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Direction of Optical Energy Flow in a Transverse Magnetic Field

G.L.J.A. Rikken and B. A. van Tiggeleh
'Grenoble High Magnetic Field Laboratory, Max Planck Institut fiir Festkorperforschung/Centre National
de la Recherche Scientifique, Grenoble, France
’Laboratoire de Physique et Modélisation des Milieux Condensés/Centre National de la Recherche Scientifique,

Maison des Magisteres, Université Joseph, Fourier, Grenoble, France
(Received 11 October 1996

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]

PACS numbers: 41.20.Jb, 41.20.Bt, 78.20.Ls

Recently, it was shown both theoretically [1] and by the existence of the second term in Eq. (1), is well
experimentally [2] that light propagating in a scatteringappreciated in text books on electrodynamics [9-12], but
medium subject to a transverse magnetic field is deflecteid always discarded, leading to the standard form for the
in a direction perpendicular to both the incident light energy flow, the so-called Poynting vec&rwhich reads,
beam and the magnetic field. This new effect bearsfter cycle averaging [13],

a phenomenological resemblance to the electronic Hall o .
effect, where the Lorentz force causes a deflection of S = e Re(E X HY). 2)

the electron trajectories. The “photonic Hall effect” jgifications of this choice are the consistency with all
finds its origin in the magnetically induced change ofgynerimental observations so far and with theorems for
the optical properties of the medium. This mechanismynergy flow under restricted conditions [3,14]. Only
is not limited to scattering media, and therefore the, adia with nonlocal optical response (i.e., spatial

question naturally arises whether light propagating inyispersion) an extra material contribution in Eq. (2) arises
nonscattering, homogeneous media is also deflected % 15]. For media withlocal optical response, we will

a static transverse magnetic field. Some aspects Qfresent the first theoretical and experimental evidence that
dgflecnon of light by a magnetic fleld_ have qlready beenhe choice made in Eq. (2) is not generally correct.
discussed by Landau,.Llfshltz, and Pitaevskii [3]. Tho_se The direction of wave propagation can be unequivo-
effects have been estimated to be very small [4], which.g) . estaplished by following the propagation of a wave
may explain why, to our knowledge and surprise, they,acket in space and time. In general this requires
have never been observed experimentally. A different,nsiqeraple computational effort, but the situation can
kind of magnetodefl.ecnon has been re;ported in absorbmge greatly simplified by considering a wave packet of
homogeneous media [5]. The question whether light i fficiently narrow frequency spread in a homogeneous
bent by magnets in homogeneous media has recentijeqiym without absorption. In this case distortion of

been raised again by 't Hooft and van der Mark [6], in e wave packet form can be neglected. Such media are
reviewing our work on scattering media [2]. This topiC -j5racterized by a real-valued dispersion lak). If

is part of a much broader discussion on the properties o},q initial wave packet amplitude is denoted (r),
macroscopic electromagnetic fields inside dielectrics thaty,e evolution of the densith¥ (r, 1)|> can be shown to be
despite its long history, still yields new results [7,8]. In given by [3,9,11][¥(r, 7)]> = [Wo(r — v,z,0)|?, which
this Letter we study th_e directipn of optical energy ﬂOWinIeadS to the well-known conclusion tghat the velocity
a homogeneous medium subject to a transverse magneli¢ energy flow, including its direction, is given by the
field, both theoretically and experlmentally._ group velocityv, = Vi w (k). Under the same conditions
Arguments based on energy conservation and macrQsy homogeneity and transparency, the directions of the
scopic Maxwell equations show that the energy flow ofpqyniing vector and the group velocity can be shown to
an electromagnetic wave in media with a local response iggincide [3,14]. This still holds true in anisotropic media,
given by where the direction of energy flow or the Poynting vector
S§= 9 EXH+VX T, @ yviI.I in general not be para_lllel_ to the_ wave vector. Also
T in inhomogeneous but periodic media, group velocity and
whereT is some vector fields, is the vacuum velocity of energy flow of a Bloch wave packet are parallel [16].
light, andE andH are the electric and magnetic fields of No such clear relation between Poynting vector and
the wave [9]. The ambiguity in the energy flow, reflectedgroup velocity has been obtained when the medium
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is either disordered or absorbing. Nevertheless bothetic field B the two are parallel. However, a nonzero
quantities are widely assumed to give the direction ofvalue for Inn or Imy will cause differences between the
energy flow and therefore to be parallel. Absorbingdirections of Poynting vector and group velocity in the
media can still be described by a dispersion law, albeipresence of a magnetic field. In particular, a magneto-
complex valued. This means that the group velocity igransverse term appears. Later, we will consider whether
still defined and has become complex valued as wellthese discrepancies can be removed by an appropriate
By choosing a Gaussian wave packet 5(r) one can choice of T in the more general formulation of energy
establish that the propagation direction of the maximunflow as given by Eq. (1).
of the energy density is determined by treal part of In a magnetic field, linearly polarized waves are not
the group velocity. Inhomogeneous, strongly scatteringigenmodes of the system. Therefore a group velocity
media can be regarded as absorbing media as longannot be defined, and one has to resort to the full wave
as the ensemble-averaged amplitude is considered; thpacket approach. The details of this lengthy but straight-
relevance of the group velocity for the coherent wave hasorward calculation will not be given. The main result
been demonstrated experimentally for light in absorbingis that, when calculating the propagation of the energy
dispersive media [17,18] and recently for acoustic waveslensityU(r,7) = (E - D + H?)/4x of a linearly polar-
in strongly scattering media [19]. ized Gaussian wave packet in a homogeneous, absorbing
In this paper we consider the direction of electro-medium subject to a transverse magnetic field, we find no
magnetic energy flow in a local, isotropic, homogeneougsleflection, i.e., the direction of energy flow is parallel to
medium. The linear effect of a static magnetic fi@ldbn  the centralk vector of the packet, independent of mag-
the optical properties of such a medium is described byetic field.
the dielectric tensog;;(B) [3], For a linearly polarized plane wave, whedge is the
_ 2 . angle between polarization vector and magnetic figld
eij(B) = n"8;j + iyeijiBy. ) one finds from Maxwell's equations for the direction of
wheren is the complex refractive index of the medium, the Poynting vector,
Rey determines the strength of magnetic circular birefrin-S(¢, B) « Renk
gence (the Faraday effect, a difference in refractive index

1 n. . ~
for left- and right-handed circularly polarized light), and + Elmy—’;[sm2¢B + (1 — cos2¢)k X B].
Im+y is that of magnetic circular dichroism—MCD—(a n
difference in absorptiom for left- and right-handed cir- )]

cularly polarized light) [3]. The dispersion relation for the This result shows magnetic deflection both in the direc-
two circularly polarized eigenmodes can be determinedions of B andk X B in the presence of absorption, but

from the Helmholtz equation and reads contrary to the case of circularly polarized light, both
ke c terms are proportional to Igyi/n?, i.e., deflection is only
w+(K) = =0+ % B- k. (4) predicted in absorbing media. As a special case, we re-
n n

S _ _ . ~ cover the deflection term proportional to #tk X B)
For simplicity we leave aside the interesting complicationthat was discussed by Schlesser and Weis [5]. Again, we
that » and y may depend on frequency. The resultingestablish that the direction of the Poynting vector is not

group velocity reads consistent with the wave packet analysis in the presence
. e . YCo of both absorptioranda magnetic field.
Ve = k =+ P B. (5) To experimentally test the various predictions for the

direction of energy flow we have determined the deflec-
On the basis of this equation, the optical energy flowtion of light upon propagation in several homogeneous di-
can be deflected by a magnetic field, as predicted iRlectrics in a transverse magnetic field. The setup is shown
Ref. [3] (section 101) [4]. We note that the deflectionschematically in Fig. 1. A light beam of a given polar-
is only in the direction of the magnetic field, and nojzation state is normally incident on the sample, placed
magnetotransverse term, perpendicular to both magneti a transverse magnetic field, alternating at 8 Hz. The
field and wave vector, is present. transmitted light is detected by two-quadrant split photo-
Using Maxwell's equations, we can calculated thedjodes, whose interconnecting axis can be directed along
Poynting vector, as defined in Eq. (2), for circularly the B axis or thek X B axis. The difference between

polarized light. For a plane wave one readily finds the photodiode signals is then phase sensitively detected
R 1 ya 1 yia at the magnetic field frequency and represents a magnetic
S-(B) « Renk * > Ren—2 B + > Im? k X B. field induced lateral displacement of the beam after passage

through the sample. Calibration of this displacement sig-

(6)  nal is done by means of moving the photodiode assembly

Upon comparing the real part of the group velocity inover controlled distances. It is experimentally advanta-

Eqg. (5) with the Poynting vector in Eqg. (6), one finds thatgeous to determine the difference between the deflec-
without absorption/ andy real valued) or without mag- tion signals for two different polarization states, as this

848



VOLUME 78, NUMBER 5

PHYSICAL REVIEW LETTERS

3 EBRUARY 1997

P photo diode |
0 [ . Veos 21
kxB le] p
- — _a--"---'?- _.-"H 1= -”f
O et T 0 | A
1 e = photo diode 2
¥
Beos 2t
k== z=L
el

FIG. 1. Schematic setup. As shown, the displacement of the
beam in thek X B direction is detected. By rotating the
photodiode assembly over 98longk, the B axis displacement

is detected.

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

First we will describe the experiments for the case
where no theoretical controversy exists, i.e., deflection
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in transparent media of circularly polarized light in the FIG. 2. B axis displacements versus sample length.

B direction, proportional toy (n andy both being real
valued). From Eg. (6) it is clear that this deflection can be”
determined by subtracting tie axis displacement signals
for left and right circularly polarized light, according to

S/(B)—S (B) _ y
S =0) = 5B. (8)

2
n

In transparent materials iy = nAV /7, V being the

Verdet constant of the medium andthe vacuum wave-

(laser wavelength 632.8 nm, sample material is Plexiglas
= 1.49,V = 4.5 rad/T m) and magnetic field strength =

0.48 T.) Dashed line is a linear fit to the data points.
shows the dependence of the deflection angjle 5/L on
magnetic field strength, also for Plexiglas.
linear fit to the data points.

Inset

Dashed line is a

the k X B axis for light polarized paralle{¢ = 0) and
perpendiculaf¢ = 7 /2) to the magnetic field,

length of the light. Under these conditions also the groupS(¢ = 7/2,B) — S(¢ = 0, B) B

velocity is well defined [Eqg. (5)] and predicts the same de-
flection between energy flow arld vector, quantified by
the deflection anglé = VB/k. Figure 2 shows the mea-
sured displacement in tH& direction of the light beam on
the photodiodes, as a function of sample length. The linear
dependence observed shows that the magnetic field indeed
induces aconstantdeflection angle between wave vector
and energy flow inside the sample. The inset shows that
this deflection angle is linear in magnetic field strength.
It was checked that the deflection angle was independent
of light intensity. Figure 3 shows the results obtained for
several materials with different Verdet constants and re-
fractive indices. Good agreement is obtained with the
theoretical prediction fof, shows as the solid line. These
results constitute, to our knowledge, the first experimen-
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 absorbing
media ¢ and y complex valued), a controversy exists
between the predictions based on the Poynting vector and
on wave packet analysis. The Poynting vector in Eq. (7)
predicts the existence of a magnetotransverse deflection
of linearly polarized light which is proportional to kn
Schlesser and Weis, in observing such a deflection, ha\}%
presented experimental evidence in favor of this Poyntin%
vector prediction.

Im(yn/n?) .
k XB.
S(B =0) Ren
9)
T ! ) ] 1 | T
400 %/—
/
B / 4
/
300 |- i// .
£
o B / i
£ /
® 200 | i .
i/T
B y i
100 |~ /)i —
/
L/ ]
/
0 ] 1 | | ) | 1
0 2 4 6

V/n (rad/Tm)

FIG. 3. B axis deflection anglé versusV /n for several ma-
rials. (In order of increasing/»; air, methanol, water, Plexi-
as, toluene, and 1-methyl naphthalene.
~°%$32.8 nm, sample length 13 mm, and magnetic field strength
Here we measure such a possiblg = 048 T.) Dashed line is a linear fit to the data points;

Laser wavelength

deflection by subtracting the displacement signals alongolid line is the theoretical prediction (see text).
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We have selected a weakly absorbing material, wherable choices foll', in our view, our findings contribute to
Imn < Ren, i.e., #w = n. Imy can be independently the ongoing discussion on the interpretation of the Poynt-
determined from the MCDAa«a(B) = a+(B) — a—(B)  ing vector as the electromagnetic energy flow [22].
according to Iy = nAa/2kB. As a medium we In conclusion, we have reported for the first time the
have used an aqueous Nd solution, which around observation of magnetic deflection of circularly polarized
A =791 nm shows a transition with a weak absorp-light in transparent media, in accordance with long-
tion @ = 10 molar 'cm™! and a large relative MCD standing predictions. The magnetic deflection of linearly
Aa/a =5 X 1072 T~1[20]. From our own MCD mea- polarized light in absorbing media, predicted by the
surements, at a Nd concentration of 0.1 molar, we deter- Poynting vector, was not observed. This proves that the
mine Imy = (1.0 = 0.1) X 107 T-! at A = 790.0 nm,  conventional identification of the Poynting vector with
somewhat smaller than reported in Ref. [20], whichthe energy flow is not generally correct.

according to Eq. (9) should correspond to a deflection We gratefully acknowledge stimulating discussions
angle of (29 + 3) X 107 % rad atB = 0.5 T. Our setup with P. Wyder, R. Maynard, and Yu. Bychkov and
should have no difficulty detecting such a deflectionvaluable help by R. Bressoux.

angle, as witnessed by Fig. 3. However, experimentally

we observe at this field strength a deflection angle of

(0.3 = 03) X 10" rad, i.e, no significant deflection. 1/, 5 A \an Tiggelen, Phys. Rev. Lef5, 422 (1995).

This result is in quantitative agreement.wnh the p.redlctlon [2] G.L.J.A. Rikken and B.A. van Tiggelen, Nature (Lon-
based on the wave packet calculation, and in strong” " gon)381, 54 (1996).

disagreement with the Poynting vector prediction. To our [3] L.D. Landau, E. M. Lifshitz, and L. P. PitaevskElectro-
knowledge, this is the first time that the widely accepted  dynamics of Continuous Med{&ergamon, Oxford, 1984).
Poynting vector definition [Eqg. (2)], and, in particular, its [4] N.B. Baranova and B.Ya. Zel'dovich, JETP Lef09,
direction, is experimentally proven to be incorrect. Our 681 (1994).

measurements disagree with the findings by Schlesser antp] R. Schlesser and A. Weis, Opt. Lettd, 1015 (1992).

Weis in cesium vapor. Since their observed deflection [6] G- W. 't Hooft and M.B. van der Mark, Nature (London)
was found to be strongly nonlinear in magnetic field and 7] g8é zhfegc?r?fslgh . Rev. Lett6, 4713 (1996)

light intensity, probably due to population and coherence 8] v. Jiang and M. )I/_iu, Phys. Rev. Letf7, 1043 (1996).
effects, these authors themselves suggested that line

5] M. Born and E. Wolf, Principles of Optics(Pergamon
electromagnetic theory, as expressed in Eq. (3), may ] Oxford, 1980). Frinetp ptics(Perg ’

not apply to their medium. The absence of a magnetor1g] R.p. Feynman, R.B. Leighton, and M. SandBhe
transverse deflection in homogeneous absorbing media = Feynman Lectures on Physitaddison-Wesley, Reading,
emphasizes the different impact of a magnetic field on  1979), vol. II, Sec. 27-4.
absorbing and scattering media, as the latter have bedgni] J.D. Jackson,Classical ElectrodynamicfWiley, New
shown to exhibit such a deflection [2]. York, 1975).

Our final task is to determine whether a choice Tor [12] J.A. Stratton, Electromagnetic Theory(McGraw-Hill,
exists that reconciles the energy flow as expressed by New York, 1941), Sec. 2-19. _
Eqg. (1) with our wave packet analysis, which in turn is[13] R. Loudon, The Quantum Theory of LightClarendon
consistent with our experimental observations. In vac- Press, Oxford, 1983).

. - L o [14] D.F. Nelson,Electric, Optic and Acoustic Interactions in
uum, evidenthV X T = 0. This is no longer true inside Dielectrics (Wiley, New York, 1979).

our medium, and the requirement of energy flux conser 15] M. F. Bishop and A. A. Maradudin, Phys. Rev.18, 3384
vation at the interface between vacuum and medium [145 (1976); A. Puri and J.L. Birman, ’physl Rev. ¥, 1044

therefore implies that the normal component¥ofx T (1983).

must vanish at the interface inside the medium. As thg16] N.W. Ashcroft and N.D. Mermin,Solid State Physics
energy flow decays in the medium as pxglm(n)kz], (Holt, Rinehart and Winston, New York, 1976),
we can expect a similar dependenceYo T. It can be Appendix E.

easily shown that thk X B terms in the Poynting vector [17] C.G.B. Garrett and D. E. McCumber, Phys. Rev1,/805
expressions can be canceled Byx exd —2Im(n)kz]B (1970).

[21]. Similarly, terms proportional t8 could be canceled [18] S. Chu and S. Wong, Phys. Rev. Let8, 738 (1982).
by T o exp{—2|m(n)kz]f( % B. Both these choices ful- [19] J.H. Page, Ping Sheng, H. P. Schriemer, I. Jones, Xiaodun

. ; . Jing, and D. A. Weitz, Scienc27l, 634 (1996).
fill the energy flow conservation at the interface, and arIZO] C. Gorller-Walrand, H. Peeters, Y. Beyens, N. de Moitié-

appropriate linear combination will make the energy flow Neyt, and M. Behets, Nouveau J. Chindig715 (1980).

vector of Eq. (1) parallel to the propagation direction of[21] This choice forT also applies wherk is not normal to
the wave packet. We emphasize that these choices are not ' the interface, but stilk - B = 0. Thenk X B acquires a

necessarily unique. Although we have not clarified the  component normal to the interface.
physical significance of such remarkable albeit unavoid{22] 1. Campos and J. L. Jiménez, Eur. J. Piy3.117 (1992).

850



