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We show that an optical second harmo(fd) is generated in a magnetic colloid if a static magnetic field
which breaks the fluid isotropy is applied. We propose a statistical model in which all the magnetic nanopar-
ticles are supposed to be identical with a nonzero complex second-order polarizability tensor bound to their
magnetic moment. These grains align under a static magnetic field according to Boltzmann'’s statistics. The
nonlinear second-order macroscopic electric susceptibility tensor, ruled by a Langevin-like model, is found to
be zero without any applied magnetic field and to be an increasing function of its strength. The nonlinear
susceptibility tensor of the colloidal solution exhibits an agal(and notC..,) symmetry around the magnetic
field. The measurements of the generated SH intensity as a function of the applied field strength, in all the
independent input and output electric polarization directions, are in perfect agreement with our model and
confirm the expectedC,, symmetry. Under oblique incidence and without any applied magnetic field, the
surface SH is generated by particles adsorbed on the glass cell walls and orientated normally to the interfaces.
The complex values of the nonzero elements of the second-order polarizability teeasiing to the observed
SH wave ellipticity are determined with a high precision, as well as that of the particle magnetic moment. The
magnetic size found for the nanoparticle is in accordance with those given by other methods and could imply
guantum confinement effects. A correlation between the ferrite particle atomic structure and the magnetic
moment is found to be responsible of the noncentrosymmetry and of the chirality of the colloid under applied
magnetic field] S0163-18206)03022-9

INTRODUCTION pension of magnetic particles in water; their mean diameter
is about 10 nm. They are synthesized by a coprecipitation
Optical second harmonic generatit8HG) is a technique techniqué® and made of cobalt ferrite. Each particle is a
frequently used in the optical investigation of matefislad  magnetic monodomain. Without any external applied mag-
as a tool for studying interfacés. In the electric dipolar netic field, the permanent magnetic moments are randomly
approximation, SHG is allowed neither in isotropic mediaoriented and the colloidal suspension is optically isotropic.
nor in centrosymmetrical media. Since 1962, several SH@nder a magnetic field, the magnetic moments of the indi-
experiments have been performed in isotropic mésiidids,  vidual grains tend to align along it. In our ferrofluid, each
fluids) or in noncentrosymmetrical molecules of liquid crys- magnetic moment is frozen in the grain crystalline lattice so
tals poled by a surfaéé or by a static electric field-8 The  that a rotation of the magnetic moment induces the same
loss of their symmetry makes second-order phenomena posstation of the grairt’ The contributions in the SHG phe-
sible. Kielich has proposed a model in which two indepen-nomenon of atomic or electronic deformations inside the par-
dent mechanisms account for SHG in solutions of microsysticles or in their vicinity induced by the magnetic field are
tems under an applied static electric field. In the first onemuch smaller than those due to global grain rotations and
each microsystem bears a permanent electric dipolar mometiten neglected here. We have assumed that the microscopic
and exhibits a nonlinear polarizability; then SHG arises fromorigin of SHG has to be investigated in the particles, i.e., that
a statistical orientation. In the second one, the applied fielthe macroscopic second-order polarization is simply the sum
induces a deformation in centrosymmetrical microsystem®f the electric nonlinear dipolar moments of the noncen-
which in turn gives an induced nonlinear polarizabifity. trosymmetrical independent particles. This is reinforced by
SHG has also been observed in solid-state magnetic systertige fact that the SH intensity is, for low concentrations, ex-
in which isotropy is broken, either by applying a static mag-perimentally proportional to the square of the particle vol-
netic field®!! or by the antiferromagnetic properties of the ume fraction, as it will be developed in a forthcoming paper.
materials:? In order to connect the microscopic particle behavior to the
We report an experiment and a theoretical study of seconthacroscopic behavior of the whole fluid, we develop a sta-
harmonic generation in a magnetic fitiddMF) in which the tistical model derived from Kielich’s worRIn our model, as
isotropy is broken by applying a static external magneticalready proved for birefringencg, the magnetic and the
field. The magnetic fluids, which exhibit many attractive second-order electric properties of the particles are at first
properties:* have already been studied by optical methbds. glimpse decoupled. They are only both bound to the crystal
The magnetic fluidor ferrofluid we use is a colloidal sus- lattice of the grain. For simplicityand it will be further

0163-1829/96/5@2)/1494116)/$10.00 53 14941 © 1996 The American Physical Society



14 942 J. LENGLET et al. 53

justified), we suppose that all the particles are identical; no Piz"’:dijkE}”Eﬁ’,
strong change in the SH response is expected because of this _
assumption. At this stage of the model, we make no symmeahere E;(t)=Re[E }“e"‘"], E;“= (Ej“’)*, and

try restriction at all, about their second-order polarizabilityPiz“’(t)=Re[P iz“’eiz“’t]. The complex third-rank tensat;;,
tensor: contrarily to Kielich’s model, we introduce the pos-is the second-order electric susceptibility. &g =d;y; , P{
sibility for the particles to exhibit “triclinic” properties and can be expressed wiith,,, a contracted tensor written as a
not only to have a symmetry of rotation around their mag-(3*6) matrix:2°
netic moment; it compels us to consider a new degree of
freedom in the particle orientation. P2“=d;(E“E®), 1)

The transmitted SH intensity is measured as a function of ) ) )
the magnetic field strength in various geometries so as t¥ith the zfollowmg conventions: i=1,2,3 for X,y,z
determine all the nonzero elements of the nonlinear electri¢EE)m=Em for m=1,2,3; €E),=2E,E,; (EE)s=2E,E,;
susceptibility tensor of the magnetic fluid. The very good(EE)e=2ELE,. In the electric dipole approximation, the
consistency between the experiments and the statisticnsOrdijx of a medium exhibiting an inversion symmetry or
model predictions allows us to evaluate some of the nonzertsOtropy is equal to zero and we must consider higher-order
elements of the second-order polarizability tensor of an indi&PProximations(electric quadrupole, magnetic dipole ap-
vidual particle even with their complex values. Angular SHG Proximations to get nonzero components. These processes
experiments are also presented which increase the reliabiligould be taken into account but we shall see they can be
of the model and provide by complementarity with the neglected in this study. An applled_statlc magnetic field
former main experiments, a more precise value of thdreaks the symmetry of the fluid by introducing a favored
second-order polarizability tensor of the particles. An unexdirection: we take advantage of the magnetic properties of
pected surface effect, but quite consistent with the bulk stath® material to study its electric nonlinear properties, both
tistical model, is also observed. All the measurements ar8e€ming in a first step, completely distinct. The second-order
difficult for three reasons: without phase matching, the phepolanzatlon as WeII_ as the nonlinear electric suscepnblll_ty
nomenon is weaKconversion efficiency about I¢°); the  tensor of the material depend on the strength of the applied
magnetic fluid absorbs the fundamental optical be@in  Static magnetic field. This susceptibility tensor, characteriz-
sorption coefficient of about 51 ¢ for the sample used g the macrosystem, i.e., the magnetic fluid, is connected to
and even more the generated second harmonic(abeut the second-order polarizability tensor of an individual ferrite
2800 cm'Y); the damage threshold of the material is low 9rain (m_|crosysterm by statistical effects which depend on
(about 60 MW/crf) compared to that of usual crystals usedthe par_tlcle volume fraction in the fluid and the volume of
as frequency doublefS,and depends on its particle volume the grains.. o o
fraction through absorption phenomena. ~ The basis of our work is given by Kielich’s modefor

In view of the numerical results obtained for the nonlineariSOtropic media containing molecules, with a permanent or
polarizability of the colloidal particles, we are able to discussinduced static electric dipolar moment, immersed in a static
the origin of their SHG activity. Our initial choice of allow- electric field. In order to determine the orientation probabil-
ing in the model, “triclinic” properties to the particles is 1ty of the dipolar microsystems, the polarizability coeffi-
justified by the fact that some critical elements present noncieénts have to be calculated in the laboratory frame from
zero values. The cubic symmetry of the spinel ferrite matefhose given in the microsystem axes and his model involves
rial is lost in the actual nanoparticles because of their shapdWo anglesé and ¢. This calculation is correct only if the
their finite size, their boundary layer structure and becaus8lcrosystems which may be molecules but also more or less
they are clothed by solvent molecules. It is evident from theVell-crystallized microstructures, have a symmetry of rota-
beginning that the particles must be noncentrosymmetrical skon around their electric dipolar moment. In the case of at-
as to exhibit a nonzero nonlinear second-order polarizatio@MS Or molecules of any shape, we must introduce a third
but a precise study of the polarizability tensor elementndle ¢ (6, ¢, and ¢ being the Eulerian anglgsThis new
shows that the particles are chiral too. These two particl@0Ssibility can let us hope to obtain a deeper knowledge of
properties, inconsistent with those of the bulk ferrite mate{he microsystems and Kielich's results, which concern mol-
rial, will be discussed in the fifth paragraph about the origin?CL"es having an axial symmetry, constitute a particular case
of the particle SHG activity and in the conclusion togetherin our calculation.
with their possibly enhanced nonlinear propertiggantum

confinement A. Langevin-like model
The magnetic fluid we use in our experiment is a suspen-
| PARTICLE ORIENTATION UNDER MAGNETIC FIELD: sion of_ magnetic dipolar partl_cles. Each grilriolgears a mac-
THEORETICAL SH MODEL roscopic permanent magnetic momemt/u|~10"ug, ug

is Bohr's magneton If a static magnetic fieldB is applied,

Ouir first step is to show theoretically how the isotropy ofthe magnetic moments, submitted to thermal agitation, tend
a colloidal magnetic fluid can be broken by a static magneti¢o rotate in order to align parallely to the field. We assume
applied field, to generate second harmonic. The complex anthat the particles are rigid dipoles: the magnetic moments
plitude components of the second-order polarization vectorare linked to the grain crystalline lattices. The magnetic mo-
induced in the medium by the complex amplitude$ and  ment rotation makes the whole particle rotate and the
EK of the component&;(t) andE,(t) of the electric field second-order polarizability tensor is submitted to the same
oscillating at the frequency, can be written &9 rotation operation.
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whereP (6,¢,4) is the orientation distribution function. This
y averaging is only orientational. The particles obey a

Particle Maxwell-Boltzmann distribution and therefori@ depends
only on 6 by
XV
X P(6 Ly
( 1()Dilﬂ)_ (2_77)2 ( )
FIG. 1. Representation of the particle in the different referen-
tials. The magnetic field is applied along the’ axis and the _ 1 exp(uB cosi/kT)
particle magnetic moment is parallel to tkeaxis. X and Y are (2m)? [7d6 sing exp uB cosd/kT)

intermediate axes used in the rotation operation of the polarizability

tensor from the particle axesx,y,z) to the laboratory ones . o o - .
x'y'2). which ensures thatfg"dy [ 5"de [ §d6 sin 6 P(6,¢,1)=1.

This function involves — u-B) the orientation energy of the
magnetic particles andk{l) the thermal energy wherke is
the Boltzmann’s constant aridthe absolute temperature.

Our theory which is built on symmetryless and strictly
identical particles could seem unrealistic. Our reasoning for
the determination of the nonlinear susceptibility tensor of the
medium can be seen as a modelization in which the nonlin-

2 - ear polarizability tensor of all the actual particles in the col-
a'{ic(0, ¢, ) =y 8jm@kn@imn (2 Ioid is averaged in two main steps. In the first one, the aver-
aging process is done on each tensor element by an
where a;; are the coefficients of the rotation matrR™*  integration on a size variable, the frames of reference being
(6.¢,1). 6, ¢ and ¢ are the Eulerian angles which define the parallel for all the particles and fixed versus the magnetic
transformationR from the laboratory axes to the particle moment and versus their crystal lattice. The second main
axes. This determination af > consists in a tedious calcu- step is the orientational averaging which is described all
lation of 27 elementgor 18 by using contracted matrides along this paper. This presentation in two independent steps

: HR 2w . . . . .
The polarizability tensor elementsjry, depend on the par- s not perfectly rigorous because the orientational averaging
ticle characteristics. The' axis has been chosen along the [Eq. (4)] depends on particle size, vja

direction of B and thez axis along the direction ot to
simplify further calculations. Thex(,y’,z’) frame is not,
strictly speaking, a laboratory frame as the directiorBds B. Symmetry of the poled MF for second-order phenomena

sometimes changed in some experiments. The third-rank tensors?® and «'?® are written as con-
The macroscopic susceptibility tensor is given by theyacted matrices. No assumption is made about the symmetry
probability of finding a microsystem in the directiofl¢.4)  of the matrixa? characterizing the particle in its frant€,
and therefore of having’™ [Eq. (2)]. We suppose in a first - ,qint symmetry group The only “negative” supposition is
approximation that the particles are monodispémsagnetic  that the grain has no inversion symmetry to be able to exhibit
moment of mean valug:) and that the magnetic fluid is 5 pylk second harmonic polarization. After the two first in-
diluted enough to neglect correlations between part'destegrations ofa’ 2 on ¢ and y, only seven coefficients are
This allows us to simply add the polarizability tensors in nonzero, and four of them are independent; the new point

order to obtain the macroscopic susceptibility terban the  symmetry group of the magnetic fluid under an applied field
laboratory axegthe macroscopic electric field being sup- ha5 5 statistical origin:

posed equal to the local ondf we make the assumption that

all the particles have strictly identical properties, which is

more restrictive than assuming the monodisperse property, (a'32(0)),.,=5(3 cog0—1)(a5e— aiy),
we obtain

Let ¢?® be the second-order polarizability tensor of one
particle in the particle framex(y,z) anda’? the one in the
laboratory frameX',y’,z") bound toB, as shown in Fig. 1.
The transformation of this tensor is given by the following
relation, using implicit summatiorfs:

(a'32(0)), 4= ${COSO( ¢+ a5y) + (cosh—coS )

)
di=—(a’2%,, 3
=y (@i o X[ (afy+ ag) + 20331,

where® represents the particle volume fraction the vol-

ume of the particlesia’ {¥)q is an average ok’ i, taking  (a'37(6)),,= 3{—2(cosf—coSO)[(afe+ a5y) — ay
into account the probability of orientation of the particle in e 20

the elementary domaid() of the Eulerian angle space: +(cogf+cos’0)(az; + a33)},
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2w 2w
('35(0)), ,=CoS0a3s+ 3(cosh—CcoSO)[2(afe + asy) (/29— a5 — aiy L,(a)
5 2 ’
+ (a3 + a29)],
20 2w
aeta — . Lo(a)
2 - . , (30 =107 00 () 20 A2
and(a'““(0)),,, has the following form, according to Nye’s 2 a
notation?! e
asy+as; ~ 5, L2(a)
. >< ' (a'8)a=—75— Li@—a? ——,
<o “?(9) >op=| - . (5)
La(a)
e o P ® ~ 2p —2
(a'38)a=aB5Li(a)+2a 2 ——, (®)
where(-) represents a zero elemeid) a nonzero element;
(»—-) denotes two equal element&—-) corresponds to with
equal ele_ments_ but of opposite signs. 20629+ a29) o290+ a2
The orientational tensor averaging can be seen as a three- 20— 15~ ™24 s1 782 2w
step process. The first one, an integration/ois a rotational 2 2 3

averaging around the magnetic momentlt provides a first L.(a)/a is . .
N . - used in Eqs(6) instead of(1/5)[L4(a)—Ls(a
step averaged polarizability tensor which exhibit§.asym- f02r( tr)le sake of simp?ic(ityz. The respE)ns)e[ olf( tr)le msagte)r]ial is

?bei;[itcy ?;%gg(rjﬂ.b\(/avceaxvsncla Ciﬁ"tgeIgt/r:ar:zsalcir?ver?c?ceedssl?o:?rilsz-ob given by seven one-particle coefficients but only the four
taine)(/j at the last step where onl int?ingicp ro ert’ies of th following independent combinatione3! —a13), (a18+a37),

. ep y Prop . a29+a3%), and o2% step in. As expected, the second-order
particles are taken into account. The second one, an integr

tion on ¢, is a rotational averaging around the magnetic f'eldzero. The SH wave is generated in the magnetic fluid by

olarizability terms tend to zero if the magnetic field tends to
B of _the first step averaged p(_)larlzablllty tensor. The_ result Srientation of the microsystems parallely to the field and
a twice averaged polarizability tensor which exhibit€a

. . . cannot exist without it. It is worth noticing théa’'2), is an
symmetry arountB.. Lastly the third one, an !ntegratlon @h even function ofB while the other averaged polarizability
brings the energetical "."SpeCt to _the statistical average. elements are odd ones. They depend on different symmetry

The(a’z“’(e)mw matrix is obtained by an averaging pro- )

: 7 roperties of the intrinsic averaged polarizability tensor, as it
cess on a symmetryless particle which involves only propeEY

rotations. Its symmetry must be searched among the poin ill be commented later.
- 1S Sy y must ; 9 P In the case of a very strong static magnetic field, the sys-
groups which leave the fluid invariant. The macrosystem ha§e

. S . m tends to “saturation.” All the particle magnetic mo-
a symmetry of rotation around the applied field. There is NOents are aligned in the fluige andB paralle) and Eqs/(6)

wonder that this matrix corresponds to the symmetry 9roUR. ;e down to the following simpler formulas:
C... Notice that among crystallographic point groups, the '
hexagonal(Cg) and tetragonalC,) point groups give the
same matrix. TheC,, group would have been found if
(a'13(6)),, 5= —(a'52(0)),,,=0. But it cannot appear with a

20_ 2
2(a35—aiy),

2
<a/zg)>ﬂsat= Qo5 X4

symmetryless particle because it would need improper rota- (a’gfﬁnsat: F(adg+ady),
tions in the averaging process. I(a’ﬁ(&))%lp and

(a'52(6)),,, Which have opposite valug¢Eq. (5)] were found (@29 = 1(a20+ a2Y
to be experimentally zero, it would be the sign of a certain 8170 22781 T a2 D

symmetry in the polarizability tenser” and in the particle,
and conversely, experimental nonzero value@éﬁ‘;{(&))w

and 0f<'a'§‘5"(6)>¢’¢ would prove a lack of symmetry o™ |t js not surprising to find that the asymptotic expressions of
versus improper rotations, which is usually called chirality. (a' ﬁ%”)n are simply the averages of the particle polarizability
elementsa2¢ over a 2r rotation aroundB. If particles have
any shape, more precisely if they are not invariant under a
rotation aroundu, we have no means to get more informa-
The integrations o of the four independent coefficients tion about them by a SHG experiment since we only have
involve the first and second-order Langevin functions. Weaccess to the following four global termguwse—a3s),
use Raikher and Shliomis’s definitibirfor Langevin's func-  (a?2+a39), (a39+a23), anda’3y. We shall see later that they
tions: Ly(a) =1, L,(a)=coth(@) —1/a (first ordey and the are experimentally nonzero. But all the other elements which
higher-order functions are given by the following recurrenceare not mentionned could be zero without changing the re-
relation L,_,(a)—L,,1(@)=[(2n+1)/a]L,(a), which sult. In this case, the particles could exhibit some point sym-
gives an orthogonal function set. For the second order, onmetry groups, such &,, C3, C,4, or Cg; the point symme-
obtainsL ,(a)=1—3 coth(@)/a+ 3/a®. The variablea is Lan-  try groups C, (n#2,3,4,6 and C., are mathematically
gevin's parametepB/KT. If a tends to zero, all these func- thinkable but they are very unlikely for a particle. The mac-
tions tend to zero and & tends to infinity, their limit values rosymmetry(C,.) necessarily differs from the microsymme-
are one. This definition is different from that of Kieliéfthe  try since there is always a symmetry of revolution around the

independent nonzero elemeriis’ 2),, are then written as  magnetic field in a magnetic fluid. Kielich asserted that the

2 _ 2
(a'38)a,, = a3 - 7

C. Field dependence of the MF nonlinear susceptibility
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macroscopic and the microscopic symmetries are idefitical y'
whereas, in a general model, the particle can have a smaller
symmetry than the whole fluid.

Knowing the nonvanishing elements of the second-order
electric susceptibility tensdEq. (5)], we are able to describe ~ , Incident

. A . . . “\beam
the SH macroscopic polarization vector in the magnetic fluid, N .
for an incident laser beam ai, whose electric field inside N
the magnetic fluid is note&®: N 7' Horizontal plahe _
N — N
AN . S (_kfo_’_Bi)_____\_\
)
20_ 2 ® o 2 ® - Thi le cell
PIr=2 [—(a' 3By ES +(a' 3 0B ED], insample ¢

FIG. 2. Disposition of elements and notations.

Pif”:Z% [(a’%f}nE;’,E‘z”,Jr(a’%g’}QE)‘:’, E,l, rid of the whole infrared power left and it is achieved by a
second harmonic separator, placed just behind the sample, a
® visible filter and an interferential bafrédpass filter™of=1 nm
20 _ 12 ®\2 w2 12 w2 at 532 nm. The whole set has a 10 transmission rate for
Pa TV [{a"sr)al(B) ™+ (By)71+{a'55)a(E,), the IR beam and eliminates also radiations observed near 532
(8)  nm which are generated at 510-520 nm in the sample itself
C , ) and may come from two-photon process luminescéhce.
x',y’,2" being the laboratory axes. A good choice of differ- g, thermore we take advantage of the poor quantum effi-
ent configurations of the fundamental wave vedtgmnd of  ¢jency of the photomultiplier in the infrared range so that the
the polarization directiore” in the fluid with respect t8  measyred electric current due to the infrared power left in-
will help us to determine experimentally the values of Vari-tensity can be weaker than the SH signal. This is in accor-

ous(a’ i)q elements as a function &. dance with the very weak SH conversion efficiency found in
the fourth part of this pape@bout 102 times the incident
Il. EXPERIMENTAL SETUP AND QUALITATIVE infrared power. The SH signal is not very stable and this
ASPECTS OF SHG yields a relative error on the SH intensity measurements of

about =5% in the best cases. It is caused by laser fluctua-
tions and instabilities occurring inside the ferrofluichass

We use in our experiments a chemically synthesized magransports induced by thermoconvection, thermodiffusion,
netic fluid® based on cobalt ferrite particlé€oFe0,), of  and electrostriction
mean diameter 14.1 nifix-ray measurementssuspended in In our experiment, the incident beam of wave vedt6r
water. These compounds crystallize in the spineland the applied magnetic fiel@ are both horizontal. The
structuré®? but the exact structure of the particle is more thin cell containing the sample is vertical and is kept in the
complicatec®’ They are magnetic monodomains and bear gy’ 0z') plane, i.e., parallel t&, to get rid of demagnetizing
permanent magnetic momept The volume fractiond of  effects induced by the platelet cell shape. Bgtand 6,,, be
the colloid is about 6%. The ratio between the magnetic anthe angles betweeB and the polarization vectde® of the
isotropy energyKV of the grain(K being the magnetic an- incident beam and the SH beam analyzer direction, respec-
isotropy constart;?® V the volume of the microsystems tively. Let 4, be the angle defining® in the (x'Oz’) hori-
and the thermal enerdyT is large: about 100 at room tem- zontal planeg(Fig. 2).
perature, using the bulK value. The high magnetic energy
barrier KV prevents the magnetic moment from reversing 10°=
without rotating the particle and this moment is thus linked ]
to the grain crystalline frame.

The experimental setup is the following: a high peak
power Nd:YAG laser provides picosecond pulég8 ps, 125
kW at mosj by packets(length 200 ns, repetition rate 1
kHz), of wavelength 1.064m. Its beam is focused onto a
cell containing the magnetic fluid and submitted to a static
magnetic field ranging from 0 to 0.3 T. SHG has been stud-
ied in transmission and we find that the best SH efficiency is ]
provided by a 1Qum cell thickness because of strong ab- ]
sorption phenomena in magnetic fluids at 0.53&. The ]
excitation power density is restricted to a very narrow range. 1 e —
The lower limit arises from SH detection possibilities and the 10 100 1000
upper one originates from the damage caused to the sample. I® mW)

The damage power density threshold and the optimized cell

thickness will not be studied in this paper. The infinitesimal  F|G. 3. Second harmonic generated inten$f§ vs mean inci-
second harmonic generated signal is detected by a photomudent intensityl®. The slope of the best-fit curve is equal to 2,
tiplier followed by a 20 dB amplifier, a boxcar-integrator and proving a second-order nonlinear optical phenomenon. Experimen-
then anx(t) recorder. In order to measure it, we have to gettal parameters arB=0.3 T, S=0.5 mn¥, §,=90°, andy,=0°.

A. Experimental choices: Material and device

12© (arb. units)
=3
=

—

(=
i)
T
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B. Qualitative verifications of the model The nonzero coefficients of the surface nonlinear electric
Except for an unexpected but normal observation insusceptibility tensor can be found by noticing a similarity

which the SH beam is found not to be always linearly po|ar_between the orientating role of the.ceII wall nc_>rm'al on this
ized [Fig. 6b)], the qualitative foreseen aspects of the gHgSurface tgnsor and t.hat of an 'ap'plled magnet_lc field on the
are evidenced in Figs. 3(@, and 4b). We verify that we bulk nonlllnear_ el_ectnc susceptibility ten'_sor. Adgs parallel
are in presence of a quadratic nonlinear effect since SH in© the(Ox’) axis in the laboratory framéFig. 2), the surface
tensity is clearly proportional to the square of the incident?onlinear electric susceptibility contracted matrix can be
light power, as shown in Fig. 3. In Figs(@ and 4b), our ~ Written with the same notations as in E§):

experimental results about SH intensity are presented as a A A—h

function of the applied magnetic field strength in four differ- 2

ent configurations for the directions Bfand ofE“. We also <Ug >q= <. ©
give in the same figures and for a better understanding, their

best-fit curves, the determination of which will be explained o

further. Three of the configurations correspond to experiqy’ peing a solid angle around analogous td? for the bulk
ments made ag,=0° and §,=0°, 45° or 90°[CUW95° @), contribution. In the case of &, symmetry of the two-
(B), %nd ©)]; the fOl{fth one is obtained by,=40° and  §imensional system(e’ §a§5>ﬂ, and (&' %ﬂéeﬁg' would be
3;»:0 [tcurl\lle ()XE Wlthdtht? (Ijilfferenlt. values USf?.d.fCﬂ%w, zero. The nonzero surface nonlinear terms are only seen in
e actually measured bulk nonlinear coefficients are. - - ® 20
Yy Gilted configurationgE,, #0 or P;,’#0). Some of the non-

12w 12w 12w 12w H
(a'33)q, {@'24)0, (@'33)q, ANd(a'35)g . From relations(s) zero surface nonlinear terms cannot be obtained with our
between coefficients, these four configurations are sufficien . : .
actual experimental setugig. 2). Let n;, andng,=—n;, be

to d(_atermme all the. nonzero elemerits im)q of the bulk the normals to the input and output faces pointing outside the
nonlinear susceptibility tensor of our model. Conversely, » . ,, : ,
cell. The “colloid-output wall” system is obtained from the

with 6,=90%, 4,=0°, and 6,,=90" for instance, we find “colloid-input wall” system by a rotation ofs. This is

. .. /2(() .
experimentally that the coefficieq"3), is equal to zero as equivalent to rotate the incident electric fielet’ and the
surface polarization vectd?2® of 7 around they’ direction

predicted. As put forward in the theoretical part, no fre-

guency doubling is experimentally evidenced in the magnetic _. . . .
fluid when no magnetic field is appliethe electric dipolar (fF|g. 2 and it leads to the following relation:
approximation is justifiedexcept in the tilted cell configu-
ration as we will see few lignes further. The SH intensity (a'8%9 0 npu={@' 590" output

increases with the magnetic field intensity. In all the four

configurations, the bulk nonlinear electric susceptibility co-<a, 20 3, is an even function of. Phase mismatch between
effici_en?s saturate for high magnetic fiel(:Ebout. 0'3. 7, as . .outglzjf z;)nd input @ generated Wéves is abomntfor a 10.um
gualitatively expected. These results are studied in detail o thickness with n®—n2=0.028 (Appendix A but

the fourth part of this paper. Pé‘”mput contribution can be neglected because of the large
absorption coefficient of the medium ab2
C. Surface SHG effects Particle orientation near the surface is necessarily affected

by applying a static magnetic field. Magnetic grains cannot
be pulled out of the surface because the magnetic field gra-
dient at the interface is not large enough in our experiment,
but surface polarizatioR3® is necessarily modified bB as
well as, in return, bulk polarizatioR?“(B) is influenced by
a change irP2°. We assume that these effects are small and
we will consider thatP3” does not depend oB and that
further calculations on bulk nonlinear coefficients are not
modified by P4“. In our model it means that the volume
Mraction may be modified by an adsorption phenomenon but

does not change witlB. For clarity and in spite of their

allowed: the experiment will determine to which svmmetr different nature, we represent the sum of bulk and of surface
' P y ycontributions in the same contracted matrix with circles and

group the “colloid-cell wall” system belongs. Surface polar- _ . . .
ization P2 arises from particles adsorbed on the fused S”icémangles, respectively:
input and output faces. If thermal effects are neglected, their

Actually, in curve D) which corresponds to a tilted po-
sition of the cell (,=40°, we observe a signal &=0
which does not arise from noise. Bt=0, no bulk polariza-
tion P2°(B=0) is expected in the limit of the electric dipole
approximation. In the “colloid-cell” system the only places
which do not exhibit any inversion symmetry, are the
“colloid-cell wall” interfaces and a nonlinear surface polar-
izationPZ® can appear on theA?®?°As the fused silica cell
walls have an amorphous glass structure, the minimal sy
metry group of the “colloid-cell wall” system i€, . Larger
groups, such a€., , which haveC,, as a subgroup, are also

magnetic moments bound to their crystalline frames make A A
with the cell normaln an angle# which corresponds to a 20
L . , : ) <o >=1. . .
minimum in the interaction energy between particles and the Total [(S+O).
glass surface. They are displayed in @aaxis cone. Two —o o

limit cases are noticeable: #=0 all the magnetic moments

are parallel ton and if #=90° they lay in the cell plane The only nonlinear term common to both phenomena is
without any privileged orientation. The study of the collec- (a’2%, .2 and it is in fact the element for which we have
tive behavior at finite temperature of particles at the interfacexperimentally evidenced a nonlinear contributionBat0

is beyond the aim of this paper. [measurement for a tilted cell a&,=0° and ¢,=40° pre-
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250 FIG. 5. Second harmonic generated intens$fy for different
] (b) incident polarization directions in the configuratigy=0° and for
] ° an applied magnetic field of 0.15 T. Experimental data and the
200 . - ° © best-fit curve are presented.
a w\2
2 150 2 » (Ej )
5 . ) PL/(B)=(a’ w(B)>Q sin2y, ,
g -1 x : x . " . x *

3 100 4 — " . . * (D) E being the real amplitude in vacuum of the input funda-
= ] mental electromagnetic field, its corresponding output sur-
501 face component is obtained froﬁif" by a rotation ofz/2

] aroundy’ for a particular valud, of B, whereBy is a virtual
1 — magnetic field corresponding to the particle binding energy
0 0.05 0.1 0.15 0.2 0.25 0.3 to the glass wall:
Magpnetic field (T)
2
FIG. 4. (a) and(b) Second harmonic generated intensityBvior Pswy output_ = (' (Bo)>9 sz( Yot

all the four independen&®,B) direction configurations.
(A) &, 0,=6,,=0° k is a length dimensioned constant which can be seen as the
ratio of a surface particle concentration and of a volume
(B) A, 6,=45°, 6,,=90°, [ ¥,=0° particle concentration. If, as assumed, particles orientated by
(¢ O, 6,=90°, 6,,=0°, B and byn,, had the same characteristios,should be a
(D) X, 6,=0°, 6,,=90°, ,=40°. positive constant and this would lead to a substractive effect
because of the angle/2 in the above expression. Complex

The plots correspond to the measured intensftyunder normal  Pulk and surface contributions are summed in the output gen-
incidence[curves @), (B) and ()] and to1?“ divided by the erated SH electromagnetic wave c’:lmplltuﬁéut g Let
factor (2 cosy, sin ¢,)? [Eq. (B3)] under oblique ongcurve D)]. Hopique D€ the complex proportionality coefficient for the
In the latter case, the detected intensity is very small but is dividedulk contribution(Appendix B andHg be the similar coef-

by a weak factor. For a better understanding, experimental data afgjent for the surface contribution iE2” , which can be

presented together with the best-fit curves, calculated with an effeqNrltten as out y
tive magnetic field taking into account the magnetic interactions
between particles. 20
p Eout y' [HOb|IqU€<aI (B)>Q
. . . 12 ( Ir‘l)2
sented in Fig. &)]. It is the reason why SHG &=0 has not —kHg(a'%6(Bo))a] o sin2y,,. (10)

been seen in three configurations among f&gs. 4a) and

4(b)]. Reciprocally the observed lack of SHG at aByin  This wall orientation hypothesis will be compared with the
geometries which correspond to zero elements{céfrotal) experimental results.

proves that nonlinear combinations of surface and volume

particle orientations are negligible. D M i ticle and tic fluid i
After a first assumption about the constancyﬁﬁm ver- - Magnelic paricle and magnetic Hiuld symmetries
susB, we can try to find a link betweeR 2 and the non- The uncertainty about the bulk contribution corresponding

linear bulk polarization. As we have already assumed thato the(a’z“’)g term in curve(D), is large but this term is
N, Plays the same orientating role for surface SH@dsr  undeniably nonzero. The fact that’ 3%s),’ is also nonzero
the bulk one, tensors are similar for both phenomena. As thproves that the magnetic fluid symmetry is @y, butC,, if
bulk SH polarizationy’ component is given by the colloid is orientated by a glass cell wall. Surface and bulk
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SH analyses converge to establish that ferrofluids, whos€omplex factorsH;;c do not depend very much anj,k and

particles are orientated in a favored direction, are invarianbn the magnetic field strengithppendix A). They can be

under aC,. symmetry group without any reflection plane factorized in the above expression so that the nonlinear sus-

invariance. This agrees with our model in which no assumpeeptibility d will be used further instead of the effective one

tion is made about particle symmetry properties. From EgD. As it will be seen further, our experiments lead us to take

(6), it simply proves thata?9#a3%: in the case of &C, d,, terms as complex quantities which is often forgotten

symmetry of the particle, th€,, symmetry is not observed. because it is rarely proved. As our setup exhibits a slightly

If the particle has no particular symmeiity=1), one can see different response ate2for vertical and horizontal polariza-

it as a rock for instance. tions, the measured intensity takes the following form with
The Kleinman conjectuf@which applies only for lossless the experimental transmission fac@#0.75:

media, would provide additional relations between polariz-

ability tensor elements and far' 52, we would have

)’ d
120 _ 120 _ 12w Irznziaw.o): in |H|2
0

2
24 .

— g sirf26

Qg =« 5= 36 €o g @

These relations, joined to those arising from @&gsymme-
try [Eq. (5)] of the medium, would imply that +

2
}. (11

d d

=2 sirfg,+ —= co,,

€o €0

(a’ﬁ’)9=<a’§§’>9=<a’§§ o=0.

: .. The least-squares-fit value found fia;4/ds,| is 0.91+0.04

Therefore theC,, symmetry of a medium can be distin- . 33 =32

guished from &C.., symmetry by SHG measurements only aLO.lF;O;I' (;gg g%e I?E)htafllsre dIl?;eren:e:)betW(;:T:andr32davr\nlﬁihd:;ﬁ

in the case of a strong optical absorption. It is the case of T -0). BOtn TESUlLS can be compare ose

ferrofiuid ath=532 nm. Obtained _by the statistical study in the fourth part of the
paper which aréd;y/d;;|=0.93+0.02 ands=147° which is

indeed larger than 56.6°.
I1l. BULK SHG MACROSCOPIC ANALYSIS

In a first step, our model can be tested in its macroscopic ;¢

symmetry aspects. More precisely, the SH intensity mea- * (@)
sured in geometries in which only bulk effects take place, is 180 -
compared to formulas arising from E@). The symmetry of
the system can be proved and numerical relations between - 150
some of thed;,, elements can be evaluated and then com- § 120
pared to values given by the statistical study in the fourth 4
part of the paper. £ 909
3 ]
A. SH intensity analysis as a function 60";
of input polarization direction 30
Two kinds of experiments are done: in both, the incident 05 N ,
beam direction is perpendicular to the cell plaiye,=0°) _ 20 0 20 40 60 80 100 120 140
and the applied magnetic field strength is fixed. In the first 0,,, (deg)
one (B=0.15 T), the SH intensity is measured without ana-
lyzer, by varying the angle, between the incident wave 100

polarization direction and the applied field, as it is shown in (b)
Fig. 5. Using Eqs(Al), (A3), (A6) of Appendix A and the
definition relations 1 ©=(1/2)Seoc|EZ)? and

| 20=(1/2)Se,Cc|E29? for the input and output powers in
vacuum atw and v, the second harmonic generated power
measured at the output of the cell fgr,=0 is written as

208)° [|Das
SSOC

2
sinf26,,

12® (arb. units)

12(6,,0) =

€0

D D
£ sirtg,+ —= cof4,,
€p €p

+

z] ] .
. O ] T T T T T T

. . ) ] 0 50 100 150 200 250

S is the laser beam cross section in the sampjeis the 0., (deg)

vacuum permittivity, and is the light velocity. The complex

termsD;, are Qeflned as the product df, and O,inJ'k , the FIG. 6. (a) and(b) Polarization analysis of the second harmonic
latter accounting for the Fabry-Perot effects in the sampleyenerated intensity?” in two configurations{a 6,=90° and (b)
magnetic field birefringence and dichroism effects for they —45: g, is the analyzer direction with respect to the horizontal

different configurations of polarizatiofsee Appendix A plane. The applied magnetic field is 0.2 T.
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B. Ellipticity of the generated SH wave ponent due tal,, appears which is not in phase with ttg,

In the second series of experiments of this macroscopi@nddss horizontal one. No wonder that an elliptic polariza-
analysis, the SH intensity is measured as a function of th&on be clearly foundsee Fig. 6)]. The output SH intensity
analyzer directiors,,, for a fixed polarization directiod, of ~ takes into account three different anglés:and 6,, which
the fundamental wave and a fixed magnetic field strengtf@re already definefFig. 2) and 8 which expresses the slight
(B=0.2 T). At 4,=0° andd,=90° [Fig. 6a)], the SH wave lack of horizontality ofB due to its nonhomogeneity between
is linearly polarized parallel ta’ [Eq. (8)]. For an oblique polar pieces. The measured SH intensity is writter] .
polarization direction ab (6,=45° herg, a SH vertical com-  (8)]:

12940, ,0,=0,8,0,,)~(g COF by, +SirPO,,)| (D8NP0, + D 35c08 6,,) COS 8, — B) + D g8in 20,,SiN( 8,,,— B)|°.

It can be identified to a Fourier expansion 6y);: gence contributiori with the 10um-thick cell, an approxi-
5 mative birefringence of 810 2 for the sample used at 0.2 T
| mes=a+b cos2 6,,+ ¢1)+C cos4 0,,+ ¢5). gives at most a dephasing angle-o84° (its sign being still

The lack of horizontality o is critical in this experiment unknowr). Then one must con5|der_ thig,, terms as complex
because the analyzer is rotated at the sample output. It hé{glues. The determination ¢fl,s| with res_pect o the oth_er

not to be considered in the other experimeffiigs. 4a), eeme_nts is not a_lregdy _d(_)ne becauge it ngeds a conthuous
4(b) and 9 since a 7° slope oB gives only a 1.5% admix- variation of_:pw which is difficult to achieve with our experi-
ture between thels, and dg; contributions[Eq. (11)]. The ~ Mental device.

values ofa/b and ¢, are obtained by least-squares fits on the

Fourier expansion of the experimentgf’ curves[partially

presented in Figs.(6) and Gb)]. They are given in Table | IV. VALIDITY OF THE STATISTICAL MODEL
for three experiments in which the parameté;+p), the AND DETERMINATION OF THE SECOND-ORDER
really measured angle, is equal to 0°, 45°, or 90°. The quan- POLARIZABILITY TENSOR COEFFICIENTS
tities ¢ and ¢, are not given here since they give a weak OF AN INDIVIDUAL FERRITE GRAIN

imprecise contribution in the fitting.

The ratiosa/b and the angleg, are also calculated at 0.2
T for 6,+B=0°, 45°, and 90°, with the values of2* found model parameters
by the statistical study in the fourth part of the papEg. After this macroscopic study, we can, with our statistical
(128]. The macroscopic and the statistical studies give exmodel, get information about the individual particles sus-
actly the same results in the three configurations with a laclpended in the fluid, which is the main goal of this paper.
of horizontality of B~7°. The comparison between these two There are two possibilities to obtain the values of the second-
methods are led more precisely féy+B=45° because in order polarizability tensor coefficients for one particle: the
this geometry SH polarization is elliptic and the relative first one by considering the nonlinear effects at saturation;
phases of three complex polarizability tensor elements plathe second one by verifying the theoretical laws implying
an important role. In this configuration, the values found forLangevin’s functions, through their fitting to the experimen-
a/b and ¢, are used to adju$Eq. (12b)] the values ofz2®  tal results shown in Figs.(d and 4b).
given in Eq.(123 within their uncertainty range. This en- If the fluid is submitted to a high magnetic field, all the
hanced precision comes from the complementarity of the twgrains tend to align parallely to the field and, by selecting
measurements. Experimental valuesasdb, ¢,, and 8 (8  input polarizer and output analyzer directions, we have a
=7.2°+0.3°) are found with a global accuracy of 0.5%. The direct access to the moduli of the three nonlinear coefficients
y’ and thez’ components of the SH electric fields at 0.2 T of the particle[global terms(a22+a3%), (a2$+a39), and
are found to be dephased of an angle-79.2°. This phase «a3%] according to Eqs(7). These values are determined by
difference cannot arise only from the MF optical birefrin- the saturation level of curve®, B, and C, respectively

shown in Figs. &a) and 4b). The direct determination of

TABLE |. Values of the paramete/b and ¢, determined by  (a32—a?2%) from the saturation level in curveD() cannot be
least-squares fits of three experiments of polarization analysis. Twgade because the surface polarizatmfl” must be taken
among three of these experiments are presented in Figeafd  into account and is not known with this method. In our de-
6(b) wit_h their least-squares fits on a second-order limited Fouriekjjce the highest homogeneous magnetic field we can apply is
expansion. 0.3 T and we will suppose, in this first step, that the values
measured at 0.3 T are saturation ones. Results are given in

A. Relative determination of the extended Langevin-like

OutB #1 a/b-SH polarization arbitrary units, which accounts for the coefficient
0° ~10.83° ~1-almost linear [2(1§)°®?/Se o V?]|H|? coming from Egs.(3) and (11) and
45° 5.00° 2.10-elliptic for the detection device gain. An error of 5% has been taken
90° _556° ~1-almost linear into account on the SH intensity values which gives a 2.5%

error on the three following amplitude-type terms:
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022+ 29| =0.46+0.01 arb. units given in Eqs(12g within their uncertainty range is made by
T ' T comparing these results to those obtained by a polarization
7| @37+ a33]=1.00+0.02 arb. units, analysis[Fig. 6(b)] and it gives

|24 =0.98+0.02 arb. units. _
Hahe+ a5y)=0.51e'"%2 arb. units,
A better method consists in comparing the complete ex-
perimental data set, obtained for all values of the applied 1(a?+a2¢)=1.01 arb. units,
magnetic field strengtfFigs. 4a) and 4b)], with the theo-
retical curves given by Eq<3), (6), (A4), (A6), and (11
under normal incidencésee Appendix Aand Egs(3), (6),

(B.?’)' (B4), and(B5) under obllqg_e one&sge Appendix & In Two comments can be brought about the first two values
this case, Eq.(6) .must,ztle modlflgd to include the constant ¢4 in Eq.(128. First the phase sign dfL/2)(a22—a??)
surface contributiofa’s"s)o: which has already been dis- yemains undetermined by our technique. Second an identifi-
cussed: cation of the modified expression ¢&'52),, with that given
(@220 =1(a2— a29)Ly(a) +(a' 229 ttg %L(j:]r gz(a)l)l, (i)rrrforl]i?stetﬂaTOdel for surface SHG and expressed
with a= uB/KT. This complete comparison is more reliable
than using measures made at a doubtful saturation level. This (a'éaﬁ Q’ kHg
is achieved by fitting simultaneously four different functions (112 (28— a2 == Hob“quel—z(ao)
to the experimental data given in the four curvég,((B),
(C), and @) shown in Figs. 4a) and 4b). This global fit-  with ag=uBg/kT. Hg, Hopjique, &, @anda, are dimensionless
ting, done according to the nonlinear Levenberg-Marquardtuantities. In this relatiom anda, are unknown but there is
method, is needed by the fact that some parameters appearelation between the phases of the different elemaraad
simultaneously in different functions to be fitted. It is also anL ,(a,) being realH i is defined in Appendix B and its
opportunity for finding complex values of th@ﬁ;” param-  phasedg is equal to 0.45% 27 rad. A formulation ofHg can
eters, one of them being arbitrarily chosen as real, and fobe made from Ref. 29 by taking the cell thickn€&8 nm)
bringing a great precision into the final results. As theand the phase mismatcfsee Appendix A into account.
(1/2)(a32— a39) parameter is only coupled tar'3%s), and ~ When SHG arises only from the cell output face, its phase
vice versa,(a’'%%s)q can also be chosen as real. The fol- ®s is equal to —1.783x27 rad. If Eq. (10) is valid,
lowing nine parameters have to be determined, the real andPs—®g+7*=1.99)/2r should be an integefthe value
imaginary parts of(1/2)(a32—a?%), of (1/2(a2¢+a3%) and  1.99 coming from Eq(123]. Effectively we find —1.783
of a3%, the real parts of1/2)(a39+a33) and of (a'$%0)q/ —O.454r|—0.5—-1..99/2n'.=—2.054, which is a mark in favor qf
(their imaginary parts being zero by hypothesisd u/kT. ~ our hypothesis in which the cell normal plays a role similar
The first seven parameters are weights for Langevin's functo that of a magnetic field.
tions L;(wB/KkT) and L,(u«B/kT) and the last one is Lan-
gevin’'s parameter divided bB. An additional parameteg B. Absolute evaluation of the nonlinear coefficients
accounts for the different transmission factors of the second The SH intensity generated in the ferrofluid under mag-
harmonic separator according to the SH polarization direc-

. . I . netic field is too weak to be measured with a power meter
tions (it concerns the transmission factors of the experimen-

tal device, external to the nonlinear matexialhe same and using a photomultiplier is necessary. In order to obtain

506 error is estimated on the SH intensity data for the ﬁt_zlal,uz(‘eus in Sl units for the macroscopic nonlinear coefficients

ting. The very good agreement between the four theoretical®im )a we use a calibrated 482m-thick bulk GaP sample

curves and their corresponding data set proves the validity oquented normally to the111) direction, of effective coeffi-

our Langevin-like model. The cobalt ferrite particles used inCieNt degr gad€o=2/6x1.0x10™*°m V™ at 1.318um*

a3$=1.01'2%1 arb. units. (12b)

our experiment are then characterized by This sample is adequate for a comparison since its absorption
coefficients at 532 nm and 1.Q8n are comparable to those
(a'3%9 0 =(0.67+0.03 arb. units, of our magnetic fluid. Let 2, .,.be the measured SH inten-
sity for the magnetic fluid sample an¢f® for the GaP one.
(a2l —a2¥)=(0.72+0.10e* (199017 arh ynits, For the magnetic fluid sample, the experiment is done under
a 0.3-T field considered for simplicity as the saturation level,
(a2 + a5y)=(0.49+0.02€ (0525009 arh. units, and for §,=90° and,=0°. These measurements are very

imprecise for both materials and lead to the ratio
339+ a3y)=(1.04+0.10 arb. units, 20
) out sat_ _5
a39=(1.02+0.04e >6005 arh. units. (129 20— (1.14% 0.42 %10 13

out

These results are actually obtained by an effective magnetigng from Eqs(A5), (A6), and(11), we have

field modef? which will be presented at the same time as the

value found foru/kT since it depends strongly on this cor- ds E12

rection whereas thaﬁ;” coefficients are almost not affected Fat _ \ /j w“ (14)

by it. A more precise determination of the last three terms deff Gap [H[Z 1766
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V. GEOMETRICAL ASPECTS OF THE MAGNETIC
PARTICLE AND ORIGIN OF THE SHG ACTIVITY

The dimensionlesE’ factor, accounting for the Fabry-Perot
effects in the GaP sample, is already known from Ref. 33
(F'=0.0061); the value|H|?>=8.60 concerns the MF sample
contained in the fused silica cell and is proportionalRo
(analogous factor for the ferrofluid to the factet, defined Moreover, the same fitting gives a value for
for GaP, see Appendix A|H|? is larger tharF’ because the the ratio w/kT. Our model takes into account the local
refractive indices ai and 2v are very close to each other in magnetic field which results from the magnetic interac-
our magnetic fluid. The SH susceptibilities of the magnetictions between particles by an effective fieRL; which

A. Particle size

fluid determined from Eq43), (6), (123, (13), and(14) are

d25sa
|- (3.85£1.99x10°® mVv1,
0

dSZSal —15 -1
—=(5.59£2.09 %10 mV 1,
0

dy

4sat

— =(2.64-1.29 10 15!(0:520.04 1y /=1
0

d
zasat: (5.45+2.73 X 10~ 15i(261:0.05 3 /=1
0

(15

An effective nonlinear coefficient of the bulk material can

be defined asdiy, py=din/®. For instance, theds; pu,

value can be compared to that @i g, from Eq.(14) and
with ®=6%:

da2 pui, = (112 0.4 X 107X deft gap-

The dj, bulk value, at the saturation and in the lidit=1,

is larger than the measured onguB wkT=uB/kT
+ N oMe® (/K T)L 1 (uBgi/kT)].3% This correction is justi-
fied here by the important particle volume fractidn\ is a
dimensionless parametéx=0.22 from Ref. 32, mg is the
particle magnetization at saturation equal to XQ8° A/m
for cobalt ferrite particle$® The ratio u/kT obtained from
the fitting presented in Figs.(@ and 4b) is w/kT=323.0
+16.7 T 1. The magnetic momeni depends omg and on
the magnetic diameted of the particle, as follows:
u=mgm(d/6). The temperature of the sample in the laser
illuminated area lies between 300(Koom temperatupeand
373 K (boiling-destruction temperatureln this temperature
range, the value obtained fu/kT leads to a diameter of
21.1+1.1 nm for the grains.

In our model, the particle size is monodispersed but usu-
ally the magnetic fluids are supposed to obey a log-normal
distribution®* The mean size of our particles, determined by
X-ray measurements, is 14.1 nm whereas the values of the
most probable diametet,,, and of the standard deviatian
of the log-normal distribution, determined by our static bire-
fringence measurements according to the technique given in
Ref. 35, are, respectively,;,;=11 nm ando=0.3. The mo-
ment of the size distribution in a SHG experiment depends

corresponds to an almost “dry magnetic fluid” and is not ©n the magnetic field strengtiweak or at saturationand it

very far from that of many well-known SH generating crys-

tals. For example, the nonlinear coefficiadit of KH,PO,
(KDP) (Ref. 33 is only about six times larger than thg,
bulk one at saturatiofEq. (15)].

also depends on the origin of SHG in particlesilk or sur-
face process From Egs.(3), (6), (A6), (11) and the latter
hypotheses, the size distribution moment is found to range
from O to 12. If we take the highest value for the distribution

In spite of theds, bulk value, the actually measured SH moment, the log-normal polydispersity model gives from the

intensity is very small. Considering the '[ermgSat directly
determined from Eqs(13) and (14), the conversion effi-

ciency in vacuum and at the saturation level, defined a:

Pea=1 2% <l &, is given by Eq(25) in Ref. 33 and Eq(A5):

2l
psat:SS_OC
wherel {; is the peak power ab (I»=125 kW) and S=0.2

da, |2
2“‘"“) |H[2=2.2x10"13

€o

mn?. The smallness of the conversion efficiency enlights the

difficulty to measurd 2% and the problems to eliminate the

important infrared incident beam in the detection device.

above static birefringence results a 20.7 nm diameter which
is in rather good accordance with the size found by the SHG
experiment. However, if the distribution moment is smaller
than 12, it is possible that the sample contains a more impor-
tant proportion of large particle®r aggregatesthan in the
log-normal distribution, which would favor the SH intensity.
With magnetic fluids, such a problem has already been en-
countered in dynamic birefringence measureméhts.

B. Lacks of symmetry and structure of the particles

Some hypotheses can be presented about the origin of the
nonlinear polarizability of the particle but before, let us re-

For further studies about the particle origin of SHG, wesume what we know about the symmetry of this tensor. First,
give the values of the second-order pOlarizabi”tieS CalCUlateﬁhe properties of the Sing|e partide of our model are actua”y
from relations(3), (6), and(15) and from the ratios between the averages of the properties of all the real ones with iden-
best-fit coefficientgrelations(123]: tical crystalline lattices. Point symmetry groups including
improper rotations cannot be obtained at the end of an aver-
aging process on a symmetryless particle because it is the
result of proper rotations only. Conversely, as a ferrofluid
under field cannot be centrosymmetrical because of its SHG
activity and, as &£., symmetry and not &, one, is experi-
mentally observed, it proves, for the single patrticle, two dif-
ferent lacks of symmetry versus improper rotations, the first
one being the noncentrosymmetry, the second one being also

a3l —a29|=(0.83+0.43 10 % JnP V=3 (16
a9+ a59)=(1.21+0.44 X108 JnPV 3,
(e384 a39)=(0.57+0.28 X 10~ 4%/ (052009 3 Py —3

a35=(1.18+0.59 x 10 4%!(26:0.09 3 pp =3,
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called chirality. Some of the characteristics of the particlecolloid under an applied magnetic field, is therefore due to
can be guessed from those of the intrinsic averaged polarizhe difference of the contributions of these two types of
ability tensor. It is worth noticing that, at first sight, a con- population, one of them dominating. £ had no other cor-
fusion is often made between this intrinsic averaged tensarelation with the particle atomic structure than of being
and an ill-defined “averaged radius particle” which would bound to the particle core crystal lattice, there should be as
in fact show a cylindricalC..,, symmetry. In short the intrin- many particles with a precise atomic structure as with the
sic averaged polarizability tensor is not centrosymmetricamirror one and this would give a zefe’3%), value. In this
and exhibits aC,, symmetry. Magnetic crystalor poin) case a weak nonzero value fiys could be observed in the
symmetry groups are not used here, they would bring no newase of an unlikely population fluctuation or if the electronic
information. asymmetry due to the particle magnetic moment is no more

If we go into the origin of SHG more thoroughly it is negligible. Both assumptions seem unable to account for the
better to discuss now the nature of the real particles rathenagnitude of(a’2%),. The atomic structure of the clothed
than that of the model one. If individual particles were justparticle is therefore correlated witje which entails its
pieces of perfect cubic crystal, their SHG activity could only chirality property. The magnetic momentmay bring asym-
arise from an asymmetry of their shape which would breakmetric distortions in the core, in the boundary zone or in the
the centrosymmetry of the bulk spinel ferrite structure. Thecovalent bonds. The origin of this correlation could also arise
particle surface is effectively known to be “rocklike.” from the particle synthesis process; in fact however small the
Moreover two extra observations weaken this assumptiorparticle may be, it is already a magnetic monodomain and
First it has been seen that the boundary zone of the particle the atoms or molecules which stick to it during the synthesis
nonmagnetic, which is a sign that the spinel structure igeriod, feel the magnetic field created by the magnetic mo-
modified in it?® is this zone amorphous or only ill- ment of the “young” particle?? Another possibility is to
crystallized? Second the citrated particles we use are clothezbnsider aggregates of particles whose existence has already
by electrically charged molecules, which ensures the repulbeen encounterefi.In this case the “particle” studied by
sion between particles and therefore the stability of the colthe statistical model would be the aggregate itself. The lack
loid. This complexation due to covalent bonds between eacbf symmetry which is discussed above could be due to the
particle and surrounding citric acid molecules may introduceposition of the particles in the structure of the aggregate.
asymmetries! These two facts may also contribute to some The same reasoning can be followed for the observed lack
lost of symmetry for the whole system. of inversion symmetry of the magnetic fluid under an applied

The former considerations which deal with the ability for magnetic field. If certain values are found féa’'3%),,
a particle to generate second harmonic, provide no informata’3%),, and{a’'2%), after a rotational averaging on a sym-
tion about its magnitude. If particles are made up of threametryless particle, the particle obtained from the first one by
parts, a semiconductor crystalline core, a boundary zone arah inversion, provides opposite values {ef3%),,, (a'3%)q,
an outer molecular shell, the separation between surface eénd («'5%),. We find a similar conclusion to the one ob-
fects given by discontinuities in the elecffié®or magnetic  tained for chirality: there is a correlation between the atomic
properties’ and bulk effects cannot be achieved in suchstructure of the real particles and their magnetic moment
small systems. Particles must be considered as a whole afdhis correlation entails also the noncentrosymmetrical prop-
the role of quantum confinement cannot be overlooked. Irerties of the averaged particle even before the rotational av-
these quantum confined nanostructug@santum dots the  eraging and the noncentrosymmetrical properties of the fluid.
magnitude of the second-order polarizability depends on the
potential asymmetry which can be affected by confinerént.

CONCLUSION
C. Origins of the asymmetries

: . Second harmonic generation in magnetic colloids is made
of the particle nonlinear averaged tensor

possible by applying to them a static magnetic field which
Knowing the different locations in the particle where breaks their fluid isotropy. We measure the macroscopic
asymmetries could appear, a question still remains withoutonlinear elements of the third-rank electric susceptibility
any answer: Why does the “averaged particle” exhibit suchtensor of the magnetic colloid and find that its symmetry is
an asymmetry whereas it seems reasonable to think that ti&, and notC.,, .
size and shape averaging process should destroy the asym-We assume that the microscopic origin of the second-
metries of the real particle even before the orientational averder polarization of the medium is located inside the mag-
eraging? The two observed lacks of symmetry will be con-netic particles and that the magnetic field orientates the par-
sidered separately. Let us begin with the lack of “verticalticle magnetic moments, bound to their crystalline frames, in
plane” symmetry. A symmetryless real particle gives for a favored direction. A link between the microscopic polariz-
(a'%%))ll,, after a rotational averaging around a nonzero ability and the macroscopic SH susceptibility which becomes
value. The symmetrical particle obtained by a “vertical” nonzero by a Boltzmann’s statistical effect in presence of a
mirror plane keepingu, gives for(a’%‘g))w, the opposite value magnetic field, has to be found. We propose a Langevin-like
if purely electronic asymmetry effects arising from the par-model in which all the particles are identical and indepen-
ticle magnetic moment are neglected. Therefore in this casedent. The identity of the particles arises from a first size and
measured nonzero value fal,; proves that the particle shape averaging of the real particles with identical crystalline
population, giving a positive value fdu’%‘g’)w is not equal lattices. The statistical calculation of the nonlinear suscepti-
to the particle population giving a negative one. The chiralitybility tensor components as a function of applied magnetic
observed in the second-order susceptibility of the magnetifield strength and temperature, takes into account the three
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degrees of freedonfi.e., Eulerian anglgsof the particle. sions. We also thank P. and M. Gadenne for the use of the
Among the nonzero susceptibility components, four of themspectrophotometer Cary 05 for absorption measurements.
are independent. One would vanish fo€a, symmetry; it is

the signature of an average chirality of the particles and is APPENDIX A: CALIBRATION FORMULAS
ruled by the even second-order Langevin function of the EOR BULK SHG IN A LOSSY MEDIUM
Langevin parameteB/KT. The other three independent UNDER NORMAL INCIDENCE

components are the sums of a saturation value term,
weighted by the first-order Langevin function, and of a cou- One of the goals of this paper is to characterize the par-
pling term weighted by a combination of first- and third- ticles through their nonlinear polarizability coefficients. For
order Langevin functions. These three parameters are od#at purpose, we propose the following treatment in which
functions of the Langevin parameter. The saturation value¥e use the inpuEf and the outpu€Z; electric fields in

of the susceptibility tensor elements are deduced by simplgacuum which are the only observable quantities. We restrict
volume proportionality relations from the polarizability ten- the following presentation to experiments in which the inci-
sor elements; the coupling term arises from the orientationsfent beam has a normal incidence on the @&J/=0°). Ap-
disorder of the particles at low magnetic field. pendix B is devoted to the study of the general dagg*0).

The parameter values of this model are fitted simulta\With the notations defined in Fig. 2, the components of the
neously to four independent experimental SHG intensityncident electric field at» and of the output one at2are in
curves as a function of the applied field intensity. The cou-~acuum:
pling term due to the colloid orientational disorder enables us

0] _ 20 —
to even determine the relative phases of the complex values Ein x =0, Eout x =0,
of some particle polarizability tensor components. It makes Ei‘; v = E;, sinf,, and Egl‘]’I g (A1)
this determination very precise. The validity of this E® =—E® cosd g20
Langevin-like model is not only proved by the very good in-z" - in @’ out 2!

consistency between theoretical curves and data but also We consider the SHG in a plane-parallel plate of lossy ma-
other observed angular characteristics of the output SH beaterial in the case of normal incidené&We use the transmis-
such as its ellipticity. The statistical determination provides asion factor defined in Ref. 33, taking into account the mul-
value for the size of the magnetic particles which is consistiple reflexions of the beams ai and 2v in the nonlinear
tent with values found by other techniques. Moreover a surmedium. It is needed in the view of a calibration of the
face second harmonic generation phenomenon is experimeaxperimental SH intensities for magnetic fluids with respect
tally evidenced for an oblique incidence of the laser beam. Ito a reference sample. In our case, one needs to calculate it
seems that the magnetic field orientating role should be rewith the fused silica as input and output media. We neglect
placed by that of the surface normal but a general studythe plane-parallel plate effects in the glass cell so thai the
similar to the present bulk one, has to be done. In particulacomponents of the incident electric field in the fused silica
the energetic aspect of the link between the magnetic particlmediumE&; and of the output on&2% . in vacuum are
submitted to a static magnetic field and a surface should bgritten as

interesting.
Some hypotheses about the origin of SHG in our particles, EEi=Ejn; t*
the last step of our work, are expressed from considerations
about the point symmetry group of the MF under static mag- ng;t = Eé‘“i t2e, (A2)

netic field. In our statistical orientation model, the identical " " -, e e
particles must be noncentrosymmetrical to exhibit a bulk SHvhere t°=2/(1+ng) and t**=2ng"/(1+ng") are the
polarization: the lost of their symmetry arises from theirF_rfasneI transmission cogfﬁments between vacuum and the
shape but also from their atomic structure which is not thafs'lz'ca cell at the frequencies and 2, respectivelyng and -
of a ferrite crystal because of size and surface complexatiof &" are the refractive indices of_ the fused silica cell contain-
effects. Moreover, the magnitude of SHG may be connectelf'd the sample at the frequenciesand 2v [n=1.4493 at
to quantum confinement properties of these nanostructures;064#m andng”=1.4604 at 0.532um (Ref. 39].
Finally, it is shown that there is a correlation between the Under an applied magnetic field, the magnetic fluid be-
magnetic moment and the atomic structure of the particles;OMes optllcalsl%/ uniaxial, the extraordinary axis being paral-
the magnetic moment causing asymmetrical distorsions duf€! to the field:™ The angled, in vacuum corresponds to an
ing the particle synthesis period. An aggregation of particle@ngle 8;, in the nonlinear medium. If the laser beam polar-
may also play the same role as the particle synthesis step fé#ation is parallel to the principal axes of the ellipsoid of
the noncentrosymmetry and for the chirality properties of thendices, 6,, is equal to 0° or 90° and it is the case f@ too.
fluid. Let us define the ordinary and the extraordinary complex
refractive indices of the magnetic fluid atand 2o by n¢,
n¢, n2® and n2®, respectively. The ordinary and the
ACKNOWLEDGMENTS extraordinary SH wave vectokss” andk 2 in the medium

remain both perpendicular to the cell plane: from E@.

We are indebted to S. Neveu for prowdlng us with theand (A1), we see that the three componentsP4f are gen-
ferrofluid sample and for doing the corresponding x-ray mea-

2w 2w . .
surements, to N. Piccioli for the GaP sample, to P. Leper?rally nonzeroP,, gnd Py’ corresggndmg o the orgllnary
and J. Servais for technical assistance, to Bror M. Heegaardart of the SH polarization vectoR;," to the extraordinary
V. Cabuil, A. Levelut, and Yu. Raikher for helpful discus- one. Pif” is a nonpropagative component. The electromag-
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netic radiation at & is generated by the componerﬁ§$‘ tude. With the above values, the coherence length is about

=P2° and P2"=P2* of the SH polarization vector perpen- 8-8 #M when absorption is neglected.
dicular to the SH wave vectors2® and k 2 4% With the The temperature in the laser impact area cannot be evalu-
o e -

notations defined in Fig. 2, the,, symmetry of the magnetic ate_d. Sample temperature ranges between 300 and 373 K and
fluid yields the output SH electric field in vacuum: F is calculated with the_ real_ part values of the refractive
indices at 323 K and the imaginary ones at room temperature
(the imaginary parts appear b only as a small difference
E3% Ozzﬁ‘ HoocEin oEin e which does not change very much with temperatufighe
&o value of|H|? is then 8.60 ford=10 um.
In the view of an analogy with Eq(l), we define the

o O3 © ds3 ® i i i i ibili i-
Egut = o Heoo E® 0)2+ o Heed EY e)2, (A3) i(i)(lalgglr;i effective nonlinear electric susceptibility coeffi
where, in these normal incidence experimentstands for D..=d..H (AB)
m mmtt

y’ ande for z'. The dimensionless factdt; is given by

Eq. (A2) and a generalization of ER2g of Ref. 33. Trans- D,,, are complex guantities as it is shown by a polarization
mission factors, birefringence, and dichroism effects for theanalysis(Fig. 6). It comes from the Fabry-Perot effects in the
different configurations of polarization are includedHr, .  sample cell(dimensionless complex factét) and from the
We give, for example, the expressiontef; for an incident fact thatd;, coefficients can be complex. FrofA3) and
field at w ordinary polarized, the output beam ab being  (A6), one obtains the following calibration expression:
either ordinary 0) or extraordinary €) polarized(i=o0 or

e): ® D O
Egut i~ SI: (EinEin m-
2[exp(—iked)/(n2+nQ)]?

. 2 2
[1-Rgexp( - 2ikgd)*(nf“+ ng” APPENDIX B: CALIBRATION FORMULAS FOR
n29(14RY) 4 n2(1—RY)  2(R)12 BULK SHG IN A LOSSY MEDIUM
ey - (A4) UNDER OBLIQUE INCIDENCE
(ni ) _(no) ni

Higo=— (t(u)ZtZw

_ N o v o ora2 o v " This appendix is devoted to the transmitted SH intensity
with Rg=[(ng—ng)/(ng+ng)]” andkg=ng(w/c). Rg  at the output of the cell, in the case of an oblique incidence
denotes the energy reflection coefficient between the glasss the laser beam on the sample. This oblique incidence is
plate and the magnetic fluid for an ordinary polarizatioff, eeded to determine the nonlinear tete'2¢), and in-

the ordinary wave vector ab, andd the nonlinear material \qes refractive and birefringence effects. This term in-
thickness. The square modulustdfy is equal to the product 120

L . cludes a surface contributioms%: due to the tilted cell. In
of transmission factors and &;, accounting for the Fabry- S25

- , . : the geometry useFig. 2), the magnetic field is still par-
Perot _effects inside the sampl_e and deflr!ecbas Ref. 33 in allel to the cell surface anl andk® remain perpendicular to
the simple case of a nonlinear medium surrounded b

o . ; ¥he rotation axig0y') of the cell. The treatment of birefrin-
vacuum. For the foo™ configuration, gence and dichroism is therefore simplified because the
[Higol 2= (£2)4(129)2F, (A5) plane of incidence contairB which is parallel to the revo-

100 100 lution axis of the ellipsoid of indices. Ordinary rays are po-
larized perpendicularly to the plane of incidence and extraor-

tuations do not exceed the fundamental wavelength. Withouﬁin‘?ry lrays are péarallel pola_rizle(the n]?tatir?nso ande are
applied magnetic field, the complex index values of the mag®du'Vd ent tol. andl, respective y- But for the same reasons
netic fluid used are n®=1.3641-i0.0004 and @sin Appe_ndlx A, b|ref_r|ngen_ce and dichroism effects can be
n?®=1.3921+i0.0118. The real parts of the refractive indi- ne?/{/ected mhfront of IdlsEer?on elffectg. by Bloemb

ces are measured with a dispersion corrected refractometer, e can t en apply the ormuias given by bloembergen
and the imaginary ones with a spectrophotometer. The opt and Pershafiin the case of an oblique incidence of the laser
cal birefringence depends on the applied magnetic fiel eam on a nonlinear isotropic plane-parallel plate. They are

strengtf! and its magnitude is about five times smaller thanSti” vallid if absorptilon effects, important in cobalt ferritg
the very small dispersion term?®— n® which appears in the ferrofluids, are considered. At the boundary between the lin-

denominator of theH,, factor. According to our measure- €&/ and the nonlinear media, two light waves contribute to
ij .

ments at 632.8 nm, the birefringence is almost independerif€ SH signal: one is the free wave of wave vedkdt,

of temperature and is equal to 0.0061 at 0.3 T for our sampldefracted in the nonlinear medium with an angtg, , and
However, its sign is undetermined. Knowing that birefrin- the other one is the forced wave of wave vectd”2
gence and dichroism contributions are smaller than the dig€fracted with an langl%, according to the expressions
persion one, we assume tifgj, andH;;, are independent of u_seq by Kleinmari! The laser peam mmdencg angle in the
the indices ,j,k; it is useless to give an exact formulation for ar is #,=40°. It corresponds, in the magnetic fluid, to an
Hice andH,,.. One can calculate a mean value FoandH angle of refractiony, =28.12° for the fundamental and the
for any polarization configuration and any magnetic fieldforced SH waves and t¢,,=27.51° for the free SH wave
strength. This approximation prevents us from studying théFig. 7). As the SH wave is generated all over the sample
phase mismatch as a function of the magnetic field amplithickness(10 um) and as the free one follows a direction

In our calculations of; , we assume that thickness fluc-
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v (o 2 cosy,
2 AIR °" cosy,+ngcospg
A I ;
i Yo { i GLASS w_ 2003,
® i B ¢ ngcosy,+cosg,
y' R
Lo MAGNETIC 2ng°cosys,,
v, j FLUID tg‘”: = ) (B2)
o —- ng’cosyg, +cosy,
P
o e
= ’ .( The refractive indicespng andn2®, and the corresponding
ou W@cﬁ%)me GLASS angles of refractionz,bew and e, refer to the fundamental
: Yo AIR and SH waves in the fused silica cell, respectivigge Fig.
LYy, 7). The SH radiation is generated by the three components of
' — Fundamental the second-order polarization vector whose ordinary and ex-
X' SH wave beam traordinary parts are
20 ®

20~ _ p2w
FIG. 7. Scheme of the cell: refracted rays of the fundamental P =P &,
and of the second harmonic beams inside the sample. Actually the 2

20 _ [0) 2w
MF thickness is 1Qum, much smaller than the glass of®emm). Po &=P, 80+ Py’ &

different from that of the fundamental one, the SH beam igvhere e are the different unit vector®3* and P3* are
broadened of about 0.km at the output of the magnetic €quivalent toP|'-> andP"S, respectively, in Bloembergen
fluid and finally of 9.5um at the output of the cell. It is and Pershan’s notatiofi§ The analyzer keeps only the SH
completely negligible compared to the width of the infraredfield generated be,i”. The SH intensity at the output of the
incident beam which is, in the experiment, focused outside otell (in vacuum) is given by the ordinary component of the
the cell to avoid sample destruction. SH electric field and from Eqg$3), (8), and(B1):

The experiment a#,,#0 is done ford,=0° and 6,,=90°
[curve D) in Fig. 4(b)], which corresponds to the following 2(12)2
components of the incident electric field atand of the |§3}t o= in
output one at @ in vacuum: SeoC

2
4 cody,sinty,| Hobnquelz(d—”’) (B3)

€0

with S=S, cosy,/cosp,,,, Sy being the beam section. The

[0} ® 2w — . .
Ein x» =~ Ein SNk, , Egut x =0, factor Hopjigue is defined as
1) _ w _ 2w
Ein yr_oy and Eout y’_EOUt’ (Bl)
® w 2w _ (4204 04®
Ein 2= Ein COSﬂw ' Eout z! =0. |Hobliqu42_ (to tote 2Fob|ique (B4)

As in Appendix A, the factoH yque is determined by ne-  @nd Fopigue i obtained from(6.8) and (6.9) of Ref. 40 by
glecting the multiple interferences effects in the fused silicaising the same approximation as in Appendix A, in which
walls which are the input and output media of the activemagnetic field induced birefringence and dichroism are ne-
medium; for an oblique incidence of the laser beam on thdlected:

cell and for 4,=0°, the ordinary and extraordinary compo-

nents of the incident electric field are given Bf ,=E_ , N |2
andE¢ .=E¢ ,,, and for 6,,=90°, the output electric field Fobligue= [(n2)2—(n®)?]D|
has only an ordinary polarization:

(B5)

whose numerator is

Ego=Eh o5,
N=— CZw(Csz+ Cw)(COSDZw_ COSI)a))
B e=EBinete, +i[[Ce,,Cut(Ca,)sinds,,

- CZw(CGz + Cw)SirKDw]
Egut 0=E&" 1"

) ] __and whose denominator is
wheret g, tg, andt g are the different Fresnel transmission

coefficients according to the frequency and the polarization _ . 2 o
direction of the laser beam: D=2Cg, C2,c08P;,~i[(Cg, )"+ (Cz,)"]sINDy,
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with & ,=C_ wd/c, ®,,=C,, wd/c. The C quantities used C,= /(n‘“)z—(sinzpw)Z:n‘"cosp’ '
above are complex functions of the complex refractive indi- ¢

ces and of the complex angles of refractigf) and i3, in
the magnetic fluid, defined by

Ca, = (n**)? = (sinyz, ) *=n?Co8sj,

— J(nZ)2 - 2_ 20 This calculation yields the following value for a calibration
Ce,,= V(NG = (sing,)"=ng"cosyg,,, under oblique incidencet gpiq,d%|H|?=0.72.

*Also at Universitede Paris VII, UFR de Physique, 2 Place Jus-  (North-Holland Physics Publishing, Amsterdam, 1986ol. 2,
sieu, 75251 Paris Cedex 05, France. Chap. 3.

*Associated with the Centre National de la Recherche Scientifiqué°A. Herpin, Theorie du Magriéisme (PUF and INSTN, Paris,

1v. M. Akulin, E. Borsella, and A. A. Nesterenko, Phys. Rev. Lett. 1968, Chap. XIXA), p. 645.

73, 1231(1994. 24y, Cabuil and R. Perzynski, iMagnetic Fluids and Applications
2B. Jgdme and Y. R. Shen, Phys. Rev.4B, 4556(1993. Handbook edited by B. Berkovsky and M. Kharko(Begell
3K. Shirota, K. Ishikawa, H. Takezoe, A. Fukuda, and T. Shi-__ House, New York, 1994 p. 12.
ibashi, Jon. J. Appl. Phy&4, L 316 (1995. 25). Tejada, LI. Barcells, S. Linderoth, R. Perzynski, B. Rigau, B.
4R. W. Terhune, P. D. Maker, and C. M. Savage, Phys. Rev. Lett,. Barbara, and J.-C. Bacri, J. Appl. Phy, 6952(1993.
8, 404 (1962 26F. Tourinho, R. Franck, R. Massart, and R. Perzynski, Prog. Col-
5~ : SO loid Polym. Sci.79, 128(1989.
G. Mayer, C. R. Acad. SciPari9 267B, 54 (1968. 27

Y. Kanemitsu, T. Ogawa, K. Shiraishi, and K. Takeda, Phys. Rev.
B 48, 4883(1993.
28Y. R. Shen,The Principles of Non Linear Optig&Viley & Sons,

6p, Voigt, K. Betzler, N. Schmidt, and S. Kapphan, Ferroelectrics
106, 149(1990; also, P. Voigt and S. Kapphaihid. 157, 239

(1994. New York, 1984, Chap. 25.

7 . . . . .
SD' Gonin, Ph.D. thesis of University Paris 6, 1994. 29y R. Shen, inFundamental Systems in Quantum Optiesited
S. Sprunt, J. Naciri, B. R. Ratna, and R. Shashidhar, Appl. Phys. 3 palibard, J. M. Raimond, and J. Zinn-Jugfisevier Sci-

Lett. 66, 1443(1995. ence Publishers, British Vancouver, 199@. 1051.

9S. Kielich, IEEE J. Quantum ElectroQE-5, 562 (1969. 30D. A. Kleinman, Phys. Rev126, 1977 (1962.
'OM. Barmentlo, R. W. J. Hollering, H. A. Wierenga, C. W. van 3!s_ Neveu-Prin, F. A. Tourinho, J.-C. Bacri, and R. Perzynski,
Hasselt, and Th. Rasing, Physica2B4, 38 (1995. Colloids Surf. A80, 1 (1993.

11Th. Rasing and H. A. Wiereng&roceedings of the Second In- 323._C. Bacri, A. Cebers, A. Bourdon, G. Demouchy, B. M. Hee-
ternational Conference on Magnetoelectric Interaction Phenom-  gaard, B. Kachevsky, and R. Perzynski, Phys. Re%2E3936

ena[Ferroelectricsl62 217 (1994]. (1995.
12M. Fiebig, D. Fidnlich, B. B. Krichevtsov, and R. V. Pisarev, 33E. Bringuier, A. Bourdon, N. Piccioli, and A. Chevy, Phys. Rev.
Phys. Rev. Lett73, 2127(1994. B 49, 16 971(1994.

133.-C. Bacri, R. Perzynski, and D. Salin, Endeavb®r76 (1988.  34J.-C. Bacri, V. Cabuil, R. Massart, R. Perzynski, and D. Salin, J.
143.-C. Bacri, R. Perzynski, M. I. Shliomis, and G. I. Burde, Phys. Magn. Magn. Mater65, 285 (1987).

Rev. Lett.75, 2128(1995. 353.-C. Bacri and R. Perzynski, iklagnetic Fluids and Applica-
153.-C. Bacri, A. Cebers, A. Bourdon, G. Demouchy, B. M. Hee- tions HandbookRef. 29, p. 76.
gaard, and R. Perzynski, Phys. Rev. L&#, 5032(1995. 36 .-C. Bacri, R. Perzynski, D. Salin, and J. Servais, J. RiRaris
18R, Massart, IEEE Trans. Mag7, 1247(1981). 48, 1385(1987).
7Yu. L. Raikher and M. I. Shliomis, Adv. Chem. Phy87, 595  37J.-C. Bacri, R. Perzynski, and D. Salin, J. Magn. Magn. Mater.
(19949. 85,
183 .-C. Bacri and D. Gorse, J. Phy®arig 44, 985 (1983. 27 (1990.
19v. Dmitriev and L. Tarassov, Optique Non Lineaire Appliu  %8C. Flytzanis and J. Hutter, i€ontemporary Nonlinear Optics
(Mir, Moscow, 1987, p. 304. edited by G. P. Agrawal and R. W. Boydcademic Press, New
20A. Yariv, Quantum Electronics2nd ed. (Wiley, New York, York, 1992, Chap. 8.
1975, p. 408. 39American Institute of Physics Handbodlnd ed.(MacGraw-Hill
213. F. Nye,Physical Properties of Crystal&Clarendon Press, Ox- New York, 1963, pp. 6—25.
ford, 1957. 40N, Bloembergen and P. S. Pershan, Phys. R&8, 606 (1962.

22p_|. Slick, inFerromagnetic Materialsedited by E. P. Wohlfarth  *'D. A. Kleinman, Phys. Rev128 1761(1962.



