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Abstract 
We report an experimental study of the magneto-optical Faraday effect in 
strongly multiple scattering media using magnetic fields up to 23Tesla. 
Faraday rotation of the polarization of laser light, diffusing through 
samples consisting of colloidal particles embedded in a Faraday-active 
glass matrix, is found to destroy coherent backscattering. The angular 
shape of the coherent backscattering cone varies as a function of the 
applied field B in agreement with a simple model and with numerical simu- 
lations. In particular, the intensity at backscattering is found to decrease 
with B like the intensity with scattering angle at B = 0, as predicted. The 
multiple scattering Faraday effect provides a unique experimental way to 
destroy constructive interferences between time reversed optical scattering 
paths. It is thus expected to affect light localization and may be used to 
prove (or disprove) its existence. 

1. Introduction 

Multiple scattering of both classical and quantum- 
mechanical waves results in enhanced backscattering, e.g. in 
a principally twofold increase of the backscattered intensity 
as compared to the diffuse intensity background at angles 
well off backscattering. This effect, also called coherent 
backscattering (CB), originates from the constructive inter- 
ference between a wave travelling along any sequence of 
scattering events and its time-reversed sequence. CB is at 
the origin of “weak” or “strong” localization in electron 
transport in impure metals [l] and has been increasingly 
studied recently with classical waves such as light [2-51. 
The angular width of the backscattering cone, which was 
found of order of the ratio of the wavelength A to the trans- 
port mean free path I ,  is the key parameter describing the 
strength of this effect. In typical samples such as concen- 
trated suspensions of submicron sized colloidal particles, 
paper and the like, All is of order lo-’ or less. A transition 
to strong localization, where diffusion of waves over macro- 
scopic distances (% l )  becomes essentially suppressed by CB, 
is expected [6] to occur around All x 2x. Attempts to reach 
this transition for visible light were unsuccessful so far, basi- 
cally because of (i) the very restricted range of particle size, 
wavelength, volume fraction and refractive index, where 
optical localization may be expected, (ii) substantial renor- 
malization of I due to interparticle position correlations (see 
e.g. [7]) and (iii) the large reduction in the speed of wave 
propagation due to resonant Mie-scattering [8], which 
explains the anomalously small diffusion constant observed 

It has been suggested [lo, 111, that the magneto-optical 
Faraday effect (FE) will suppress CB, because it breaks the 
reversibility of light propagation and may thus act as an 
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optical diode [12]. This effect, which would allow to evalu- 
ate the contribution of CB to the wave transport and hence 
to probe the vicinity of the transition to strong localization, 
has been observed recently in very strong magnetic fields 
[13]. Using fine powders of rare earth doped paramagnetic 
Faraday rotator glasses, the backscattering cone was 
decreased by about 40% and the transmission speckle pat- 
terns almost completely changed at E = 23 Tesla. These 
experiments were carried out at temperatures between 30 K 
and 70 K in order to obtain sufficient Faraday rotation. The 
required volume fractions of particles ranged between about 
20% and 40%, where interparticle correlations play a sig- 
nificant role. In addition, FE was caused by the scattering 
particles themselves, and they had both irregular shapes and 
a rather broad size distribution. All this makes a quantitat- 
ive analysis of this data set very difficult. The opposite case 
of non-Faraday-active scatterers embedded in a Faraday- 
active background appears conceptually much easier and, in 
fact, all theoretical models existing so far [lo, 11, 131 rather 
apply to this situation. 

We report here a new series of experiments on destruction 
of CB, using monodisperse spherical silica particles sur- 
rounded by an essentially homogeneous matrix of Faraday 
rotator glass. The volume fractions of SO,-particles and 
matrix material were about Os = 1% and QF = 90%, respec- 
tively, providing larger 1-values and larger FE than in the 
previous work. Since the magnitude of the effect increases 
with VOF IB, as outlined below, V being the Verdet constant 
of the bulk material, these experiments could be performed 
at room temperature, which substantially improves the data 
quality for a number of technical reasons. We find that the 
magnetic field induced change of the angular shape of the 
backscattering cone at small angles is in good agreement 
with our recent model [13] and with simple numerical simu- 
lations described below. In particular, we verify experimen- 
tally one of the most important predictions of the photon 
diffusion model: that the enhancement factor of the back- 
scattered intensity (at 4 = 0) should decay, as a function of 
VEI, like the scattered intensity at E = 0 as a function of the 
scattering angle 0 off backscattering, when scaled as ql, 
q = 472 sin (0/2)/A being the scattering vector. 

2. Multiple scattering Faraday effect 
2.1. Physical concept 

The linear polarization of light propagating along a distance 
s in a homogeneous Faraday-active medium is rotated by 
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an angle a = VB s. Accordingly, circularly polarized light 
is phase-shifted by a. Reversing the direction of light propa- 
gation (s + - 8 )  reverses the sense of rotation with respect to 
the direction of light propagation (a + -a). Thus, for 
example, in a Fabry-Perot type device, where light is reflec- 
ted, say, N times between two parallel mirrors at distance d,  
a is simply proportional to the total path length Nd.  In 
multiple scattering, the situation is less straightforward 
because of the different successive polarization changes 
which occur on scattering along a tortuous scattering path. 
The relationship between the input and output polarization 
states of individual scattering events is completely determin- 
istic and well known, both for Rayleigh- and Mie-scatterers; 
it strongly depends on the relative orientations of the 
incoming and outgoing scattering vectors, resulting in a 
wide distribution of polarization states for an ensemble of 
random multiple scattering paths. In fact, the incident polar- 
ization state is lost on a distance of the order of 1. It is 
important to notice that - unlike in a Fabry-Perot - a rota- 
tion by 6a (for example due to FE) of the input polarization 
state at a given scattering event does not result, in general, 
in a simple rotation by 6a of the output polarization state. 
For example, in Rayleigh scattering, 6a becomes 6a at for- 
wardscattering, but - 6a at backscattering. Therefore, if we 
consider a random distribution of input polarization states 
and scattering vectors - as occurring in high order multiple 
scattering - we may expect a distribution of rotations of 
output polarizations with zero mean and variance x6a’. 
The exact distribution function obviously depends on the 
specific properties of the scatterers. As, in multiple scat- 
tering, the characteristic distance for straight propagation is 
1, the typical mean square Faraday rotation per scattering 
along a random path should be of order (VBl)’/3. Thus, in 
this very simple minded picture, Faraday rotation in mul- 
tiple scattering does not add up, on average, according to 

si B along an ensemble of random scattering paths of 

length s, but averages to zero with variance s/l (VBl)’/3. 
i 

2.2. A simple model 
So far, there is no theory of the multiple scattering FE, 
which properly accounts for the scattering vector dependent 
polarization transfer on individual scattering events, neither 
for Rayleigh- nor for Mie-particles. To describe how FE 
acts on CB, Golubentsev [lo] studied a randomly inhomo- 
geneous gyrotropic medium, MacKintosh and John [l 11 
considered magnetic field induced phase shifts on (left or 
right) circularly polarized states and random helicity flips 
between them at each scattering. A multiple Mie-scattering 
Monte Carlo simulation study has been performed recently 
[15]. The physical picture discussed above suggests the fol- 
lowing simple model [13] which contains, we think, the 
essential ingredients to describe qualitatively the multiple 
scattering FE. According to Akkermans et al. [16], the 
angular dependence of the coherent enhancement of the 
scattered light intensity I(q) can be written as a continuous 
sum over all scattering paths like 

I(4) = 1 + - P(s)e-(S/3’) ’ qz l z  ds (1) 
Z(0) iw 

s is the path length and P(s) a geometry dependent weigh- 
ting function, which for reflection from a very thick slab 
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decays as P(s) x s-’/’ in the diffusion approximation. This 
gives 

y is a coefficient of order unity (5/3 in Ref. [16]). There are 
various other expressions for I (q )  in the literature; we use 
eq. (2) here, because it is simple, agrees rather well with 
experiments [ 141 and makes evident the average contribu- 
tion of paths of lengths s which allows to incorporate easily 
the FE. The difference in Faraday rotation angle between 
reversed paths, per step I ,  is of order 6a = 2VBl cos 8, 
8 being the angle between B and the local direction 
of propagation. This gives a &averaged contribution of 
(1  + cos @a)), x 1 + exp (- 2V’BZ1’/3) to I (q) .  Under the 
assumption of no correlations between the 6a’s of consecu- 
tive steps, the average contribution of paths of length s 
becomes 1 + exp (-s/ l  2V’B21’/3). Since the phase shifts 
between reversed paths due to FE are independent of phase 
shifts due to variations of the external scattering angle 0, 
we can write for Z(4, B) in the presence of FE 

and hence 

(4) 

with x = qZlz + 2V’l’B’. Absorption can be easily incorpo- 
rated by an exponential damping with absorption length I ,  
along the path [13, 141. Equation (4) is plotted as a function 
of f i  in Fig. 2. These expressions illustrate the equivalence 
of the scaled scattering angle ql and the scaled Faraday 
rotation angle $VlB and predict that (i) the triangular 
shape of the CB-cone should be rounded off by the FE and 
(ii) the enhancement at backscattering I(0, B) should decay 
with increasing $ VBl like the CB-cone I(4,  0) with ql. We 
expect that these two features would qualitatively hold also 
for more sophisticated models. However, the numerical 
coefficient (fi here) relating ql and VB1 could come out 
different and a correlation length of FE could appear explic- 
itly (in the above model this length was put equal to l). 

2.3. A simple numerical simulation 
We have compared the above model with a very simple 
numerical simulation. We consider isotropic scattering 
(from points) as generated by a random choice of two polar 
angles at each scattering event. The distance r between suc- 
cessive scattering events is randomly chosen according to 
the weight distribution exp ( - r / l ) .  The sample is a semi- 
infinite slab of thickness L = 100 * I ,  the first scattering 
occurs at ri with x = 0, y = 0 and at a depth z from the 
entrance surface (z = 0) randomly selected with weight 
exp ( -z / l ) .  A scattering path is terminated (at r,,) whenever 
the next scattering event happened to occur outside the slab 
(z e 0, z > L). I ( q )  is evaluated by averaging 1 + cos [q - (r,, 
- vi)] over loo00 paths. We verified that p(s) decays like 

s - ~ / ’  (no absorption) and obtain reasonable values for the 
transmission coefficient (0.0178, x yl/L) and for the single 
scattering contribution to the reflection coefficient (0.16). We 
do not keep track of the local polarization state. Rather, we 
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just consider circularly polarized light of identical helicity 
for the pair of reversed waves and monitor their phases. 
Faraday rotation is included as a phase shift 
6a = k VBr cos (e) per step on each of the two waves. The 
scattering vector dependent relationship between the FE- 
induced changes of input and output polarization states at 
each scattering event is buried into a random choice of the 
sign of 6a, as suggested by MacKintosh and John [ll]. A 
continuous distribution function for da with characteristic 
width of order VBI would presumably be closer to physical 
reality, but is not expected to lead to qualitatively different 
properties of the multiply scattered light. Figure 1 shows 
Z(q, B) as a function of the scaled scattering angle ql. The 
contribution of single scattering was subtracted off, since il 
just adds a flat background. We clearly observe - witk 
increasing B - a lowering of the coherent backscattering 
enhancement as well as a rounding of the triangular tip o 
the cone at small q. In Fig. 2 we compare Z(q) us. ql at B = ( 
with Z(0, B) us. $VSl at backscattering. Both function! 
decay in a very similar way. These features qualitatively cor. 
roborate the simple model outlined above. For comparison 
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we have also plotted in Fig. 2, Z(q1, 0) VBI) 
according to eq. (4). The prediction of this model agrees sur- 
prisingly well with the simulations. The small differences 
between the two simulations and eq. (4), which seem to 
become more significant at larger arguments, may be due to 
the particular description of the scattering near the sample 
surface. 

Z(0, 

3. Experimental 

Free standing disk-shaped solid samples of 13 mm diameter 
and 5 mm thickness were prepared by mixing 0.09 pm dia- 
meter silica beads with a fine powder of Faraday rotator 
glass FR5 from Hoya (Japan) [13] and melting of the FR5- 
glass by heating for 5 min to 900°C. The volume fractions 
were QS = 1% and OF = 90%, the remainder being due to 
incorporated air bubbles. Circular or linear polarized light 
of an Ar+-laser (A = 0.457pm) was expanded to a lOmm 
diameter beam impinging on the sample after 90"-reflection 
from a 50% transmission beamsplitter. Samples were placed 
in the central part of a resistive polyhelix solenoid providing 
steady magnetic fields up to 23 Tesla. The light scattered 
around the backscattering direction was passed through a 
linear or circular analyser and focused by a 500" focal 
distance lens on a 8 bit 512 by 512 pixel CCD video camera 
positioned in the focal plane. Speckle patterns were aver- 
aged out by rotation of the sample about the normal to its 
surface and adding 255 video frames. In order to correct for 
small distortions of the beams scattered to wider angles, the 
resulting pictures were normalized to pictures from samples 

with CB-cones too narrow to resolve. Intensities were azi- 
muthally averaged around the pixel of maximum intensity 
(tip of the cone) and normalized to the flat wide angle back- 
ground. As this background also contains parasitic stray- 
light and single backscattering, experimental enhancement 
factors at B = 0 were smaller than 2 (between 1.4 and 1.8). 
In order to compare different data sets, we have renorma- 
lized the enhancement to the same Z(0,O). 

Fig. I .  Numerical simulation of the magnetic field dependent angular 
shape of the coherent backscattering cone. The parameters 1 and V corre- 
spond to the experimental values for the data set shown in Fig. 3. 

-3.2 00 
ca 

5 1.75 
v 
>r e 
a, 
c 
U 
2 1.25 
a, 

(.cl 
0 

v 

1.50 
e 
- 

c c 

0 1 2 3 4 

ql or fi VBI (rad) 

v, 100 

Fig. 2. Comparison of simulation and eq. (4). (0) Angular dependence of 
the cone, I(q,  0) us. ql, at B = 0, simulation. (V) Magnetic field dependence 
of the enhancement factor, I(0, E )  us. $ VBI, at backscatterin , simulation. 
Continuous line: I ( q ,  0) us. ql and, equivalently, I(0, B)  us. / 2 VB1 accord- 
ing to eq. (4). 

4. Experimental results 

Figure 3 shows a series of coherent backscattering cones as 
obtained at different magnetic fields. The cone shape at 
B = 0 is not completely triangular at backscattering because 
of residual absorption [ 141. The cone height decreases with 
increasing B and the top becomes progressively rounded, as 
predicted by our model and in agreement with the simula- 
tions shown in Fig. 1. This directly illustrates that weak 
localization of light, which manifests itself in CB, can be 
destroyed by laboratory strength magnetic fields. Long scat- 
tering paths, which essentially contribute to the small angle 
part of the cones, are more severely affected than shorter 
paths. The incoherent wide angle intensity Z(q1 % 1) was 
found independent of B indicating that the FE acts only on 
the relative phase between time reversed paths, again as 
expected. Note that this differs from the effect of absorption 
on CB, which - in addition to the rounding - lowers the 
wide angle intensity [ 141. 

In Fig. 4 we have plotted the height of the cone (q = 0) as 
a function of V B  for the same sample at T = 300K and at 
T = 30K. The corresponding Faraday rotation V(B)  B, as 
measured independently on bulk FR5-samples, is linear in B 
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Fig. 3. Measured angular dependence of the scattered light intensity in the 
vicinity of backscattering (0 = 0) in different magnetic fields. Room tem- 
perature, 1 = 457.9nm, identical circular polarization of incident and 
detected beams. Sample: 180nm diameter silica beads at 1% volume frac- 
tion in FRS-glass, transport mean free path I rz 280 pm. 

at 300K (slope 0.165rad mm-' T-'), but at T = 30K it 
becomes much stronger (slope 4.52 rad mm-' T-' at small 
B) and saturates at high fields. Despite of this, both data 
sets, obtained by variation of B, superimpose. This illus- 
trates that the cone height Z(0, B) indeed scales with V B  as 
suggested by the above simple model. The weak rounding 
observed at small V B  can be attributed to residual absorp- 
tion [13]. 

We have also studied the effect for different incident and 
detected polarization states. Figure 5 shows a comparison of 
the decay of the CB cone height for circular incident/ 
circular detected light of identical helicity with linear 
incident/parallel linear detected light. Both data sets super- 
impose very well, as expected in a photon diffusion model 
for situations where contributions from long paths predomi- 
nate and contributions of single backscattering are small, 
since long paths are completely depolarized. In fact, we 
found that for linear incident polarization, the maximum 
height of the cone is observed at an orientation of the linear 
analyser which increases with increasing magnetic field. For 
this sample, the rotation was 1.12mrad/T, which combined 
with the V-value corresponds to a distance of 270 pm. Since 
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Fig. 4. Magnetic field dependence of the backscattered intensity I(0, B) us.. 
VB for the sample described in Fig. 3. (+) T = 300 K; (0) T = 30 K. 
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Fi . 5 .  Symbols: B-dependence on the backscattered intensity I(0, B) us. 
VBl, (0) identical circular and (+) identical linear polarization of inci- 

dent and detected beams. Dashed lines: qdependence of the scattered 
intensity at zero magnetic field, I (q ,  0) us. 41, (- - - -) circular and (--..--) 
linear polarization, all for the sample described in Fig. 3, T = 300K. Con- 
tinuous line: Fit of (--.--) to eq. (4). 

this is close to the transport mean free path (I x 280 pm), we 
might suggest that the Faraday rotation near the sample 
surface, that is before the first and after the last scattering 
event - which have an average distance of order 1 from the 
surface - might be responsible for this effect. The field 
induced rotation implies a small correction (< 2.5% at 23 T) 
of the cone height measured at parallel polarizer and 
analyser, which is included in Fig. 5. 

Figure 5 also shows the angular dependence of the CB- 
cones without magnetic field for the two sets of polariza- 
tions. The decay of Z(q, 0), when plotted against the reduced 
scattering angle 41, is very similar to the decay of the back- 
scattered intensity when plotted against the reduced 
Faraday angle $VBI. This is again consistent with the 
prediction of the simple model and with the numerical simu- 
lations. It suggests in fact that the typical correlation length 
of the Faraday rotation in the multiple scattering regime is 
indeed very close to the transport mean free path I, as 
assumed in our model. This conclusion is obviously inde- 
pendent of the value of I, since 1 enters only as a common 
scaling factor on the abscissa of both curves. 

Finally Fig. 5 shows a fit of eq. (4) with x = q212 + 31/1, 
[14] to the angular dependence of Z(4) of the cone for linear 
polarization, using y = 5/3. This gives I, = 3.05" and 
I = 280pm. The latter value was used to scale the abscissa. 
It compares well with the value 1 = 290pm calculated from 
the Mie transport cross section [14] and the volume frac- 
tion Os = 0.01. It thus appears that our simple description 
of the multiple scattering FE provides a fair, almost quanti- 
tative account for our data. 

5. Conclusions 

The observation of substantial reduction of the coherent 
backscattering cone of visible light due to the Faraday effect 
provides first direct evidence that the CB phenomenon orig- 
inates from interference of time reversed optical scattering 
paths. It shows that weak light localization can be strongly 
affected by laboratory strength magnetic fields. The effect 
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scales with the product of Verdet constant, transport mean 
free path and magnetic field strength, as suggested by a 
simple model and numerical simulations, and becomes 
therefore largest in samples with Faraday rotation in ‘the 
background matrix, at small volume fractions of scatterers 
and high fields. It opens in principle the possibility to affect 
the expected transition to strong optical localization and 
thereby to prove (or disprove) its existence, although this 
will require very different experimental conditions (e.g. small 
r)  which may be difficult to realize. 
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