the last assertior{i) the glass plates behave, more or less,
shown fL_thher, th_e sign of dePe’FdS on the chqra_\cterlstlcs of like thermal short circuits because the thermal diffusivity of
the studied colloid. As a preliminary remark, it is worth no-

o ; > < - . : fused silica glasg1.35 Wm 1K ™1) is about eleven times
k=1 op4_ m
ticing that the discontinuity ofg™" att=0 in Eq.(5.7) im- larger than that of the magnetic colloids, aiid the thermal

plies that the power ippqﬁ(t) can be approximated as a set ¢onqyctance through the glass-colloid interface decreases the
of delta functions; this is expected since typical sample re-

sponse times are larger than the duration of each laser pulst
To prove the consistency of the two-time-scale model from
the experimental observation delivering E§.7), a two-step 20000 -
reasoning is chosen. In the first step, it is shown that thes" *
observed exponential decay has a thermal origin. In the sec 19000 | s 3
ond step, the constant contributi¥nis shown to be due to a & 1999
steady spatial modulation of the volume fraction.

By varying the angled between the interfering beams, it 5000 -
is observed that obeys

25000

0

T—l: TO_1+ qu, (58) 0 0.05 q2 (um'z) 0.1 0.15

. . . FIG. 3. Linearity of the thermal decay constantd/fs a func-
wherero andD arg co_nstan_(tFllg. 3). This phenomenqlt_)glcal tion of the squared grating wave vecwf. Measurements are per-
law proves the dlffu_S|ve origin of t_he decay. In addition, theformed in a sample of BNE-surfacted maghemite in cyclohexane
values found forD in all the studied samples are roughly (cx207BNE,® =3.3%) with a cell thickness of 2m. The best-
equal to the thermal diffusivity, of the magnetic colloids it sjope (1.2¢10°7 m?s™2) is close to the estimated thermal dif-

at the volume fraction®. For instance, in the 3.3% fusivity in the colloid O=0.8x10"7 m®s 1), thus proving the
CX207BNE sampleD is found to be 1.X10 " m*s '  thermal origin of the fast decay. The same best-fit procedure gives a
while Eq. (3.9 gives D,=0.80x10 ' m?s ! with «  time constantry=0.46 ms agg=0.

031408-6



THERMODIFFUSION IN MAGNETIC COLLOILCS . .. PH'SICAL REVIEW E 65 031408

space-periodic heat flow in the glass plates. Neglecting the 14
Tg1(t) contribution in Eq.(5.4), T4(t) can then be simpli- 1.2 |
fied to R
S o8]

Tr()=T2, eV, (5.9 e
£ 06|
whereT?, is a temperature amplitude to be determined later..> 04 -
The average valu€T ;) of Tg4(t) is thus given by 02|

] ; . : ‘ :
Tth
(Te)=Terg [1-exp—dt/ry)], (510 L g

where st is the pump-pulse repetition period. In the frame- FIG. 4. Typical slow response of the first-order diffracted inten-

K of inale th | i due to th I .dsity as the pump laser is switched on and then off. Measurements
work or a singie thermal response time due 1o the colloid, o performed in a sample of BNE-surfacted maghemite in cyclo-
only, Eq.(5.4) reduces then to

hexang CX207BNE,® = 3.3%) with a cell thickness of 1@xm and
)2 a grating periodA =68 um. Pump beams are switched ontat0

’ 2
n )
(?—TFTEJ_ZW'/)\I) (e_t/Tth—NF—F

F1

and switched off at=t;. During the heating duration (0t<t;)

the temperature contribution follows the pump-light periodi¢itge
(5.11 Fig. 2. Due to sampling processes in the measurement, the tem-

perature contribution is observed here as a noise, whereas the con-
By identifying this two-time-scale-model equation with the centration contribution is continuous. Saturation is observed when
phenomenological ong5.7), the following expression is the concentration steady state is reached. When the pump beams are

found forT,?l: switched off ¢>t;), the thermal modulation disappears immedi-
ately (discontinuity in the diffracted intensityThe following expo-
o At G an’ g nential decrease of the diffracted intensity corresponds to the van-
T|:1—2—7ﬂ \/ =0/ T (5.12  ishing of the concentration grating.

The accuracy of the value d®, given by this expression is  1he above condition ot should also hold for studying a

rather poor, as transmitted and diffracted light intensities ar@onsteady-state concentration grating in the two-time-scale
measured separately along different beam directions, and f@mework. The buildup process of the concentration grating
addition they differ by several orders of magnitude. Another®Nc€ the pump laser is switched on, and its decay after the

estimation ofT 21 from physical properties of the samples is ?#fmp I_aser ish S.WitCh(;d Oﬁ.’ hcan Ibe stu ddied W“h.th? se(xjme
given at the end of Sec. V. iffraction technique, but with a slower data acquisition de-

By the same identification procedure, the following rela-VIc€ as measgrements last some sgconds. Th? temper'ature
tion is found betweeiX and the ratiob .. /TC. - grating can still be observed in the first-order diffracted in-
F17oFL tensity curves; it is seen in Fig. 4 as a noise because the
X=—NFd-. /T, 5.1 measurement is gchlevgd by .random sampllng. The buildup
F1TTFL (.13 of the concentration grating will not be studied here, and we
The ratiod, /T2, is determined with a good accuracy, as it henceforth focus on the fast steady-state measurement results
is determined fri)lm only one averaged diffraction curve, and"Ind secondarily on the decay processes. F'”?‘”V' the analysis
it is calibrated by the amplitude of the thermal contribution. €" be extended, with some care, for_ StF‘dy'”g. st_eady-state
For a precise measurement of the discontinuity in the diffesponses to more complex time-periodic excitations than
fracted intensity at a pulse input time, and for a good analy—those given by our pulsed lasgk3,26,27.
sis of the decay of the temperature grating, the delay between
two consecutive pulses has to be larger than the thermal rey evIDENCE FOR A SORET EFFECT AND THE LACK

laxation timery,. Furthermore, the volume fractich must OF DIELECTROPHORESIS
not vary significantly between two pulses for a valid use of
the two-time-scale model. Thereforét has to obeyry, We are now in a position to evidence or disprove, under
<8t<r, 10 [see Eq(4.13]. All the experiments presented the expe_rlmental cond_|t|ons des_cnbed ab_ove, th_ermodlffu-
hereafter are performed with a pulse-repetition rate sive or dielectrophoretic effects in magnetic colloids. More
precisely, in this section is described the determinatio8;of
F=6t"1, (5.14 andZy from a set of experimental data, within the frame-

work of the linearized two-time-scale model. Actually the
ranging between 1 Hz and 1 kHz, ag 1o and 7y, are typi-  order of magnitude o4 could be calculated from relation
cally 10 * and 104 s, respectively(1.5 kHz is the upper (3.5, but we prefer to leave it as an unknown parameter to
limit of the pulse-repetition rate of our Nd:YAG lageAt be experimentally determined together wih. It will be
F=10 Hz, the concentration contribution is hardly notice- proved from the linear model, and confirmed experimentally,
able in the diffraction signal, whereas,Fat1 kHz, itis 1¢  that both values do not depend on the laser peak power.
times larger and is an important part of the signal. According to our linearized transport modéiq. (4.9)],
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and using Egs(5.2), (5.2), (3.4), and (4.1), the amplitude 5
® ., of the concentration grating is also expressed as 45 1 .
4 4
o 1 (! 35 -
Pry=—| S(Te1) — 7<Pzd<|p>|_ foexp(—apz)dz . T 3
< 251
(6.1 & 2l
As X, the constant contribution to the measured diffracted 1?
signal[Eqg. (5.7)], is related toP ¢, by means of Eq(5.13), it 05 |
can be written as the following linear combination of the 'o

Soret coefficienS; and of the dielectrophoretic factd : 0 005 04 015 02 025 03 035 04

F’tu,

=NF — —
X=N {ST[]' exp(— 1/F 7in) JF 7en FIG. 5. Proportionality of the normalized concentration modu-

lation X* to the relaxation timey,. Measurements are performed at
(Ig) 1—exp—lap) a fixed pump-pulse-repetition rafe=1 kHz in a sample of BNE-
_ZdV‘PT_(F)l 1A, I (6.2 surfacted maghemite in cyclohexa@X207BNE,® = 3.3%) with
P a cell thickness of 2@um. X* is plotted as a function of the product
using Eqs(5.10, (5.13, (5.14), and(6.1). In the above ex- F7n. The best-it line crosses the origin, which evidences the lack
pression, the Soret term does not depena{l(ﬁm. Nor does odeleIectrophoreS|s; its slope, 10.37K is equal to the product
the dielectrophoretic one 4!53) is proportional toT2, as we N"Sr.
proceed to show. The energ@&t of each pump-laser pulse
warms up the colloid instantly by an amount determined
from Egs.(3.8) and (4.6). The normalized integral on the
colloid thickness of its first Fourier component alor@x),
is expressed as follows:

instead ofX. TheF 7, correction shows that the more incom-
plete the thermal relaxation between two consecutive pulses,
the more persistent the temperature modulation, and the
more contrasted the concentration grating. In our model

is expressed as

TFl(t=0+)—TF1(t=5t)=<|g>|73—it[1—exp(—|ap)]. X* =FNF(Srrp—P). (6.9
p

(6.3 The factorX* is easily connected to an experimental inten-

sity ratio R through
In the above equation the left-hand side is the discontinuity

of Tg,(t) att=0 [Egs.(5.9 and(5.1)]. The proportionality . *1 1¥Rexp—1/Fmy)

of (13) to T2, is then provedsee Eq/(5.14], namely, Xi=Re1 1= exp— 1F rg) (6.9
@_ Flpcy, 1—exp(—1/Fry) 6.4 whereR is defined by
T, y l-exp—la,) ° : W

Equation(6.2) then simplifies to R= %It=0") (6.10

X=F[1-exp — 1/F 74) INF(Syrn— P), (6.5  In Eq. (6.9 the upper sign stands for the case of 4t)
curve without any zer@X<—1 or 0<X), whereas the lower
sign stands for the case of lg(t) curve with one zero

6.6 (—1<X<0) [see Eq(5.7)]. Using Eq.(6.8), the determina-
tion of S; andP can be achieved by studying separately the

In the above expression fof; the presence of, through the ~ dependence ok* on the heat diffusion timey, (keepingF

productS; 7y, makes a clear distinction betwe&a andP. It constantand the dependence Bf on the heat input rate

reminds that the Soret effect arises from the persistency dkeepingry, constant

the temperature grating, whereas dielectrophoresis is due to In Fig. 5,X* is plotted as a function of the produgtry,,

the instantaneous electromagnetic power input. wherery, is varied by changing the interference anglégs.
The next step of the reasoning is devoted to verifying, orf4.3 and(5.8)], wheread- is fixed at a high valu¢l kHz) so

a set of experiments made on the same sampleFthgtand  as to get the most contrasted signal. Results are obtained

T Obey relation(6.5). By “sample” we mean here a specific With @ 20 um thick, & =3.3% CX207BNE sample. All the

magnetic colloid, with a given volume fractiah, in a cell of ~ €Xxperimental points fall, to a good approximation, along a

definite thickness. As previously, the study is performed on Straight line whose equation is identified with E£§.8), and

the CX207BNE ferrofluid atb=3.3% (i.e., ®y, according  the producN" Sy is determined by the slope value. The iden-

to our notation. For ease of presentation, let us introduce tification gives a second important information: within the
experimental uncertainty rang®=0, and the same zero

X*=X/[1-exp —1/F )], (6.7  value is found forP in all the CX207BNB-type samples.

where the dielectrophoretic coefficielRtis defined by

P=Zyppcyla,.
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FIG. 6. Proportionality of the normalized concentration modu-
lation X* to the repetition raté. Measurements are performed by
varying the pulse-repetition raté from 1 Hz to 1 kHz at a fixed
interfringe of 45um (fixed thermal relaxation timez;,=0.29 m3

in a sample of BNE-surfacted maghemite in cyclohexane

(CX207BNE, ® =3.3%) with a cell thickness 2Qum (®). X* is
plotted as a function of the produktry,. The point near the origin
is experimental. Points obtained by varying at fixedF, and al-
ready given in Fig. 5, are also shown in Fig(®), which proves
the consistency of both plotdNfS;=9.7 K™1).

Fixing now the temperature decay timg,, F is varied
from 1 Hz to 1 kHz the corresponding plots & as a
function of the producf 7, are shown in Fig. 6 with the
same® = 3.3%, 20um-thick CX207BNE sample as above.

PH'SICAL REVIEW E 65 031408

given again in Fig. 6. The two-time-scale model provides a
reliable value foiNFS;, which does not depend on the way
T IS related to experimental parameters. The highest preci-
sion in the determination dfiFS; is obtained when terms of
both origins have similar orders of magnitude. It is the rea-
son why surfacted maghemite in cyclohexd@X207BNE
sample was chosen to test this method of determinatioR of
and S;; cyclohexane, as a solvent, yields a value for
an’g 14T which is about four times larger than that in water,
which makes the two contributions very easily distinguish-
able from each other in the diffracted signal. A second reason
for choosing this material lies in the low absorption coeffi-
cient of maghemite, compared to that of cobalt ferrite, at the
probe He-Ne laser wavelength.

The dielectrophoretic effect is overwhelmed by the ob-
served large thermodiffusive one, although, for a long time,
the former was thought to be the main mechanism in the
buildup process of concentration gratings in magnetic col-
loids [5,8]. In fact, the only effect giving rise to concentra-
tion gratings is the temperature modulation. The lack of di-
electrophoresis is theoretically not very surprising because, if
P is determined from expressiol(8.6), (3.5, and(3.11), P
=0.307x 10 2 sK™ ! is found for the CX207BNE colloid
at room temperature(with ng=2.61, n;=1.4266, n,
=1.462, anda,=5.775<10 m™* and data from Sec. VI,
Table |, and Ref[24]). As NF is 1929 K (Table 1), and the
thermal response timsgy, about 10 s, the dielectrophoresis

The points fall along a straight line that passes through theoefficientP is negligible compared to the Soret te®ary,

origin in accordance with Eq6.8). As P has been shown
above to be zero, both plots obtained by varying eithgor

(=10 ¢ sK™ 1) in the evaluation oX* through Eq.(6.9).
Although our method for determining; is independent

F, are equivalent, and the same value is found for the produaif the pump intensity, the input level has to be low enough to

NFS; (9.7 K1), For a better proof, the plot given in Fig. 5 is

TABLE Il. Calibration factor and reduced Soret

ensure linearity. The Soret data obtained can be validated by

parameters in the magnetic colloids under study. The

calibration factorNF is the opposite of the ratio of the two partial derivatives: /9T andanj/o® of the
refractive indexn; of the ferrofluid. They are determined from measurements made with a total-refraction
refractometeno uncertainty range is given her&keduced Soret parameters, i.e., Soret data that are inde-
pendent of the dilution rate. The reduced concentration contribdtion defined in Eq.(7.4), is the first

reduced Soret parameter to be determined. Many consistent experiments have been performed in CX207BNE
and V207NO3 samples. Less experimental results have been collected in the other four samples, leading to
an uncertainty range much larger than in the first two. The reduced Soret coef8timtound fromX3 and

NF through Eq.(7.5). It characterizes, when multiplied by, the Soret-force response to a temperature
gradient. The Soret mobility:s is found through Eq(7.7) from S§ andD,,. It characterizes the Soret-
velocity response to a temperature gradient. Symbdiefore a number indicates a value estimated from

nearby data.

o Ing
Sample 05 ng NF 10°s 10D, 10 %us
name (K™ oD (K) ped (K™ (m?s™h (kg~ts)
Surfacted
CX207BNE —-5.6 1.08 1929 32660 166+ 31 30.6-5 368+ 129
Tol207BNE —-5.6 1.08 1929 28680 145+ 41 ~51 536+ 237
CX2070A —-5.6 1.08 1929 56459 29+5 ~30.6 ~64
lonic
V207NO3 -1.22 1.32 10820 —820+150 —76x14 365 —198+64
V207Cit —-1.22 1.32 10820 —2000+=1000 —185+92 21+6 —282+150
S184 ~10820 —5000+2000 ~—462 ~17.3 ~—579
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considering the maximum of the temperature increase in the 0 o005 01 015 02 025 03 035 04
sample with respect to the room temperature. This quantity is ‘ ‘ ‘ ' ‘ ‘ ‘
determined at the center of the interference-pattern immedi- ~ ®] qgovoosoetr —oesr o obe o
ately after each pump pulsé=£0") and is approximated as 0 ‘F’f_*;*:off'f .

the sum of two contributions. The first one is the amplitude,
TCF’l, of the space modulatiofmeglecting here the variation T
in thin samplegsof the temperature increase due to the inter- 3~
ference of the two pump bearfEq. (5.9)]. T2, is estimated

from Eq. (6.4), and not from Eq(5.12 as G is not deter-
mined here. The second contribution, without any space
modulation, is the temperature increase that the two pumg
beams would yield in the absence of interference. A precise
thermal model is beyond the aim of this paper, but it is esti-

mated as the value &0 of a periodical §t) temperature FIG. 7. Normalized concentration modulatidf as a function
increase that decays with a exponential decay t€Ed.  of Fry, in different samples. Normalized concentration modulation
(5.8 with an infinite grating step\] and that has a disconti- x* is plotted as a function oF 7, with a varied pulse-repetition
nuity of (Ig)&t[l—exp(—lap)]llpcp at t=0 similar to that rate F and a fixed relaxation timey, for various samples(<)
seen in Eq(6.3). Upper limits for both terms are found with BNE-surfacted maghemite in  cyclohexane(CX207BNE,
y=1, F=1kHz, <| g>: 15 mw, and =20 um. For a 3.3% ®=3.3%), (A) BNE-surfacted maghemite in tolueigol207BNE,
CX207BNE surfacted samplerd=0.455 ms) and with an ®=3.3%), (O) oleic-acid-surfacted maghemite in cyclohexane
experiment leading tory,=0.29 ms, we find 2.74 and (CX2070A, ®=3.3%), (M) ionic noncitrated maghemite
2.98°C for the upper limits to the first and second contribu-Y207NG; , ®=3.3%), (A) ionic citrated maghemit¢v207Cit,
tions, respectively. Agc,, is about three times larger in wa- CDF: 3.3%), (@) citrated cobalt ferritdS184,® = 6%). The product
ter than in cyclohexane, both temperature increases are abdyt > IS 9iven by the slope of the best fit straight line crossing the
three times less with ionic samples than with surfacted one rgin [Eq. (7.]. The origin is an e_zxperlmental point as no dn‘f_rac-
Overheating is, therefore, shown to be low enough so th on is observed aF =0 (no pumping and no permanent grating

- . ! R - . he ionic or surfacted nature of the colloid is reflected in the sign of
linearity holds good; it is even more credible if the secondNFST

one is just considered as a sample-temperature shift. Simi-

larly Egs.(6.1) and(5.10 give ®;<4.2x 10 2 keeping the i , , i
model linearity. and F 7y, are measured, which provides a reliable best-fit

value for the producNFS;, and (i) a less accurate way
where only one value oX* and F 7y, is measured, which
gives only an estimated value of the prodNEtSy . In Fig. 7
are given a complete data set and two reduced data sets for
All the experimental results presented up to now comeeach type of ferrofluid, surfacted and ionic. NS is known
from the same CX207BNE surfacted magnetic colloid belo be positive in all magnetic colloids, the most striking in-
cause this material gives the best measurements for applyirigrmation conveyed by Fig. 7 igi) Sy is positive in all the
our analysis. Now we are in a position to focus on generapurfacted ferrofluids we studied, so that nanoparticles move
properties of the Soret effect in ferrofluids. For this purposefrom warmer regions toward colder ones, daliigl opposite
samples of six different natures, three surfacted and thregsults are observed in all the aqueous ionic ferrofluids we
ionic, will be studied. As a preliminary remark, let us note studied, which means that their Soret coeffici8ptis nega-
thatSr can now be determined by a shorter method than thaive, and that nanoparticles move from colder regions to
given in Sec. VL. In fact, the expressions used to deterrRine warmer ones. In other words, in surfacted ferrofluids, the
have a dielectric origin and are based on properties of thdiffracted field exhibits two contributions of the same sign
nanoparticle core, not on those of the stabilization coating(X>0, as seen in Fig.)2 temperature and concentration
As the dielectric characteristics of nanoparticle cores canngnodulations have opposite pha$gs|. (5.4) with r=0], and
vary by orders of magnitude from one type to anotffeg. Sy is positive. On the contrary, in ionic colloids the two
(3.5)], it is reasonable to extend the characteristics seen inontributions to the diffracted field have opposite sigis (
the CX207BNE sample and sétto zero in all magnetic <0), both modulations then have the same phasesSarsl
colloids. The Soret coefficient can then be determined fronnegative. These sign differences are particularly observed

A

Fty

VIl. PARTICLE ORIGIN OF THE SORET EFFECT AND
ALGEBRAIC SORET PARAMETERS

the following expressioiisee Eq.(6.8)]: with samples that share the same maghemite core but differ
in the stabilizatior(Table Il). As a conclusion, the sign of the
Sr=X*/(Fr;NF). (7.2 Soret coefficient depends only on the nature of the colloid
stabilization of the ferrofluid, not on the core nature.
In Fig. 7, X* is plotted as a function of =, from FRS To finish with the complete determination $f according

experiments on six ferrofluidér,, kept constant for each to Eq.(7.1), the calibration factoN needs to be known by
ong. We have chosen to show on the same figure two waysvaluating the two partial derivative®s ' /9® anddn’g/dT

of determining the thermodiffusive properties of a sample Eq. (5.6)]. For this purpose we have measured, at the probe
using Eq.(7.1): (i) a complete one where many valuesdf  wavelength, the real part of the refraction index of many
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12 s A Soret velocityvg can be defined by equating the Soret
10 | : volume-fraction flow\lf1 [second term of the right-hand side
of Eq. (3.1)] to dvg. Similarly, an algebraiqdequivalent
'E: 8 | s . “Soret mobility” ug can be defined by
© ]
c . Vs=— usV(kgT), (7.9
? 4 ! in analogy to the other linear transport phenomena. In the
2 - above definition, the Boltzmann constaaqt is used to keep
. : to ug the usual mobility unit. The Soret mobility is related to
T vk
0 2 4 6 8 10 St through
@ (%) us=DnS¥/Kg. (7.7

FIG. 8. Proportionality of the Soret coefficieBf to the volume

" .
fraction ®. Measurements are performed at a fixed pump pulséA‘S St and_ thereforey_is, do not depend OK_D' e, on the
repetition rate of 1 kHz in a sample of BNE-surfacted maghemite inconcentration of particles, the Soret effect is proved here not

cyclohexane(CX207BNE, & =3.3%) with a cell thickness of 20 (0 be a collective phenomenon, but a particle one. As a con-
um and a grating period of 4am. sequence, the thermodiffusive mechanism has to do with the

interaction of each individual particle with its solvent sur-
magnetic fluids, at various volume fractions and differentrounding.
temperatures, by means of a total-reflection refractometer. Since in Eq.(3.1) the actual coefficient relatingp, to VT
The measured’ ¢ values are assumed to obey the following is the producD .Sy, us is the parameter that characterizes

linear approximation: the velocity response to a temperature gradient in the Soret
effect. No direct determination glg is given here, but an
Ne(®,T)=ng(Too) + a® + B(T—Too), (7.2 indirect one consists in determinird, separately frons;

) o _according to the method described earfig,8,13, see also
whereng is the refraction index of the solvent; the best-fit Eq. (4.13]. The evaluation of the forcEs causing the Soret
values found for andg are then identified ton'e /0® and  effect on a nanoparticle offers another way for studying the

i H F . . ;
an'g/JT, respectively. Values foN™ are given in Table I, gqret effect. According to the Stokes-Einstein relatigis
some of them are measured with a high precision, others aig5ieq tovs by

only estimated.

By studying samples at different dilution rate® <8% Fs=(kgT/Dpy)Vs. (7.9
since at high® the Soret effect is meaningless in a ferrofluid
as remarked in Sec. )lla second important property 8f is ~ Using Egs.(7.6) and(7.7), this relation reduces to
noticed: Sy is experimentally proved to be proportional to
(Fig. 8. This is observed at lowb and for a given type of Fs=—TSiV(kgT). (7.9
colloid, i.e., at fixed nanoparticle size and given particle sur-

rounding, but at differentb. Therefore the quantit$; de- The dimensionless rati§$/V(kBT)=—TS? is a relevant
fined by parameter for characterizing the response of a nanoparticle to

a gradient of temperature in term of a force. To sum up, two
St =SH(®)/D, (7.3  complementary descriptions, in velocity and force, of the
nanoparticle response, lead to two complementary param-
called here “reduced Soret coefficient,” depends only on theeters,us and TSt , for characterizing the Soret effect.
type of the colloid. It is a more relevant parameter ti&n
for characterizing the Soret effect in a ferrofluid regardless of  viIl. PARTICLE SURROUNDING (COATING AND
its dilution rate. In passing, we note that some authaiis- SOLVENT)
30] call Soret coefficient what is denot&} in this work. It
reflects their expecting th&; could be independent ab.
The dimensionless quantitys defined by

In order to determine systematically the thermodiffusive
properties of different ferrofluids, we have evalua¥dry,,
X*, XF, S, andus, successively. The first three quantities
X% =X*(F ryy®), (7.4) are found from experiments on §amples at dlﬁerent dilution
rates and under different experimental conditions, whereas
and called here “reduced concentration contribution,” isXT IS a best fit or an average valuB; and ug are then
worth considering becaus® it is directly determined from determined from Eqg7.5 and(7.7).

the experimental daté*, and(ii) it does not depend o® as Table | gives the structures of the six ferrofluids we have
it obeys the following relatiofisee Eqs(7.1) and(7.3)]: studied, as well as the nanoparticle core radys and the
hydrodynamic ondr, . Ry, is found to be larger thaRgzy,
X*=NFsF, (7.5  which is expected because of the thickness of the nanopar-
ticle coating. Table Il givegi) elements for evaluating the
which is used hereafter to determigg from X3 . calibration factorNF, and (ii) thermodiffusive parameters
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that do not depend on the dilution ratéi , Sy, andus.  words, a relative photometry technique is proposed whose
Table 1l calls for the following commentésome of them results are independent of the large uncertainties that beset
have been already presented above absolute photometry measurements. For a precise calibra-
The calibration factomN® is about five times larger in tion, a model in which the sample temperature and particle
ionic ferrofluids than in surfacted ones becadsér/dT is ~ concentration are determined simultaneously, has been put
much weaker in water than in organic solvents. forth taking into account thermodiffusion and dielectrophore-
A first comparison between magnetic colloids shows thasis effects. A two-time-scale analysis has been developed that
(i) as previously observedS: is positive in surfacted takes advantage of the difference of magnitude in response
samples and negative in ionic onéi) |St| varies by more  times of temperature and of particle concentration. A specific
than a factor of 15, but there seems to be no strong differencgPlution has been obtained in a two-dimensional approxima-
in |S*| between ionic ferrofluids and surfacted orithee sta- 10N When optical pumping is time periodic, giving a power-
tistics from six samples is poor, howeyeand (iii) as the ful method for determining the dielectrophoretic effect and
experimental volume-fraction contributioin Eq. (5.13 is e allglebrr]@c vallue of the Soret cgefﬁméﬂgl,S]]. g
more unstable in ionic ferrofiuids than in surfacted ones, With this tool, many new and sometimes unexpecte
Soret parameters are less accurately determined in ionic fePhysical results have been obtained about magnetic colloids
rofluids than in surfacted ones 24,31). First, dielectrophoresis has been shown to be negli-
Among the three studied .surfacted colloids. the twogible compared to the thermodiffusive effect. Second, the

samples sharing the same surfact@NE), but dispersed in Sorgt coefficient ha§ been found to be. propc_)rtional .to Fhe
different solvents, give almost the same value S particle volume fraction, so that the particle drift velocity is

We have shown above that the thermodiffusive mechal_ndependent of the concentration of nanoparticles. As a con-

nism is located in each particle and its solvent surroundingsequence’ the microscopic origin of the thermodiffusive ef-

Analvzina S* and ue data in Table Il provides more precise fect lies in the interplay of the particle and its surrounding;
naly 9St UHs P ep this is embodied in the notion of a one-particle thermodiffu-
hints to the origin of the force driving the particles of a

. . - ive mobility defined as the ratio of the drift velocity to the

magnetic colloid under a temperature gradient: the value OZradient ofkgT, or in the ratio of the Soret force to the
" o : )

STh’ andh_levekn |ts_ S|gnr,] can change frorrr:. e;]ferroflwd rfo aﬂ?radient ofkgT. Third, the thermodiffusive mobility is found

other while keeping the same core, which proves that t be positive in all ionic ferrofluids, in contrast to that mea-

Soret properties depen'd little on the. partple-core nature angreq in surfacted ones. An investigation of the thermodiffu-

very much on the particle surroundirigoating and nearby ive mechanism is planned for future work

solven}. The thermodiffusion mechanism has to be searcheg '

in the particle-surrounding region, and this is contemplated

for fqture work. Therefore, .thermodiffusive properties of fer-_ ACKNOWLEDGMENTS
rofluids seem not to be directly connected to the magnetic
ones whose origin is localized in the nanoparticle cores. We want to thank E. Bringuier for fruitful remarks. We
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of the nanoparticle drift in a pump-laser-beam interferencey|so thank A. Cebers, R. Perzynski, and E. Blums for very
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forward. While dielectrophoresis is directly due to the space

modulation of the incident electromagnetic field, the second

effect is more complex: the light-intensity modulation gener-appENDIX: DIFFRACTION BY A MIXED TEMPERATURE

ates, by absorption, a temperature modulation, which, in AND CONCENTRATION GRATING

turn, induces a particle flow and therefore a particle-

concentration modulation. These two modulations provide [N this section, for the sake of simplicity, the formulas will
additional contributions to the diffracted electromagneticexhibit no explicit time dependence, as they should do. The
field. This paper has shown how to distinguish them. Theyspace-periodic modulations of the particle volume fraction
follow different time evolutions and, as temperature is aand of the temperature generate absorption and index grat-
faster variable than concentration, the time characteristics dfgs in the sample. They are studied by measuring the dif-
the incident pumping light is chosen so that the concentratioffacted intensityly of a probe laser beam. Under normal
contribution to the diffracted field should be observed as dncidence, the electric field diffracted in thiedirection has
constant background, whereas the temperature modulatidhe following dependence:

would provide a time-periodic contribution whose amplitude

could be easily measured. In this method, the temperature § i e
modulatlon serves_the dual purpose c_>f generating the con- Ed(tﬂ)“f 0 exp{—(nox sin¢+f ﬁ(x,z)dz)
centration modulation and calibrating it in order to eventu- X0 At -e

ally determine the value of the Soret coefficient. In other (A1)

dx,
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in which \{, Xq, andng are the probe wavelength, the beam g

half-width, and the index of refraction at, outside the Lei=l—7 Te1- (AS5)
sample, respectively. The sample being made up of two glass
plates surrounding a magnetic colloid lay&(x,z) stands

for both materials ah; in Eqg. (Al). For 0<z<I, 7 is the
complex refraction indexfiz of the magnetic colloid,

In Eq. (A3), the complex argument;+Lg;)27/\, of
the functionJ, is assumed to have a modulus much lower
) than unity; this isa posteriorijustified by the numerical val-
whereas for-e<z<0 andl <z<l+e, Tl is the real refrac- o5 found in Sec. VIII. The following approximate formula

tion indexng of the glass. Actualli is a function ofT and,  gives then the ratio of the first-order-diffracted intensity to
in the colloid layer, ofP; they are themselves functionsxf e transmitted one:

z, andt. In a linear approximation and without any vibration
or convection effect, the complex refraction index in the col- K=K =0= (27/\ )ALy + L)% (AB)
loid can be expanded gsee Eqs(4.4) and(4.5)]
P P Absorption effects have no action on this ratio, as they re-
= aF _ ol _ duce both intensities by the same factor. The ratio is related
F=Me(Too, Poo) + aT [To(2) = Tool + o [Po(2) = Poo] to the modulations ofb and T in both media by the follow-
ing expansion:

A Per gt Meg, A2
o1 11D F 5g P1(2) cosax, (A2) 1<=11520= (2071 /\ )X (AR T2, + Bp®Z, + CrTr Opy
whereTy, is @ mean temperature whose precise definition is +AGTé1+ CreTe1Pr1+DrgTeiTe1),

immaterial in a linear formulation. A similar expression can (A7)
be given forng that is a real function off alone. Upon

expanding the exponential function in EGA1) in Bessel where the parameters:, B, Cr, Ag, Crg, andDgg are
functions J, and using relatior(A2), the intensitylg dif- defined by:

fracted at ordek obeys the following proportionality rela-

tion: ong\? [ong)\? oanE\? [ang\?
~ Aemlar) o) BelGe) Tlae )

1§ (Crr+ Lo 27N, (A3)
where the proportionality coefficient does not dependkon CFZZ(ﬁ %Jr % ﬁ)
and Lg; and Lg; are, respectively, the first-order Fourier JT 9 = JT o0
components of the optical paths in the colloid and in the ) , ,
glass plate with respect ta The first one is expressed as :(‘9”_6) _ ﬁﬁr‘_G D= (9&07”_@
[see Eqs(A2), (5.1), and(5.2)] aT ) TFET T aT ' TFCT T 4T 4T

(A8)
Lea=ll =7 Trat o Pra - (Ad)  andn/ andn! are the real and imaginary parts of the com-

plex refraction index of the colloid. In Eq§A6) and (A7) it
Similarly, the optical path in the glass plate can be expressei$ assumed that;~° is independent of the modulations ©f
as[see Eq(5.3)] and®.
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