A simple experiment for determining Verdet constants using alternating
current magnetic fields
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A simple experiment suitable for a senior undergraduate and graduate laboratory on the
measurement of Faraday rotation using ac magnetic fields is described. The apparatus was used to
measure the wavelength dependence of Verdet constants for several materials. A
concentration-dependent study on ferric chloride water solution was also carried out to demonstrate
that the diamagnetic and paramagnetic contributions to Faraday rotation have opposite signs.
© 1999 American Association of Physics Teachers.

[. INTRODUCTION in noise. The Verdet constants of several materials com-

monly available in the laboratory were determined at differ-
Faraday rotatiohis the rotation of the plane of polariza- ent wavelengths and compared with published &ata.

tion of light due to magnetic-field-induced circular birefrin-

gence in a material. In a nonabsorbing or weakly absorbingg EXPERIMENT

medium a linearly polarized monochromatic light beam pass-

ing through the material along the direction of the applied The experimental setup is schematically shown in Fig. 1.

magnetic field experiences circular birefringence, which reThe conventional large electromagnet is replaced with two

sults in rotation of the plane of polarization of the incident 500-turn coils(wound with enamelled copper wire 1 mm in

light beam. The angle of rotatiofi can be expressed ak diametey. These coils were routinely used in our under-

=VBL=mAnL/\, whereAn is the magnitude of circular 9graduate labs for demonstrating concepts relating to induc-

birefringence(a difference in refractive index of left and tances and resonant circuits. Each coil has an air core with a

right circularly polarized light in the mediupyL is the length ~ Cross section of 4 cm4 cm and a length of 7 cm. Each of
of the medium traversedy is the wavelength of light in these coils _has an md_uctance of 0.005 H and a resistance of
vacuum, andB is the magnetic field. The constantis a  2-5 {2 allowing a maximum current of 2.5 A. The spacing
material property and gives a quantitative measure of th@etween the cails is 3 cm. The power source to drive each of
Faraday rotation ability of the material and is called the Ver-the coils generating the ac field was a car stereo amplifier
det constant. Faraday rotation is commonly used in fabrica¢@Pable of supplying 50-W per channel and was bought from
tion of optical isolatorsto prevent unwanted backreflections. @ discount store for $30.00. A 13.8-V 10-A power supply
Faraday rotation measurements can also be used to infer tHé&S used as the power source for the amplifier. TwoFl-
susceptibility of materials and measure carrier dendifies ~Ccapacitors(rated for 300 V were connected in series with
semiconductors if the effective mass of the carrier is known&ach of the coils to resonate the circuits at a convenient drive
Many investigations have been carried out to measure thii€gquency which was chosen to be in the vicinity of 2 kHz.
Verdet constants of materials using dc magnetic fidids. e resonant circuit helps cancel current limiting due to the
Since Faraday rotation combines many fundamental eldnductive impedance of the coils and makes it possible to
ments of polarization optics with electromagnetism, dcgenerate larger ac magnetic f|elds._ It is important to bear in
magnetic-field-based Faraday rotation experiments have aldpind that due to the resonant excitation the voltage across
been introduced to the undergraduate physics laboratory to
examine the Faraday rotation and determine the Verdet con-
stants of sampled® However, the dc magnetic-field-based
measurement requires an expensive and bulky electromagnet Laser Py 1y A D

Iron Box

1S a
and a costly high current power supply to produce magnetic ] M it icon
fields of the order of a kilogauss or higher due to the small U L |
values of the Verdet constants for paramagnetic and diamag- NG| [ '
netic materialgof the order 10° to 10 2 min/G cm). Mea- ‘ I L
surement of the Verdet constants with an ac magnetic field T T
has been recently reportédn this paper, we describe a "
simple experimental setup suitable for a senior or graduate Fower Amplifier Lockiin

laboratory to investigate Faraday rotation and determine the | Signal Generator Amplifier
Verdet constant using an ac magnetic field. The experiment
uses a |0(?k-|n ampllfler to measure the Faraday rOtamo'rlig. 1. Schematic diagram of the setup for measuring the Faraday rotation
a.n_gle and m_trOduceS.StUdemS to the Ut_”'ty of the phase SeMsing ac magnetic field. P: polarizer; S: sample; A: analyzer; D: photode-
sitive detection technique to extract a signal normally buriedector.
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the capacitor and inductors can get as high as 200 V and care )
should be taken to make sure that these components are ap- 26
propriately insulated or contained in a closed box to avoid a
possible shock during operation. The sinusoidal output of &ince the angle® is very small <1°), one carclearly see
signal generator was fed into the two input channels of thehat when¢=45° maximumAl can be obtained. With the
audio amplifier and the frequency was scanned until resoanalyzer set at 45°, the intensity measured by the detector as
nance was obtained at 2.2 kHz. Typically, the ac magnetiexpressed by Eq4) can be simplified:

field was adjusted to be in the range of 20-40 G rms. The N )

magnitude of the magnetic field can be controlled by adjust- I=3(1+26)Aq. ©)

ir_lg the magnitude of the input sigr_lal or the frequency of the gjnce the ac magnetic field is sinusoidak B, sin(Qt)
signal generator so as to move slightly away from the resoanq ¢ is proportional toB, the rotation angle can be written

nance peak. The magnetic field was measured using a Hafl yhe torm of 9= 0o sin((2t). Then Eq.(6) can be rewritten
probe ac gaussmeter. If a gaussmeter is not available, t

magnetic field can still be determined by measuring the Far-
aday rotation of a material whose Verdet constant is accu- |=3(1+26, sin(Qt))A§=IO+AI sin(Qt). 7
rately known. We shall further elaborate on this in Sec. IV.B measuring the relative chanae of the light intensit
In this experiment, a polarizetinexpensive polarizers y 91 9 e 19 vy
with extinction ratios of 1:1000 work finds used to obtain Alllo, _the amplitude of the angle of rotation can be easily
a linearly polarized light beam that passes through th&l€termined to be
sample placed between the two coils. The plane of polariza- 1 ggoAg 1Al
tion of the light beam passing through the sample under the 0025 21
influence of the ac magnetic field oscillates periodically. This 0 0
oscillation of the plane of polarization is converted by an-The Verdet constant of the material is then determined using
other polarizefas analyzerthat is set at 45° with respect to the relationd,=VBoL, whered,, L, andB, are experimen-
the input polarizer to an oscillation of light intensity which is ta|ly determined. It is important to point out that it is not
detected by a photodetector and a lock-in amplif@anford gifficult to measure a ratic1/1, of the order 105 using a
Research Systems SR510 single-phase analog lock-in ampliase sensitive technique. A rotation of the plane of polar-
fier with a frequency range of 0.5 Hz-100 KHZhe photo-  ,44i6n of the order of 10°rad is thus measurable by this
detector used here Is a silicon-based low-power OleteCt%chnique due to the elimination of broadband noise by the
(Newport 818-S). which has a broad spectral response OfIock-in amplifier. A rotation of 10°rad corresponds to a

400-1100 nm and a rise time abouu8. The Faraday rota- . 0 T
tion angle is experimentally measured and the Verdet cordifference of the order 10 in the refractive index of left

stant can be easily determined if the value of the magneti@nd right circularly polarized light in the medium.
field and sample thickness are known. Section Il discusses
some of the theoretical aspects underlying the experiment. V. RESULTS

=sin2(¢— O)A3. 5

()

Experiments were performed on a number of materials
ll. THEORY which are relatively easily available in a teaching laboratory.
The materials investigated included distilled water, ethyl al-
The linearly polarized light incident on the sample is as-cohol, methyl alcohol, BK7 glass, and aqueous solutions of
sumed to be propagating in thedirection and polarized ferric chloride at different concentrations. For liquid
along thex axis. The electric field of the light beam can be samples, a glass cuvette with 1-cm path length was used. The

expressed in Jones matrix form as thickness of the BK7 glass used in our experiments was 1.2
1 cm. Lasers were used as light sources for the wavelength-
Eo=| - |Asexp —iwt+ikz), 1 dependent experiments simply because they were available,

0 (0 oexp~lw ) @ but a collimated white light source followed by an appropri-

ate wavelength selective interference filter works fine. The

whereA, is the amplitude of the electric field of the beam. . . X
After passing through the sample, the polarization of thewavelengths used in these experiments were obtained from

P an argon-ion lasei458, 476, 488, 496, and 514 nna diode
light is rotated by a small anglé and can be represented by pumped solid state 1as€532 nm. a He—Ne lasef633 nm).

. . and two diode laser&70 and 830 nm
Ao expl —Twt+ik2). 2 Previously published Verdet constants of water at different

The light th h h | hich i wavelengthSwere used as a standard to calibrate the mag-
e light then traverses through an analyzer which is set 3{ayic field and check the results obtained with the gaussme-

an angle of¢ with respect to the polarizer. The electric field (o The rotation of the plane of polarization in distilled water
of the light beam is now described as as a function of the current passing through the coils was
cog ¢— 0)cose ) ) measured first and compared with previously published data
cos b 6)sine Ao expl( — i wt+ikz) (3)  to obtain an independent calibration of the magnetic field as
S ] o a function of current. The wavelength-dependent results for
and the light intensity measured by the detector is given bygistilled water are shown in Fig.(& along with the pub-
_ _ 2 lished data from Ref. 8. The Verdet constants of ethyl alco-
| =cos(¢-O)A;. @ hol, methyl alcohol, and BK7 glass were also measured and
In order to achieve a maximum modulation of the light in- are shown in Fig. Zb), (c), and(d), respectively. The con-
tensity (A1), the analyzer needs to be set at an optimal angletribution from the glass cuvette has been subtracted for all
By taking the first derivative of with respect tod, one gets liquid samples. The experimental error for the Verdet con-

cosé

E=sine

715 Am. J. Phys., Vol. 67, No. 8, August 1999 Janhal. 715



T 0060 E
E v 3 00254 7.
w 2 +%
2 0.0504 E L
S & 0.0204 s
= = -
' 0.040+ E
£ ~  0.0154
w j2l
< 0030+ =
- =
s Z 00104
£ 0.020
: 3 :
~ ~—
E 0.010] 35 3 00054
e > =
& : 3
0.000 T T T T T 0.000 T T T T T T
200 400 600 800 1000 1200 400 500 600 700 800 900 1000 1100
(a) Wavelength (nm) () Wavelength (nm)
. 0.040
_
=
5
A ] z
2 % 00304 3
o0
2 E 3
.E = T
g ] e
N
2 ‘2 0.020 4 .
= = o -
< ~— o
Rd w
@« =
g S T
b “  0.0104
- o
3 -
= 5
@
> >
0.000 T T T T T T 0.000 T T T T T T
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
(b) Wavelength (nm) (d) Wavelength (nm)

Fig. 2. The Verdet constants measured at various wavelengths along with previously publishedaatsstifed water,(b) ethyl alcohol,(c) methyl alcohol,
and (d) BK7 glass, respectively. The solid lines present the power fit to previously published data and the open circles are experimental results.

stants determined from the experiment was estimated to beote that solutions of paramagnetic salts of appropriate con-
less than 10° min/G cm and is mainly due to the leakage of centration can provide a medium with zero or exceedingly

the ac magnetic field from the coils and its pickup by thesmall Faraday rotations.

photodetector. This effect is minimized by enclosing the

coils in a box mad_e of iron or moving t_he_detectc_)r furthervl CONCLUSIONS

away from the region of the ac magnetic field. It is clearly

seen from Fig. @) and (d) that the experimental results of  An experiment suitable for a senior and graduate labora-
distilled water and BK7 glass are in good agreement withtory to measure the Verdet constant using inexpensive and
previously published data. However, for ethyl and methyl

alcohols, deviations between the experimental faig 2(b)

and(c)] and the published results are observed at short wave- 0.02
lengths. The data are consistent with the dependenceof

the Verdet constant for diamagnetic materials in the nonab-
sorbing wavelength regime.

Investigation of the concentration dependence of the Ver-
det constant has been carried out for aqueous ferric chloride
solutions at 670 nm. The behavior of the Verdet constant is
shown in Fig. 3. Our experimental data on water in Fig. 1
yield a positive value for the Verdet constant at 670 nm. In
Fig. 3 we observe that the Faraday rotation changes sign
from positive to negative values with increasing concentra-
tion of ferric ions. The ferric chloride solution at any particu-
lar concentration has a positive contribution to the Verdet 0.06 . : :
constant from the water molecules. The ferric ions, however, 0.00 1.00 2.00 3.00 4.00
are paramagnetic and make a negative contribution to the Molar-concentration (Mol/L)

Verdet constant.Consequently, as the concentration of fer-
ric ion increases, the Faraday rotation decreases, and at largig. 3. Molar-concentration dependence of the Verdet constants for ferric
enough concentrations becomes negative. It is interesting thloride water solution measured at 670 nm.
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PHYSICS AND POETRY

Why did it take Bohm so long to work out all the implications of his theory? Here a world of
explanation is necessary, for although it may seem unusual to the nonscientist, the creator of a new
theory may not necessarily fully understand what he or she has done.

A scientific theory may be compared to a deeply satisfying poem. Such a poem can be visited
again and again during one’s life. At each reading its density, allusions, images, and resohances
are unfolded. The best poetry is an inexhaustible inscape, and its metaphors suggest a variety of
different readings, none of which brings closure to its range of potential meanings. In similar
fashion a scientific theory exists partly as mathematical formulae and partly as a cloud of words
surrounding the formulae and their variables. Like the poem, the theory’s meaning, or the way it
functions, can be unfolded in a variety of different ways.

F. David Peat|nfinite Potential—The Life and Times of David Bothddison-Wesley, Reading, Massachusetts, 1987
14.
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