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Photonic Hall effect of inactive Mie scatterers in a Faraday active matrix
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We describe an experimental study of the photonic Hall effect in media consisting of a magneto-optically
active matrix and magneto-optically inert Mie scatterers. We call such media reversed with respect to the
normal media having magneto-optically active Mie scatterers in inert matrices in which the photonic Hall
effect has been studied so far. We show the photonic Hall effect in reversed media to be proportidaf to
whereV is the Verdet constant of the matrix;* the transport mean free path of the liquid, @dthe applied
magnetic field. We further propose an empirical expression that unifies the results obtained in normal and
reversed media and present a simple analytic model to illustrate the photonic Hall effect.

PACS numbds): 42.25.Bs, 42.68.M;j

Recently it was shown both theoreticalll,2] and experi- medium is described by the refractive index tens@B)n
mentally [3,4] that light diffusing in a disordered medium given up to first order irB by [7]
subject to a magnetic field can show behavior that bears a v
strong phenomenological resemblance to the well-known ni:(B)=ns: +i— € By, (1)
solid-state electronic magnetotransport eff¢6isIn particu- ' ok

lar, the electronic Hall effect and magnetoresistance Werg harek is the vacuum wave vector amdis the refractive
found to have photonic analogs. There is, however, an img, ey of the medium. The Verdet constantetermines the

portant _con_ceptual difference. The origin of the el_ectronicstrength of magnetic circular birefringen@earaday effegt
effects lies in the Lorentz force that causes a deflection of they,, present experiment deals with scatterers made of

electron trajectories between scattering events. On the othefagneto-optically inactive\(;~0) material with refractive
hand, most of the photonic counterparts considered so fahdexn,. They are randomly distributed with a volume frac-
find their origin in the magnetically induced changes of thetion f in an isotropic matrix with refractive inder,, and
optical properties of the scatterers and no magnetic-field iny_+0. If the transport mean free path of the light is
fluence occurs on light propagation between scatterers. Hergauch smaller than the geometrical dimensions of the scatter-
we present experiments on the photonic Hall effect in reing ensemble, the propagation of light is diffuse and can be
versed media, i.e., in media consisting of scatterers with negzharacterized by a second-rank diffusion terqr relating
ligible magneto-optical activity embedded in a matrix that isthe diffuse photon flux density to the gradient of the photon
magneto-optically active. As the influence of an externaldensity. This tensor can be expressed2ds

magnetic field on the photon propagation now mainly occurs _ 2

in the matrix between the scatterers, light diffusion in such a Dij(B)=Dodij + Dyeij B+ AD, (B9 —BiB;)
medium constitutes a closer analogy to diffusive electronic +AD|B;B;, (2)
magnetotransport. In the following we shall briefly sketch ) ) ) o

the theoretical backgroun@ec. ), we then present our ex- Where Do describes conventional isotropic diffusiod,
perimental result¢Sec. 1) followed by a discussioriSec. ~Magnetotransverse diffusion, add, | magnetoresistance,

1), and finally we describe a simple model to illustrate theOPServable in transmission perpendicular and parallel to the
effect (Sec. V). magnetic field, respectively. The magnetic-field dependence

of the refractive index of the matrix is responsible for the
magnetic-field dependence of this diffusion tensor. The exis-
tence of the Hall-type terr®, and of the magnetoresistance
term AD, have been verified experimentally for the case of

, ) ) magnetoactive scatterers in an inert maf@y4].
Maxwell's equations plus the known magneto-optical ma- | gyr previous work it was found that the effect of the

terial parameters in principle offer the possibility to exactly magnetic field on the diffusion of light can be described by
calculate the effect of a magnetic field on the diffusion ofthe dimensionless parametéiB/* [8]. In large magnetic
light in strongly disordered media. In practice this is, how-fields, the parametevB/* can approach unity9], but all

ever, completely impossible, and theoretical simplificationsour experiments obeyB/* <1. The quantitlyB/* deter-

have to be made, as was first done in Réfd. and [2]. mines the average number @faraday rotations of the elec-
Recently, the photonic Hall effect was calculated for magnetric polarization vector of the photons between subsequent
toactive Mie particle§6] providing support for the experi- scattering events. The same parameter was seen to be impor-
ments reported in Ref3]. The effect of a static magnetic tant for the suppression of coherent backscattering in mag-
field B on the optical properties of an isotropic nonabsorbingnetic fields, both experimental[,10] and numerically11].

|. THEORETICAL BACKGROUND
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An analogous situation occurs in diffusive electronic magne- 04 . . .
totransport. There, the magnetic-field effect is determined by
the dimensionless parameterr, wherew, is the cyclotron .
frequency andr the scattering time. This equals the average 03¢ i
number of cyclotron orbits that an electron completes be-
tween two scattering events. Simple free-electron models
show that the resulting Hall angle is proportionakégr and
that the longitudinal electronic magnetoresistance is propor- E

tional to (w.7)? [5]. Also in the case of the Beenakker- 01+ 1
Senftleben effecft12], i.e., the magnetic-field dependence of g
the thermal conductivity of gases, an analogous parameter 00 g
has been established, namely the number of spin precessions ) 50 100 150 200
between molecular collisions. £

2* (mm)

FIG. 1. Transport mean free patff as a function of the inverse
volume fraction of scatterer§ for the solution samples ak
=457 nm. The straight line is meant to guide the eye.

Il. EXPERIMENTAL RESULTS

For the experimental observation of the photonic Hall ef-
fect in reversed media, a matrix with a large Verdet constant . .
V is required. This can be found in materials containing largdVith B~1 T and Q~30 Hz was applied perpendicular to
concentrations of paramagnetic rare-earth ions such & Ce th€ illuminating and collecting light guides. Samples were
or Dy**. In such materialsy is negative and inversely pro- cylindrical, with the axis parallel to the illuminating fiber,
portional to temperature. Its absolute value can thus be fu2"d er:h a diameter of 1 mm aﬂd a Iefrl&?th_of 1.5 mm. IS this
ther increased by cooling. Furthermore, the matrix should b&/@Y: the magnetotransverse photon fluk =I_—Ig is ob-
amorphous, isotropic, and nonabsorbing. We have found tva’“”ed which is then normalized by the transversely scattered
different matrices that fulfill all these requirements: a satu-Ntensityl, =(I +1g). This ratio is proportional to the ratio
rated aqueous dysprosium chloride solution and a dysprd?f the magnetotransverse and normal diffusion coefficients,
sium nitrate glass. The solution was prepared by dissolving!Ven in Ed.(2), and can be considered to be a photonic
1.8 g/ml DyCk-6H,0 in water. This solution is transparent nalogon of the Hall angle in electro'nlc magnetotransport.
apart from a few narrow and weak 44f transitions of the [ 19uré 3 shows thadl, /I, depends linearly on the mag-
Dy3* ion. The present measurements were done far fronpetic field which leads us to defineBanormalized photonic

these absorption bands. The refractive indgXsol) of the _'_'"’.‘” angle byﬁzAli/(liB)' This quantity is a character.-
solution was found to be 1.44 at a wavelength of 457 nmiStic for any given scattering sample.We f°“_“d that the sign
The Verdet constant at this wavelength+90 rad/T m at of the photonlp Hall Eﬁe.Ct in reversed media with a para-
77 K. The nitrate glass was prepared by melting a mixture ofnagnetic ma_trlx Vm<°) s the Same as the one obtained for
Dy(NO,)5-5H,0 and DyCh-6H,0 (10:1 wtwb at 420 K, normal media with parama_lgne_tlc scatte_rek§<(_0). Thg_
followed by rapid cooling to room temperature, upon which emperature dependence implied by Fig. 3 is explicitly
a clear, stable glass is obtained. Its refractive index shown in Fig. 4. As the only temperature-dependent param-

(glass was found to be 1.53 at 457 nm and its Verdet con-&ter in the scattering process is the Verdet consnt

stant is—59 rad/T m at 300 K. Scattering samples were pre-

pared by adding AlO; particles to the matrix. The refractive % light
index ng of these particles is 1.77 at 457 nm. Their average pd pd
diameter was Ium with a 50% size dispersion, putting |

them in the Mie regime. Scatterer volume fractioranged SN l_;_I wy
between 0.01 and 0.1, which means that we deal with dilute L

samples. The transport mean free path of the light in ®

these scattering media has been determined by measuring B cos (X

their optical transmissiorT by means of an integrating I cos Iz
sphere and usin=1.6-*/L, whereL is the sample thick-

ness[15]. Figure 1 shows”* as a function off ~* for the
solution samples, confirming the expected behavior for dilute

samples.
The photonic Hall effect was measured by phase-sensitive Al
detection of the magnetically induced changes in the differ-
ence between the light intensities scattered to the left- and to lock-in S - data

the right-hand side of the magnetic fidkke Fig. 2 Mono-

chromatic illumination at 457 nm was provided by an argon- g, 2. Schematic setup of the photonic Hall effect measure-
ion laser and guided to the sample by an optical fl0&@m-  ment; The samplés) is situated in an alternating magnetic field.
eter 1. mm, numerical aperture Q.Fhe light incident on the  The light scattered perpendicular to both the incident light beam
sample was unpolarized. The scattered light was collectednd the magnetic field is detected by two photodiotfEs. The
again by optical fiberésame typgand measured with silicon magnetotransverse photon fluxl, =Ig—1, is detected with a
photodiodes. An alternating magnetic fie{t)=B cosQt  lock-in amplifier.
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FIG. 3. Normalized magnetotransverse photon flux as a function = 251 7
of magnetic-field amplitude for a solution sample with 0.042 at
two temperatures. Straight lines are fits through the origin. 50 = - )
000 002 004 006 008 0.10
«T~1, the observed linear dependence on the inverse tem- £
perature confirms the linear relation between the normalized
photonic Hall angle and the Verdet constant. FIG. 5. Normalized photonic Hall angle as a function of scat-

The effect of scatterer concentration on the photonic Halferer volume fractiorf for solution samples at 77 Kop panel and
angle is shown in Fig. 5 for both solution and glass samplesg!ass samples at 300 (ottom panel At the very left, one is in the
In view of the small scatterer concentratiohsn all the  Single scatterlr_lg regime; the multiple scattering regime begins at
samples, the effective Verdet constant of the medijgy ~ 2Pout the maximum of each curve.
~(1-f)Vy, can be considered the same for the samples in ) . )
each of these curves whereas the scattering mean free pdftpgnetotransverse photon flux is opposigg. 5). Since the
/* being proportional to ¥/changes considerably. The two refractive index difference between scatterer and matrix is
curves in Fig. 5 are very similar; upon decreasing the scatsmaller for the glass samples and thgrefore the same trans-
terer volume fraction, an increase in the normalized photoni®0rt mean free path corresponds to higher scatterer concen-
Hall angle is observed, until at a low volume fraction the frations, this turnover occurs at higtfein the glass samples
photonic Hall angle decreases and even changes sign. In thEig- @] than in the solution samplé&ig. S(b)].
multiple scattering regiméi.e., for f=0.02 in Fig. %a) and
f=0.05 in Fig. %b), respec;ivel}', this curve reveals a linear lIl. DISCUSSION
dependence of the photonic Hall angle on the mean free path
in the samples. Figure 6 explicitly shows the linear depen- The change of sign of the magnetotransverse photon flux
dence on the transport mean free path in this regime. Thibetween the multiple and the single scattering regifig.
does not hold any longer when the volume fractions aréd) is quite remarkable(ln the single scattering regime, one
smaller, i.e., when the transport mean free path becomeshould speak about the magnetotransverse photon flux and
comparable to the size of the sample. For the single scattenot about a photonic Hall effect as there is no diffuse photon
ing regime at very low volume fractions, the sign of the transport in this regime.This change of sign was not found
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FIG. 4. Temperature dependence of Bwaormalized photonic FIG. 6. Normalized photonic Hall anglg as a function of the

Hall angle » for a solution sample witli=0.042. The straight line transport mean free patti* for solution samples at 77 K in the
is a fit through the origin. multiple scattering regime.
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in previous measurements in normal mef3d and theory within their error bars and all experimental results obtained
does not predict it either for normal med#]. Why it occurs  so far may phenomenologically be described by 4.

in reversed media is not yet well understood. In any case, it

seems clear that for volume fractions aroufrel0.5, there is IV. A SIMPLE MODEL

no meaning in Qifferentiating between scatterers and .matrix A basic understanding of the reversed photonic Hall effect
and the photonic Hall angle should have the same sign fogan be found by considering the scattering cross section of
both normal and reversed media. This is in agreement withne and two Rayleigh scatterers, respectively, embedded in a
the fact that for the higher volume fractions we got the samenagneto-optical active matrix. An analogous model has al-
sign as in normal media. ready been considered for the normal case of magnetoactive
In the multiple scattering regime, the photonic Hall effectscatterers in passive matriddst. We emphasize that this is
was found proportional to the transport mean free péth  a very simple model for what happens in multiple scattering
(Fig. 6). In the last part of this paper, we will describe a and that it can only be regarded as an instructive illustration
simple model for the photonic Hall effect in reversed media.of the effect. Let us first treat the case of one scatterer at the
In this model, the photonic Hall effect is due to a magneti-origin. Ris the distance from the particle and we assume that
cally induced change of interference between photons thatR>1 (far field) and we will only deal with contributions in
have traveled different paths in the magneto-optically activdirst order of B. In the Born approximation, the scattering
matrix around the scatterers. In this respect, the model fofatrix T just equals the potential U=(nj—nj)
reversed media is different from a similar model that hasx(w?/c?)%ma®, wherea is the scatterer diametgt3]. We
been proposed for the photonic Hall effect in normal mediaapproximate this by a constant potentiflwhich means that
and where the photonic Hall effect is only due to a magnetiwe neglect the influence of the magnetic field on the scatter-
cally induced change in the scattering cross section of thgng processes, which is of the order ¥B/k [cf. Eq. (1)].
individual scatterer§14]. From the model for reversed me- The influence of the magnetic field will only be taken into
dia, we assume &B/* dependence of the photonic Hall account for the propagation of the scattered light in the Far-
effect, which is in accordance with our experimental resultsaday active medium as was done in Réfl]. The scattering
The observation of the photonic Hall effect in reversedamplitude for one scatterer is proportional to
media further strengthens the phenomenological analogy be-
tween photonic and electronic magnetotransport. The re- S(Gin,K— Gout-K") % Gin(K) - UG- goud k"R, 4
versed medium is mathematically more difficult to handle herek K’ th ¢ f the ingoi d outaoi
and no theoretical description of diffusive photon transport jgvherek, k- are the wave vectors of the ingoing and outgoing
yet available. Intuitively, it will be clear that the photonic Wave, Gin . Gour are their polarization vectors, ard IS th?
Hall effect in normal and reversed media should be reIatedGreen functlzon for the 7far_aday _aCt'VAe medluﬁz_].
For normal media, it has been propo$8e] that the photo-  G(K.p,B)=[k“1+u®—A,]"" with ®=i(e-B), wheree is
nic Hall angle may be proportional t6.B/*, whereVq the third-rank _antlsymmetrlc Me-Civita tensor, andu _
=fV,. We emphasize that this formula is not theoretically =2V Bk A projects upon the transverse plane perpendicu-
confirmed but is a phenomenological description of experilar to the momentunp. In real space and fovBR<1 and
mental results. Above, we have shown that for reversed mé<R>1, G may be written as
dia Al, /1, «V,,BZ*. In order to give a unified despription G(k,R,B)=Go(k,R)+ 8G(k,R,B) + O(B?) (5)
of these results, we propose an empirical expression for ar-
bitrary two-component media in the multiple scattering re-with Go=— Ar(e'*'/47R) and 6G=—(e*R/87i)2VB[d

gime: —®-RR—RR- @+ (i/kR)(Ag®+ PAR)]. The unpolarized
differential cross section is obtained by summing over the
=N[fV+(1— )V, ]/*, 3) different directions of polarization:
do 1
: . —(k—k")oxs in  K— Gout. K') |2 6
whereN is a numerical factor that depends on the shape of dQ( )OCZ % gzout |S(Gin Gour k") ©

the sample and the size of the scatterers &Ng+ (1 ) ) ) )

—f)V,, is the effective Verdet constant of the scattering me-  With Eds. (4)—(6) one obtains the differential cross sec-
dium as a whole. Note that for the experiments described ifion Of one_ll?ayle|gh scﬂterer in a magneto-optical active
this paper, the dependence gfon the scatterer fraction ~ Matrix fork™*<R<(VB)

(Fig. 5 only reflects its dependence eff (Fig. 6) and no R

direct influence off on #» has been found. But as ¢if) m(kﬁk’)ocuz[lﬂk-k’)2+2(VBR)(k~k’)k’-(k>< B)].

~1 in all these experiments, our results are still properly @)
described by Eq3). Furthermore, all measurements done so

far dealt with media where the refractive indices of scatterer Note that the magneto-cross-section dependg¢ BR. As
and matrix were similar, i.em—1|<1. Outside this region, VBR>VB/Kk, this is ana posteriorijustification of the ne-
the behavior of the photonic Hall effect might be much moreglect of theVB/k term in the potentiall. The dependence of
complicated. For the reversed solution samples studied herthe magneto-cross-section on the distaRcrom the scat-
we findN=(5+2)x 10 3, and for normal samples consist- terer is somehow surprising. It reflects the fact that the mag-
ing of Faraday active CeRMie scatterers in an inert matrix netic field acts on the scattered light during all its propaga-
in the same geometry and at the same wavelength, it haton in the Faraday active medium. As the above
been foundN=(4+2)x10 2 [16,3]. These values agree considerations are only valid fo¥BR<1, this does not
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left «—— ——» right

left » right

FIG. 7. Polar plot(arb. unitg of the differential scattering cross | | b. units of the diff ial .
section for one Rayleigh scatterer in the magneto-optical active ma- FIG. 8. Polar plotarb. unit3 of the differential scattering cross

trix [cf. Eq. 7]. The wave vectok of the incident wave is supposed section for two Rayleigh scatterers in distancealigned on the
to be along the vertical axis. The dotted line corresponds to vertical axis and in a magneto-optical active surrounding. The wave

=0. With a magnetic field perpendicular to the plane of the draW_vectork of the incident wave is supposed to be along the vertical
axis and a magnetic field is perpendicular to the plane of the draw-

ing, the cross section gets tiltésblid line) but the integrals over all | . . ;
light scattered to the right and to the left remain equal. So no netnd- In this case more light is scaftered to the right than to the left

magnetotransverse scattering is expected. For better illustration, thaé"d a n_et fm?é:;nehtotransverse _scatterlrll(gj] 1S exbpec_tleda If ﬂ:jerﬁ Were no
parameters were exaggerat&tBR=1. magnetic field, the cross section would not be tilted and the same

amount of light would be scattered to the left and to the right. For

mean that the differential scattering cross section would fur-bettelr llustration, the parameters were exaggerawsiR=1; kx

ther increase with the distance. The cross section of Bds =12

plotted in Fig. 7. Due to its symmetry, the integrals over the

light scattered to the left- and to the right-hand side of theformed into avVB/* dependence on the transport mean free
magnetic field are equal. This means that for one single Raypath because in multiple scatterin@ is a measure for the
leigh scatterer in a magneto-optical active medium, no nedlistance after which the information about the initial direc-

magnetotransverse light flux exists. tion of the light has been lost. This is in agreement with our
However, the situation is different for two Rayleigh scat- observations.
ters. Let us assume them positionedRat,= *x/2. The in- In conclusion, we have described our observations of the

cident wave vectok shall be along the interparticle axis and photonic Hall effect in scattering media where the magneto-
perpendicular to the magnetic fieRl Because oBLk, the  optical component is the matrix. For these reversed media,
incident light wave does not suffer a magneto-phase-shifour observations exhibit a photonic Hall angle proportional
due to Faraday rotation between the two scatterers. If th#d V,B/*. The results of the photonic Hall effect in normal
mutual separation between the two scatterers well exceedd in reversed media were compared and we have proposed
the wavelength, the two scattering amplitudes simply add@n empirical expression that interpolates the results obtained
coherently. As a consequence, the scattering cross section ftar the two cases. Finally, we have illustrated the basic phys-
the two particles is found to equal the one-particle cross sedcs underlying the reversed photonic Hall effect using a
tion of Eq. (7) multiplied by an interference factd(k,k’)  simple analytic model.
=[el(k=K)xy g=i(k=k')-x]2 Thjs factor changes the angular
profile of the scattering cross secti@f. Fig. 8 and leads to
a net magnetotransverse light flux, i.e., to a photonic Hall
effect, proportional to/BR. We gratefully acknowledge stimulating discussions with
This very simple model suggests that the photonic HallDavid Lacoste and Peter Wyder. The Grenoble High Mag-
effect for reversed media is due to the influence of the magnetic Field Laboratory is a “laboratoire conventionaex
netic field on the interference between different light pathsuniversifes UJF et INP de Grenoble.” This research is par-
We might assume that in the case of multiple scattering, théally supported by the Groupement de Recherches G 1847
VBR dependence of the photonic Hall effect Bris trans-  PRIMA of the CNRS in France.
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