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In this Letter, we report a theoretical and experimental study of the direction of optical energy
flow in homogeneous media subject to a transverse magnetic field. For transparent media we
verify experimentally for the first time the existence of magnetic deflection of circularly polarized
light. In absorbing media the calculated directions of the Poynting vector and of a wave
packet do not coincide. Experimentally we demonstrate that the Poynting vector result is not
correct. [S0031-9007(97)02307-7]
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Recently, it was shown both theoretically [1] an
experimentally [2] that light propagating in a scatterin
medium subject to a transverse magnetic field is deflec
in a direction perpendicular to both the incident ligh
beam and the magnetic field. This new effect bea
a phenomenological resemblance to the electronic H
effect, where the Lorentz force causes a deflection
the electron trajectories. The “photonic Hall effect
finds its origin in the magnetically induced change
the optical properties of the medium. This mechanis
is not limited to scattering media, and therefore th
question naturally arises whether light propagating
nonscattering, homogeneous media is also deflected
a static transverse magnetic field. Some aspects
deflection of light by a magnetic field have already be
discussed by Landau, Lifshitz, and Pitaevskii [3]. Tho
effects have been estimated to be very small [4], whi
may explain why, to our knowledge and surprise, th
have never been observed experimentally. A differe
kind of magnetodeflection has been reported in absorb
homogeneous media [5]. The question whether light
bent by magnets in homogeneous media has rece
been raised again by ’t Hooft and van der Mark [6], i
reviewing our work on scattering media [2]. This topi
is part of a much broader discussion on the properties
macroscopic electromagnetic fields inside dielectrics th
despite its long history, still yields new results [7,8]. I
this Letter we study the direction of optical energy flow i
a homogeneous medium subject to a transverse magn
field, both theoretically and experimentally.

Arguments based on energy conservation and mac
scopic Maxwell equations show that the energy flow
an electromagnetic wave in media with a local response
given by

S̃ ;
c0

4p
E 3 H 1 = 3 T , (1)

whereT is some vector field,c0 is the vacuum velocity of
light, andE andH are the electric and magnetic fields o
the wave [9]. The ambiguity in the energy flow, reflecte
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by the existence of the second term in Eq. (1), is we
appreciated in text books on electrodynamics [9–12], b
is always discarded, leading to the standard form for th
energy flow, the so-called Poynting vectorS, which reads,
after cycle averaging [13],

S ­
c0

8p
ResE 3 Hpd . (2)

Justifications of this choice are the consistency with a
experimental observations so far and with theorems f
energy flow under restricted conditions [3,14]. Only
in media with nonlocal optical response (i.e., spatia
dispersion) an extra material contribution in Eq. (2) arise
[3,15]. For media withlocal optical response, we will
present the first theoretical and experimental evidence th
the choice made in Eq. (2) is not generally correct.

The direction of wave propagation can be unequivo
cally established by following the propagation of a wav
packet in space and time. In general this require
considerable computational effort, but the situation ca
be greatly simplified by considering a wave packet o
sufficiently narrow frequency spread in a homogeneou
medium without absorption. In this case distortion o
the wave packet form can be neglected. Such media a
characterized by a real-valued dispersion lawvskd. If
the initial wave packet amplitude is denoted byC0srd,
the evolution of the densityjCsr, tdj2 can be shown to be
given by [3,9,11]jCsr, tdj2 ø jC0sr 2 vgt, 0dj2, which
leads to the well-known conclusion that the velocity
of energy flow, including its direction, is given by the
group velocityvg ; =kvskd. Under the same conditions
of homogeneity and transparency, the directions of th
Poynting vector and the group velocity can be shown t
coincide [3,14]. This still holds true in anisotropic media
where the direction of energy flow or the Poynting vecto
will in general not be parallel to the wave vector. Also
in inhomogeneous but periodic media, group velocity an
energy flow of a Bloch wave packet are parallel [16].

No such clear relation between Poynting vector an
group velocity has been obtained when the mediu
© 1997 The American Physical Society 847
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is either disordered or absorbing. Nevertheless bo
quantities are widely assumed to give the direction
energy flow and therefore to be parallel. Absorbin
media can still be described by a dispersion law, alb
complex valued. This means that the group velocity
still defined and has become complex valued as we
By choosing a Gaussian wave packet forC0srd one can
establish that the propagation direction of the maximu
of the energy density is determined by thereal part of
the group velocity. Inhomogeneous, strongly scatteri
media can be regarded as absorbing media as lo
as the ensemble-averaged amplitude is considered;
relevance of the group velocity for the coherent wave h
been demonstrated experimentally for light in absorbin
dispersive media [17,18] and recently for acoustic wav
in strongly scattering media [19].

In this paper we consider the direction of electro
magnetic energy flow in a local, isotropic, homogeneo
medium. The linear effect of a static magnetic fieldB on
the optical properties of such a medium is described
the dielectric tensoŕ ijsBd [3],

´ijsBd ­ n2dij 1 igeijkBk , (3)

wheren is the complex refractive index of the medium
Reg determines the strength of magnetic circular birefrin
gence (the Faraday effect, a difference in refractive ind
for left- and right-handed circularly polarized light), an
Img is that of magnetic circular dichroism—MCD—(a
difference in absorptiona for left- and right-handed cir-
cularly polarized light) [3]. The dispersion relation for th
two circularly polarized eigenmodes can be determin
from the Helmholtz equation and reads

v6skd ­
kc0

n
6

gc0

2n3
B ? k . (4)

For simplicity we leave aside the interesting complicatio
that n and g may depend on frequency. The resultin
group velocity reads

v6
g ­

c0

n
k̂ 6

gc0

2n3
B . (5)

On the basis of this equation, the optical energy flo
can be deflected by a magnetic field, as predicted
Ref. [3] (section 101) [4]. We note that the deflectio
is only in the direction of the magnetic field, and n
magnetotransverse term, perpendicular to both magn
field and wave vector, is present.

Using Maxwell’s equations, we can calculated th
Poynting vector, as defined in Eq. (2), for circularl
polarized light. For a plane wave one readily finds

S6sBd ~ Renk̂ 6
1
2

Re
gn
n2 B 1

1
2

Im
gn
n2 k̂ 3 B .

(6)
Upon comparing the real part of the group velocity i
Eq. (5) with the Poynting vector in Eq. (6), one finds tha
without absorption (n andg real valued) or without mag-
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netic field B the two are parallel. However, a nonze
value for Imn or Img will cause differences between th
directions of Poynting vector and group velocity in th
presence of a magnetic field. In particular, a magne
transverse term appears. Later, we will consider whe
these discrepancies can be removed by an approp
choice of T in the more general formulation of energ
flow as given by Eq. (1).

In a magnetic field, linearly polarized waves are n
eigenmodes of the system. Therefore a group velo
cannot be defined, and one has to resort to the full w
packet approach. The details of this lengthy but straig
forward calculation will not be given. The main resu
is that, when calculating the propagation of the ene
densityUsr, td ­ sE ? D 1 H2dy4p of a linearly polar-
ized Gaussian wave packet in a homogeneous, absor
medium subject to a transverse magnetic field, we find
deflection, i.e., the direction of energy flow is parallel
the centralk vector of the packet, independent of ma
netic field.

For a linearly polarized plane wave, wheref is the
angle between polarization vector and magnetic fieldB,
one finds from Maxwell’s equations for the direction
the Poynting vector,
Ssf, Bd ~ Renk̂

1
1
2

Im
gn
n2

fsin2fB 1 s1 2 cos2fdk̂ 3 Bg .

(7)
This result shows magnetic deflection both in the dir
tions of B andk 3 B in the presence of absorption, b
contrary to the case of circularly polarized light, bo
terms are proportional to Imgnyn2, i.e., deflection is only
predicted in absorbing media. As a special case, we
cover the deflection term proportional to Imgsk̂ 3 Bd
that was discussed by Schlesser and Weis [5]. Again,
establish that the direction of the Poynting vector is n
consistent with the wave packet analysis in the prese
of both absorptionanda magnetic field.

To experimentally test the various predictions for t
direction of energy flow we have determined the defl
tion of light upon propagation in several homogeneous
electrics in a transverse magnetic field. The setup is sh
schematically in Fig. 1. A light beam of a given pola
ization state is normally incident on the sample, plac
in a transverse magnetic field, alternating at 8 Hz. T
transmitted light is detected by two-quadrant split pho
diodes, whose interconnecting axis can be directed a
the B axis or thek 3 B axis. The difference betwee
the photodiode signals is then phase sensitively dete
at the magnetic field frequency and represents a magn
field induced lateral displacement of the beam after pass
through the sample. Calibration of this displacement s
nal is done by means of moving the photodiode assem
over controlled distances. It is experimentally advan
geous to determine the difference between the defl
tion signals for two different polarization states, as t
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FIG. 1. Schematic setup. As shown, the displacement of t
beam in thek 3 B direction is detected. By rotating the
photodiode assembly over 90± alongk, theB axis displacement
is detected.

eliminates spurious signals induced directly in the phot
diodes by the alternating magnetic field.

First we will describe the experiments for the cas
where no theoretical controversy exists, i.e., deflectio
in transparent media of circularly polarized light in the
B direction, proportional tog (n and g both being real
valued). From Eq. (6) it is clear that this deflection can b
determined by subtracting theB axis displacement signals
for left and right circularly polarized light, according to

S1sBd 2 S2sBd
SsB ­ 0d

­
g

n2 B . (8)

In transparent materials isg ­ nlVyp, V being the
Verdet constant of the medium andl the vacuum wave-
length of the light. Under these conditions also the grou
velocity is well defined [Eq. (5)] and predicts the same d
flection between energy flow andk vector, quantified by
the deflection angleu ­ VByk. Figure 2 shows the mea-
sured displacement in theB direction of the light beam on
the photodiodes, as a function of sample length. The line
dependence observed shows that the magnetic field ind
induces aconstantdeflection angle between wave vecto
and energy flow inside the sample. The inset shows th
this deflection angle is linear in magnetic field strengt
It was checked that the deflection angle was independ
of light intensity. Figure 3 shows the results obtained fo
several materials with different Verdet constants and r
fractive indices. Good agreement is obtained with th
theoretical prediction foru, shows as the solid line. These
results constitute, to our knowledge, the first experime
tal verification of the magnetic deflection of circularly po
larized light, implicitly predicted by Landau, Lifshitz, and
Pitaevskii [3] on the basis of the group velocity.

For the case of linearly polarized light in absorbin
media (n and g complex valued), a controversy exists
between the predictions based on the Poynting vector a
on wave packet analysis. The Poynting vector in Eq. (
predicts the existence of a magnetotransverse deflect
of linearly polarized light which is proportional to Img.
Schlesser and Weis, in observing such a deflection, ha
presented experimental evidence in favor of this Poyntin
vector prediction. Here we measure such a possib
deflection by subtracting the displacement signals alo
he
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FIG. 2. B̂ axis displacementd versus sample lengthL
(laser wavelength 632.8 nm, sample material is Plexig
sn ­ 1.49, V ­ 4.5 radyT md and magnetic field strengthB ­
0.48 T.) Dashed line is a linear fit to the data points. Ins
shows the dependence of the deflection angleu ­ dyL on
magnetic field strength, also for Plexiglas. Dashed line is
linear fit to the data points.

the k 3 B axis for light polarized parallelsf ­ 0d and
perpendicularsf ­ py2d to the magnetic field,

Ssf ­ py2, Bd 2 Ssf ­ 0, Bd
SsB ­ 0d

­
Imsgnyn2d

Ren
k̂ 3 B .

(9)

FIG. 3. B̂ axis deflection angleu versusVyn for several ma-
terials. (In order of increasingVyn; air, methanol, water, Plexi-
glas, toluene, and 1-methyl naphthalene. Laser wavelen
632.8 nm, sample length 13 mm, and magnetic field stren
B ­ 0.48 T.) Dashed line is a linear fit to the data points
solid line is the theoretical prediction (see text).
849



VOLUME 78, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 3 FEBRUARY 1997

t-

-
y

e

n

We have selected a weakly absorbing material, whe
Imn ø Ren, i.e., n . n. Img can be independently
determined from the MCDDasBd ; a1sBd 2 a2sBd
according to Img ­ nDay2kB. As a medium we
have used an aqueous Nd31 solution, which around
l ­ 791 nm shows a transition with a weak absorp
tion a . 10 molar21 cm21 and a large relative MCD
Daya . 5 3 1022 T21 [20]. From our own MCD mea-
surements, at a Nd31 concentration of 0.1 molar, we deter-
mine Img ­ s1.0 6 0.1d 3 1026 T21 at l ­ 790.0 nm,
somewhat smaller than reported in Ref. [20], whic
according to Eq. (9) should correspond to a deflectio
angle ofs29 6 3d 3 1028 rad atB ­ 0.5 T. Our setup
should have no difficulty detecting such a deflectio
angle, as witnessed by Fig. 3. However, experimenta
we observe at this field strength a deflection angle
s0.3 6 0.3d 3 1028 rad, i.e., no significant deflection.
This result is in quantitative agreement with the predictio
based on the wave packet calculation, and in stron
disagreement with the Poynting vector prediction. To ou
knowledge, this is the first time that the widely accepte
Poynting vector definition [Eq. (2)], and, in particular, its
direction, is experimentally proven to be incorrect. Ou
measurements disagree with the findings by Schlesser a
Weis in cesium vapor. Since their observed deflectio
was found to be strongly nonlinear in magnetic field an
light intensity, probably due to population and coherenc
effects, these authors themselves suggested that lin
electromagnetic theory, as expressed in Eq. (3), m
not apply to their medium. The absence of a magnet
transverse deflection in homogeneous absorbing me
emphasizes the different impact of a magnetic field o
absorbing and scattering media, as the latter have be
shown to exhibit such a deflection [2].

Our final task is to determine whether a choice forT
exists that reconciles the energy flow as expressed
Eq. (1) with our wave packet analysis, which in turn i
consistent with our experimental observations. In va
uum, evidently= 3 T ­ 0. This is no longer true inside
our medium, and the requirement of energy flux conse
vation at the interface between vacuum and medium [1
therefore implies that the normal component of= 3 T
must vanish at the interface inside the medium. As th
energy flow decays in the medium as expf22Imsndkzg,
we can expect a similar dependence for= 3 T. It can be
easily shown that thek 3 B terms in the Poynting vector
expressions can be canceled byT ~ expf22ImsndkzgB
[21]. Similarly, terms proportional toB could be canceled
by T ~ expf22Imsndkzgk̂ 3 B. Both these choices ful-
fill the energy flow conservation at the interface, and a
appropriate linear combination will make the energy flow
vector of Eq. (1) parallel to the propagation direction o
the wave packet. We emphasize that these choices are
necessarily unique. Although we have not clarified th
physical significance of such remarkable albeit unavoi
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able choices forT, in our view, our findings contribute to
the ongoing discussion on the interpretation of the Poyn
ing vector as the electromagnetic energy flow [22].

In conclusion, we have reported for the first time the
observation of magnetic deflection of circularly polarized
light in transparent media, in accordance with long
standing predictions. The magnetic deflection of linearl
polarized light in absorbing media, predicted by the
Poynting vector, was not observed. This proves that th
conventional identification of the Poynting vector with
the energy flow is not generally correct.

We gratefully acknowledge stimulating discussions
with P. Wyder, R. Maynard, and Yu. Bychkov and
valuable help by R. Bressoux.
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