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Photonic Hall effect in absorbing media
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We describe an experimental and theoretical study of the effect of optical absorption on the photonic Hall
effect in a passive matrix containing magnetoactive scatterers. We find that for the case of absorbing scatterers,
the magnetotransverse light current changes sign and increases with increasing absorption. Good agreement is
obtained with numerical calculations. For the case of an absorbing matrix, no effect was observed.

PACS number~s!: 42.25.Bs, 78.20.Ls, 94.10.Gb
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Recently it was shown both theoretically@1,2# and experi-
mentally @3,4# that light diffusing in a disordered medium
subject to a magnetic field can show behavior that bea
strong phenomenological resemblance to well-known e
tronic magnetotransport effects. In particular, the electro
Hall effect and magnetoresistance were found to have p
tonic analogues. This may be surprising at first sight, as p
tons do not carry electric charge and therefore should
couple to a magnetic field. However, such a coupling is
directly provided through the induced polarization at opti
frequencies. Nevertheless, conceptual differences betw
the two cases do exist. In the electronic case, the numbe
diffusing particles—the electrons or holes—is usually co
served. This only holds true for the photonic Hall effect,
optical absorption is negligible. Here we will show that i
troducing optical absorption drastically affects the photo
Hall effect.

The effect of a static magnetic fieldB on the optical prop-
erties of an isotropic medium is described by the refract
index tensorn(B), given up to first order inB by @5#

ni j ~B!5~n1 ik!d i j 1 i
V

k
e i j l Bl , ~1!

wherek is the vacuum wave vector,n1 ik is the complex
refractive index of the medium, andV the complex Verdet
constant, ReV determining the strength of magnetic circul
birefringence~the Faraday effect! and ImV determining the
strength of magnetic circular dichroism.

In principle, Maxwell’s equations plus the know
~magneto-!optical material parameters as expressed in
~1!, enable us to exactly calculate the effect of a magn
field on the diffusion of light in strongly disordered media.
practice however, this is an insurmountable task. Theore
simplifications have to be made, as was first done in Refs@1#
and@2#. The relevant transport quantity for light diffusion
the second-rank diffusion tensor relating the diffuse pho
flux density to the gradient of the photon density. The o
diagonal elements of this tensor represent the photonic

*Author to whom correspondence should be sent. FAX:133 4 76
85 56 10. Email address: rikken@polycnrs-gre.fr
PRE 621063-651X/2000/62~6!/8636~4!/$15.00
a
c-
ic
o-
o-
ot
-
l
en
of
-

c

e

q.
ic

al

n
-
ll

effect ~PHE!. This effect, which is linear inB for VBl*
!1, is most conveniently characterized by the normaliz
magnetotransverse light currenth, given by

h~B![
1

B

I L~B!2I R~B!

I L~B!1I R~B!
. ~2!

For the definition ofI L and I R , see Fig. 1.
Recently, a method has been developed to calculath

numerically for scattering spheres of arbitrary size and a
trary refractive index. The magnetic-field dependent scat
ing cross section from a single dielectric Faraday-act
sphere was obtained to first order in the field@6#. With this
solution for the single-scattering problem, the PHE in m
tiple light scattering was calculated using transport theory
light in nonabsorbing media@7#. Below we will compare the
results of an extension of such a calculation with our exp
mental results.

Our present experiment deals with scatterers made
magneto-optically active material with refractive indexns
1 iks and Verdet constantVs. They are randomly distributed
with a volume fractionf in an isotropic matrix with refractive
index nm and negligible Verdet constantVm. The case of a
~nonabsorbing! magnetoactive matrix containing inactiv
scatterers was discussed in Ref.@8#. If the transport mean-
free pathl * of the light is much smaller than the geometric
dimensions of the sample, the propagation of light is dif
sive. The effect of the magnetic field on the diffusion can
described by the dimensionless parameterVBl* @9#. The ex-
periments we present here are in the rangeVBl* !1. The
quantity VBl* determines the average number of Farad
rotations of the electric polarization vector of the light b
tween subsequent scattering events. The same paramete
been shown to be important for the suppression of cohe
backscattering in magnetic fields, both experimenta
@10,11# and numerically@12#. A similar situation occurs in
diffusive electronic magnetotransport. There, the magn
field effect is determined by the dimensionless parame
vct, being the average number of cyclotron orbits an el
tron completes between subsequent scattering events. Si
free-electron models show that the resulting Hall angle
proportional tovct and that the longitudinal electronic mag
netoresistance is proportional to (vct)2 @13#. Also in the
8636 ©2000 The American Physical Society
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PRE 62 8637PHOTONIC HALL EFFECT IN ABSORBING MEDIA
case of the Beenakker-Senftleben effect@14#, i.e., the
magnetic-field dependence of the thermal conductivity
gases, an analogous parameter has been established, na
the number of molecular spin precessions between molec
collisions. In the diffusive electronic magnetotransport a
in the Beenakker-Senftleben effect, the number of the diff
ing particles does not change during the diffusion proce
However, in light diffusion, this does occur in absorbin
media. The effect of absorption in multiple-scattering me
is usually described by means of the absorption lengthLa

5Al * l a/3, l a being the absorption length of the cohere
beam in the medium~without scattering!. It is related to the
imaginary part of the refractive index byl a51/(2kk). Thus,
in the presence of absorption, the absorption lengthLa has to
be taken into account as an additional length scale, toge
with the diffusion lengthl * and the sample length.

For the experimental observation of the photonic Hall
fect, scatterers with a large Verdet constant are requi
This can be found in materials containing large concen
tions of rare-earth ions like Ce31, Ho31, or Dy31. In these
paramagnetic materials, the Verdet constant is inversely
portional to temperature and can thus be further enhance
cooling. In order to investigate the effect of absorption on
PHE, we have used scatterers containing Ho31 ions, taking
advantage of the narrow 4f -4 f transition 5I 8→5F4 of this
ion, aroundl'534 nm. By varying the wavelength of th
diffusing light over a few tens of nanometers, we were a
to scan across the absorption band, thereby strongly var
ks, whereas all other optical parameters remain practic
constant. The scatterers were particles of HoF3, obtained by
chemical precipitation. They had an average radiusr of 0.5
mm and a broad size distribution betweenr 50.2 mm andr
55 mm, which was determined using scanning electron
croscopy. Their refractive index is 1.6 outside the absorp
peak, and varies up to60.004 around the maximum of ab
sorption. The absorption spectrum in Fig. 2~b! was measured
at room temperature from a thin slab of HoF3 powder dis-
persed in an index matched resin at 23 vol % with a uv/

FIG. 1. Schematic setup of the photonic Hall effect measu
ment. IF denotes the narrow band interference filter and PM
photomultipliers.
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spectrometer. The absorption spectrum of HoF3, taken by
means of a tunable interference filter and optical fibe
showed that the absorption maximum blueshifts froml5534
nm atT5300 K to l5529 nm atT585 K. From the mea-
surements carried out atT5300 K on samples of differen
thickness, we determine the imaginary part of the refract
index to beks'0.0012 atl5535 nm andT5300 K, and the
absorption length in the multiple-scattering samples to
La'3166 mm at l5535 nm. We assume that these valu
are the same atT585 K when corrected for the blueshif
Other optical parameters undergo only minor changes: RVs
varies in a range ofDVs/Vs'0.2 as can be seen in Fig. 2~a!,
and ImVs is estimated to be smaller than 1 rad/Tm@15# in
this spectral range. Forl * we estimate a variationD l * / l *
<0.25 across the absorption band due to the change ons
with l.

Figure 2~a! shows the Verdet constant of Ho31 ions in
water as a function of wavelength. A resonant behavior
the same region as the absorption peak atT5300 K is
weakly visible. This curve has been obtained by measurinV
of a paramagnetic aqueous Ho(NO3)3•5H2O solution, and
by correcting these results with those for a diamagne
La(NO3)3•5H2O solution. We deduce the Verdet consta
for HoF3 to be 400 rad/Tm at a temperature of 85 K. A
matrix material, we used a thermally curable resin, which
amorphous, isotropic, and nonabsorbing. It has a neglig
Verdet constant and a refractive indexnm'1.566 at 589 nm.
Samples were prepared by mixing HoF3 powder at a volume
fraction of f 523% with the liquid resin, followed by ther
mal curing in a mold. The transport mean-free pathl * of the
light in these scattering media was determined by measu
their optical transmissionT by means of an integrating

-
e

FIG. 2. ~a! Verdet constant of Ho31 ions in aqueous solution a
300 K. The result is scaled to a concentration of Ho31 ions that is
equal to that in HoF3 powder. ~b! Absorption spectrum of HoF3
powder in resin atT5300 K. The scattering background has be
subtracted.
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8638 PRE 62S. WIEBEL et al.
sphere and usingT5 l * •1.6/L whereL is the sample thick-
ness@16#. We have foundl * '70626 mm at a wavelength of
l5548 nm, which is in the transparent spectral region
HoF3.

The PHE was measured by phase-sensitive detectio
the magnetically induced changes in the difference of
intensities scattered to the left and the right~see Fig. 1!.
Narrow bandwidth illumination around 535 nm was provid
by an incandescent lamp in combination with a narrow-ba
interference filter@full width at half maximum~FWHM! 0.5
nm#. Wavelength tuning was achieved by tilting the filte
The filtered light was guided to the sample by an optical fi
~diameter 1 mm, numerical aperture 0.47!. The scattered
light was collected by optical fibers of the same type a
detected by means of photomultipliers. An alternating m
netic fieldB(t)5B cosvt with B'0.5 T andv'30 Hz was
applied perpendicularly to the illuminating and collectin
light guides. The samples were of cylindrical geometry w
a diameter of 1 mm and a length of 1.5 mm. The axis w
aligned parallel to the illuminating fiber. We measured t
magnetotransverse photon fluxDI'5I L2I R , which was
then normalized by the transversely scattered intensityI'

5I L1I R . This ratioDI' /I' depends on the magnetotran
verse and the normal diffusion coefficient. It is used to d
scribe the magnetotransverse light current in a quantita
way and thus plays the same role as the Hall angle in e
tronic magnetotransport.

In Fig. 3, we show the observed linear magnetic-field
pendence ofDI' /I' . Such a linear behavior was found in
dependent of the amount of absorption. Normalizing t
quantity by the magnetic field, we obtain the normalized H
slopeh @see Eq.~2!# which is characteristic for a given sca
tering medium, apart from a geometry factor of order un
This geometry factor can be calculated from the solution
the diffusion equation in a cylindrical geometry. Figure
showsh as a function of wavelength around the absorpt

FIG. 3. Magnetotransverse photon flux atT585 K and l
5547 nm as a function of the magnetic field. The sample contai
HoF3 powder at a volume fraction off 523% in resin. The straigh
line is fitted through zero.
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maximum. Outside the absorption band, we obtain nega
values forh. These agree in sign and magnitude with t
results obtained in Refs.@3# and@4# for similar paramagnetic
scatterers. With increasing absorption,h decreases to zero
and then strongly increases with opposite sign around
absorption band center. The sign change ofh occurs at the
wavelength whereLa roughly equalsl * . At the wavelength
of maximum absorption, we obtain values foruhu, which are

FIG. 5. Calculated change in the normalized magnetotransv
photon flux as a function of the imaginary part of the dielect
constantks for l * 570 mm. The normalization constanth051026

T21. The straight line is a fit, which corresponds to an exponen
0.96. Inset shows the calculated normalized magnetotransverse
ton flux as a function ofl * , obtained by varying the scatterer de
sity, atks50.0012. Straight line is a fit.

d
FIG. 4. Normalized magnetotransverse photon flux as a func

of wavelength atT585 K. The normalization constanth051026

T21. Samples are made of HoF3 powder at a volume fraction o
f 523% in resin. Shown are experimental~squares! and numerical
results~balls!. Solid line is only meant to guide the eye.
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PRE 62 8639PHOTONIC HALL EFFECT IN ABSORBING MEDIA
approximately 4 times larger than the ones measured in
transparent region of the HoF3. At this wavelength, the ab
sorption lengthLa'31 mm is smaller thanl * and much
smaller than the sample dimensions. As the maximum ofuhu
exactly corresponds to the wavelength of maximum abso
tion, we conclude that the observed changes in the phot
Hall effect are dominated by absorption effects, since
variations of the other relevant optical parameters wo
have led to only minor changes inh.

We have also prepared samples of similar, but transpa
CeF3 scatterers in the same resin matrix that was made
sorbing by dissolving an organic dye into it. Values up
km'0.001 were obtained this way, i.e., comparable to
values ofks for the absorbing scatterers in the transpar
matrix. We have found no significant variation ofh with
increasingkm. The role of absorption in the matrix is there
fore clearly very different of that of absorption in the~mag-
netoactive! scatterers.

The method developed by us to calculate numerically
photonic Hall effect of spherical scatterers of arbitrary s
@6# allows the inclusion of absorption inside the scatter
particles. It does not allow for absorption in the matrix.
the calculation, we assume a complex refractive indexns
1 iks(l), and useks(l) as obtained from the absorptio
spectra in Fig. 2~a!, corrected for the low-temperature blu
shift. We have taken ReVs5400 rad/Tm as input for the
calculations, assumingl * to have the constant value of 7
mm, which was measured outside the absorption band.
have completely disregarded ImVs. The geometry factor is
kept constant as well, although we estimate theoretically
this factor will increase by about a factor of 2 in the range
absorption covered in this experiment. The broad size dis
bution of the scatterers was taken into account by avera
our numerical results over particle sizes between 0.2 an
mm. Our results were found to be quite independent of
exact choice of the particle size distribution. As shown
Fig. 4, they show good agreement with the experimental
sults. Note that no adjustable parameters are used, only
perimentally determined ones. The uncertainty in these
perimental values is estimated to impart a system
uncertainty of 30% to our numerical results. The agreem
n
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confirms that the observed wavelength dependence ofh is
mainly due to absorption. In particular it is found to be d
to the effect of absorption on the magnetic-field depend
part of the single Mie particle scattering cross section. W
have explicitly calculated the effect ofks on h, assuming all
other parameters to be constant, as shown in Fig. 5.
observed dependence is found to be linear. The inset sh
the calculated effect onh of varying l * through a variation
of the scatterer density, for theks that corresponds to the
absorption maximum in Fig. 4. Again a linear dependence
observed. Such a dependence is found independent o
value of ks in the range of absorption in our experimen
Furthermore, it is consistent with earlier experimental resu
@3,9#. Our numerical results for the parameter ranges stud
can be summarized by the relation

h5~a1bks!Vsl * , ~3!

wherea andb are parameters that may depend among o
ers on sample geometry, refractive index contrast, size
shape distribution of the scatterers, etc., but not on Ver
constant, absorption, or magnetic field.

In conclusion, we have investigated the effect of optic
absorption on the photonic Hall effect in multiple-scatteri
media with magneto-optically active scatterers. In such m
dia, the number of the diffusing photons is not conserved
contrast to the magnetotransport effects investigated u
now. We have found that optical absorption in the scatter
can strongly influence photonic magnetotransport. Within
absorption band of the magnetoactive scattering material,
magnetotransverse light current can change sign and bec
much larger. We find good agreement between our exp
mental results and our numerical calculations. For non
sorbing scatterers in an absorbing matrix, no effect of
sorption on the photonic Hall effect was experimenta
observed. For this case, no theoretical description is av
able.
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