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We measure the infrared (wavelength 4 = 11 — 0.8 ym; energy E = 0.1 — 1.5 eV) Faraday rotation and ellipticity in
GaAs, BaF,, LaSrGaO,, LaSrAlOy4, and ZnSe. Since these materials are commonly used as substrates and windows
in infrared magneto-optical measurements, it is important to measure their Faraday signals for background sub-
traction. These measurements also provide a rigorous test of the accuracy and sensitivity of our unique magneto-
polarimetry system. The light sources used in these measurements consist of gas and semiconductor lasers, which
cover 0.1 — 1.3 eV, as well as a custom-modified prism monochromator with a Xe lamp, which allows continuous
broadband measurements in the 0.28 — 1.5 eV energy range. The sensitivity of this broadband system is approxi-
mately 10 grad. Our measurements reveal that the Verdet coefficients of these materials are proportional to 172,
which is expected when probing with photon energies below the band gap. Reproducible ellipticity signals are
also seen, which is unexpected since the photon energy is well below the absorption edge of these materials, where
no magnetic circular dichroism or magnetic linear birefringence should occur. We suggest that the Faraday el-
lipticity is produced by the static retardance of the photoelastic modulator and other optical elements such as
windows, which convert the polarization rotation produced by the sample into ellipticity. This static retardance
is experimentally determined by the ratio of the Faraday rotation and ellipticity signals, which are induced by
either applying a magnetic field to a sample or mechanically rotating the polarization of light incident on the
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photoelastic modulator and/or other optical components.

OCIS codes:  120.2130, 120.4530.

1. INTRODUCTION

Faraday measurements probe materials by exploring changes
in the polarization of transmitted light. These changes are in-
duced by the presence of a magnetic field or magnetization
and are highly sensitive to critical properties such as electro-
nic band structure and spin population. Faraday measure-
ments have been widely performed on semiconductors [1]
and, more recently, on III-V diluted magnetic semiconductors
[2-5] and high temperature superconductors [6,7] in the visi-
ble and infrared energy range. These measurements provide
detailed new information which complement conventional in-
frared conductivity measurements [8]. For example, we have
used these techniques to sensitively probe the spin-dependent
electronic structure of Ga,_,Mn, as near the Fermi energy [9].
The Faraday effect in many optical materials such as GaAs,
BaF,, LaSrGaO,, LaSrAlO,, and ZnSe, is well studied in the
visible and near-infrared range. However, similar mid-
infrared (MIR, wavelength 1 = 11 — 2 ym; energy £ = 0.1 —
0.6 eV) Faraday measurements have been rare. Understanding
the nature of these materials in the MIR is extremely impor-
tant because they are commonly used as substrates, windows,
and lenses in studies of more remarkable materials such as
high-temperature superconducting cuprates (HTSC) [6,7] and
MI-V(Mn) diluted magnetic semiconductors, [9-12], which are
particularly revealing in this spectral regime. The key features
of the measurements presented in this paper are what is to our
knowledge the first report of the MIR Verdet constant for BaF,
and LaSrAlO4; measurement of both Faraday rotation and
ellipticity; and a broad nearly continuous infrared spectral
range. Furthermore, since we are developing new instrumen-
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tation and techniques, these measurements provide an
excellent test of the accuracy and sensitivity of our magneto-
polarimetry system.

Magneto-optical transmission measurements with the mag-
netic field and radiation propagation directions both oriented
perpendicular to the sample surface, determine the complex
Faraday angle produced by a sample in a magnetic field. The
real part of the Faraday angle Re(0y) is related to the rotation
of the plane of polarization (Faraday rotation) and the imagin-
ary part Im(0r) is connected to the ellipticity (Faraday ellip-
ticity) of the transmitted light [13,14]. In principle, the Faraday
effect originates from optical transitions and free carriers in a
magnetic field [1]. For an isotropic sample in the Faraday geo-
metry, Faraday rotation results from differing indices of re-
fraction for left- and right-circularly polarized light, where a
difference in absorption for left- and right-circularly polarized
light produces Faraday ellipticity. In non-isotropic cases,
Faraday ellipticity can also arise from stress-induced linear
birefringence [15], or linear magnetic birefringence [16].

The MIR energies used in this experiment are up to an order
of magnitude smaller than the band gap energy of the semi-
conductors and insulators studied here. In general, there will
be no absorption of light in this energy range. When a mag-
netic field is applied to a sample the interband transition
energies will shift, causing a difference in the indices of refrac-
tion for left- and right-circularly polarized light below the band
gap. A phase shift in left- and right-circularly polarized waves
is induced by this difference, which causes a polarization ro-
tation in the transmitted light. This angle of rotation Re(0r) is
proportional to the sample’s thickness d and applied magnetic
field H. The Faraday angle normalized by the field and sample
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thickness is known as the Verdet coefficient (V = Re(0r)/
(Hd)). The Verdet coefficient for radiation below the band
gap of an insulating sample has only interband contributions,
and is proportional to 272 [17]. As mentioned earlier, Faraday
ellipticity is not expected in these materials in the MIR regime,
because the radiation energy is below the absorption edge.
However, reproducible ellipticity signals proportional to H
are found throughout our experiment, which scales the same
as the polarization rotation [see Egs. (2) and (6)]. Note that
Faraday ellipticity is defined as the ratio of the minor to major
axes of the polarization ellipse. In this study, we suggest that
the observed ellipticity arises from the rotation of the polar-
ization incident on optical components after the sample (e.g.,
photoelastic modulator (PEM), windows, substrates, lenses,
etc...). It is important to better understand this ellipticity ar-
tifact so that we may isolate the real signal produced by the
sample. For example, one similar artifact that we previously
found was that stray magnetic fields can induce rotation and
ellipticity signals in the output of gas lasers that are compar-
able to the signals produced by samples [14]. This artifact is
easily removed by placing the lasers farther away from the
magneto-optical cryostat [14].

In this paper, we present the MIR complex Faraday angle
measurements of GaAs, BaFy, LaSrGaO,, LaSrAlO,, and ZnSe.
We shall first introduce the magneto-optical measurement set-
up, focusing on our newly custom-modified prism monochro-
mator. Next, we determine the Verdet coefficients of these
samples and analytically derive the static retardance of optical
components from the rotation and ellipticity signals. Finally,
we discuss new calibration techniques and some important
artifacts, including the static retardance of our PEMs and
other optical components, such as windows and polarizers.

2. EXPERIMENTAL TECHNIQUE

There are two ways in which linearly polarized light can
change after interacting with a sample in a magnetic field.
The plane of the polarization can rotate, and the light can ac-
quire ellipticity. These polarization changes in the transmitted
light are characterized by the complex Faraday angle 0.
Our gas lasers (COg, 9 — 11 yum; CO, 5 — 6 ym; HeNe, 3.4 ym)
are set up as described in [14]. However, for this work we have
expanded the number of usable laser lines with new semicon-
ductor lasers (wavelengths 2.5, 2.0, 1.5, 1.3, and 0.978 pm).
These lasers provide Faraday angle measurements throughout
a wide range of discrete energies (0.1 eV — 1 eV). To further
expand the capabilities of our system we have also added a
new custom-modified double-pass prism monochromator
(Perkin—Elmer Model 99) with a 300 W Xe lamp (Perkin—
Elmer Cermax), which allows continuous broadband mea-
surements in the 0.28 — 1.5 eV energy range. Unlike typical
arc lamps, which are housed in glass and therefore cannot
be used beyond 2 ym, our Cermax arc lamp housing contains
a sapphire window, which is transparent out to 6 ym. Further-
more, standard globar sources tend to have large radiating
areas compared to the output power and color temperatures
near 1000 K (e.g., the 140 W Newport/Oriel model 6363 infra-
red emitter has a color temperature below 1100 K and a radiat-
ing area of 6.4 mm x 17.5 mm). Our arc lamp has a significantly
smaller source area (arc gap is approximately 1 mm and the
radiating area is even smaller) and a color temperature of 6000
K. This smaller source size translates into a much brighter il-
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lumination spot on the sample (5 mm x 5 mm) compared to
typical globar sources, which tend to overfill the sample when
imaged onto it. Based on Planck’s black body radiation law,
the sixfold increase in color temperature alone increases the
intensity of light from the Cermax arc lamp at wavelengths of
2 ym and 4 ym by factors of 600 and 40, respectively. The cri-
tical advantage of the double-pass prism monochromator is
that it relies on a CaF; prism to disperse the radiation instead
of a diffraction grating, which is used in most new monochro-
mators. The prism refracts each wavelength into a unique
angle, which is not the case with diffraction gratings. For ex-
ample, with a grating the first-order diffraction peak position
for a wavelength of 2 um will also contain the second-
order peak for 1 ym wavelength light. When scanning wave-
lengths from 1 to 5 ym using a grating, one would need to use a
series of short-wavelength cut-off filters to remove the higher-
order peaks from shorter wavelengths (which typically are
more intense, since the source output intensity drops at longer
wavelengths). This is not only cumbersome and expensive,
but it also reduces the throughput of the system. It should be
noted that, for our setup, we are reversing the beam path
through the monochromator in order to use it as a source in-
stead of an analyzer, i.e., light exits the original entrance slit
(Slit 2 in Fig. 1).

Figure 1 shows the optical path of our broadband light
source (a detailed description of the gas laser beam path is
found in Ref. [14]). First, light from the Xe arc lamp is focused
onto Slit 1. The light is then collimated by a parabolic mirror
and sent to the CaF, prism. The light passes through the prism
four times before exiting the monochromator at Slit 2. The
desired probe wavelength is chosen by rotating the prism.
The wavelength of light that exits Slit 2 has been calibrated
in the 4.4 ym - 0.95 ym range with a Bomem Fourier transform
infrared spectrometer using an InSb detector. A grating mono-
chromator and photomultiplier tube detector were used to ca-
librate wavelengths from 0.95 ym - 0.63 ym (the grating
monochromator was calibrated using Hg and Kr lamps). The
spectral profile of the broadband source’s output beam is
shown in the inset of Fig. 1. Note that the side lobes of the
profile are reminiscent of an Airy function used to describe
a single slit diffraction pattern in real space and are consistent
with the convolution of the spatial and spectral profiles of the
source aperture. The spectral linewidth in the 4.4 ym — 0.95 ym
range is 50 nm or less using 0.05 inch slit widths. For the 0.95
pm — 0.63 ym region the linewidth is about 20 nm with 0.02
inch slit widths. After emerging from the monochromator,
the light is vertically polarized (i.e., oriented along the x axis)
by polarizer P, as shown in Fig. 1.

The sample is located in a magneto-optical cryostat, which
can reach temperatures down to 6 K and magnetic fields up to
7 T. When using gas lasers, the cryostat is fitted with two ZnSe
windows mounted on 30 cm extension tubes. This large dis-
tance from the cryostat reduces Faraday rotation produced in
the windows by stray magnetic fields interacting with the win-
dows. The sample substrate and the ZnSe windows are
wedged 1° - 2° to prevent étalon artifacts from multiple reflec-
tions. For the broadband setup unwedged 2.5 inch BaF,
windows are attached directly to the cryostat tail piece with-
out any extension tubes. Unlike with coherent laser radiation,
we expect artifacts due to multiple reflections of incoherent
broadband light in the BaF,; windows to be small. The stray
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Fig. 1. (Color online) Overall schematic of the optical path, as viewed from above. The beam passes the CaF, prism four times: thick line with
arrow (beam before prism), thin line with arrow (first pass), thick dashed line with arrow (second pass), thin dashed line with arrow (third pass),
and dot-dashed line with arrow (fourth pass). The wavelength exiting the monochromator is selected by rotating the prism. The spectral profile of
the exit beam is shown for 2 ym wavelength radiation in the inset. A4 represents the spectral linewidth. The sample stick can be rotated to select

sample or reference material.

magnetic field is estimated to be approximately 0.01 T at the
ZnSe windows and 0.3 T at the BaF,; windows when the field
at the center of the magnet is 1 T. We are now using extension
tubes for the BaF, windows to reduce the background rota-
tion produced by these windows.

The PEM modulates the relative phase of the two orthogo-
nal linear polarization components that pass through it. It is
this modulation that allows us to determine the polarization of
the beam that passes through the sample. The types of PEMs
and polarizers used in the system depend on the probe wave-
length. In the 4.44 — 2 ym wavelength range, we used a ZnSe
PEM (II/ZS50, Hinds Instruments) in combination with two
BaF; holographic wire-grid polarizers (Thorlabs WP2SH-B) la-
beled as P, and Py, respectively, in Fig. 1. For the 2 — 0.63 ym
wavelength range, we used a fused silica PEM (I/FS50, Hinds
Instruments) and calcite Glan-Taylor polarizers (MGTYA 20,
Karl Lambrecht Corporation). To keep multiple reflections
within the PEM from reaching the detector the ZnSe PEM is
tilted forward 25° and the fused silica PEM crystal is wedged.
The optical axis of the PEM is oriented along the x axis, which
is the same orientation as the incident light polarization
shown in Figs. 1 and 2. After passing through the sample, the
transmitted light acquires a small y-component of polariza-
tion, which produces rotation and ellipticity. The PEM mod-
ulates the phase of this ¥ component of polarization with
respect to the & component at a frequency wpgy = 50 x (27)
kHz. The PEM modulates the phase difference between the
x and y components of the transmitted light sinusoidally:
5(t) = R, cos(wpgmt), where R, is the dynamic retardance am-
plitude. A linear polarizer (Ps) placed after the PEM is or-
iented at ay, = 45° with respect to the x axis to mix the x
and y polarization components of the light exiting the PEM.

The intensity of the modulated light is measured by a liquid-
nitrogen-cooled detector. Mercury-cadmium-telluride (MCT)
and InSb detectors are used for the lasers and the broadband
light source, respectively. Three lock-in amplifiers are used to
obtain the complex Faraday angle. One lock-in amplifier is

referenced to the chopper frequency w, (~ 1 kHz) in order
to measure the overall light intensity. The two others are
locked onto the even and odd harmonics of wpgy in order
to detect the polarization of the beam. The even harmonics
of wpgy are related to the rotation Re(6r) while the odd har-
monics are related to the ellipticity Im(6r) [13]:

1
Im(0p) = 7o, (1)

Iy,
Re(6y) = s T

A5 (Ry)

where J,, is the nth order Bessel function, 1, is the inten-
sity of the light modulated at nwpgy, and I, is the intensity of
light modulated at the chopper frequency. Note that the
Faraday rotation and ellipticity can also be measured using
balanced detection schemes [18,19].

All samples are polished with a wedge in order to separate
internal multiple reflections. The amount of wedging depends
on the material. The wedge angle and thickness of our sam-
ples are as follows: for the 0.51 mm thick GaAs sample, a 1°
wedge is used, while the BaF,, LaSrGaO,, and LaSrAlO, sam-
ples are wedged by 2° with average thicknesses of 0.81 mm,
0.38 mm, and 0.40 mm, respectively. Faraday measurements
are also performed on the windows without a sample. Two
ZnSe windows are wedged 2°, each with an average thickness
5 mm. All of these samples/windows show Faraday rotation as
well as ellipticity in the MIR energy range.

The Verdet coefficient for below band gap radiation, which
characterizes the polarization rotation produced by a material
per unit thickness per unit magnetic field, has two terms. The
first term is due to the interband absorption resonance and
scales with the light wavelength as 1/42. The second term
is due to free carrier interaction with radiation and scales
as /2. For below band gap radiation the Verdet coefficient
can be expressed as [17]

_Reltp(d)] _u

V() = =g = g i @)
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(Color online) Optical path of the light after passing through the sample. Dashed arrows show the electric field vector. The time-dependent

PEM dynamic retardance (thin line) is shown in the boxed inset when one sets the PEM retardance to 0.5 wave. Dot-dashed line in the inset
represents the PEM’s static retardance R,. The total retardance (thick line) is shifted by R;.

where u is the coefficient related to the interband contribution
and v is the free carrier contribution coefficient. The insulat-
ing samples probed in this experiment have extremely small
free carrier densities, thus the interband transition term dom-
inates, and one can expect the Verdet coefficients of the dif-
ferent semiconductors and insulators to have the same slope
in a log-log plot of V(1). Interband Faraday rotation arises
from the difference in index of refraction of right », and left
n_ circularly polarized light. The Faraday rotation angle per
unit path length is 0 = (w/2¢)(n_ — n, ) where w is the prob-
ing radiation frequency and c is the speed of light. For a small
energy Zeeman splitting AE of the left and right circularly po-
larized interband optical transitions produced by a magnetic
field, the difference (n_ — n, ) is small and linearly increasing
with energy far below the gap energy (E,) so that (n_ —n,) =
(on/dE)AE where n is the index of refraction without mag-
netic field, and we have assumed that the oscillator strengths
of the transitions have not changed. The first term (dn/dE) is
proportional to E/E, far below the band edge and to higher
orders of E/E, near the band edge. The energy difference AE
between the circularly polarized interband transitions is asso-
ciated with the magnetic-field-induced Zeeman splitting of the
chiral states at the band edge. Therefore, AE is proportional
to uB o B/Myang Where p is the magnetic moment and my,,q is
the band mass of the electron/hole. Since AE does not depend
on the probing energy, this derivation is consistent with
Eq. (2), and the Faraday angle can be expressed as

E? 1
x

3)

Op x T

Mpand  MiangA”
Equation (3) shows that the Faraday rotation increases as the
band mass decreases, due to the larger magnetic dipole mo-
ment, and hence larger Zeeman splitting for smaller band
masses.

For below band gap radiation, the MIR Faraday ellipticity of
these materials will be negligibly small (Im(6z) = 0) because
there is no absorption. However, Faraday ellipticity is com-
monly observed due to other components in the system (e.g.,
as previously mentioned stray magnetic fields interacting with
a gas laser can produce Faraday ellipticity [14]). Ellipticity can
also be produced by the PEM’s static stress-induced birefrin-
gence. In this case, the PEM acts like a static wave plate with a
static retardance R; caused by non-homogeneous mounting
stresses on the PEM crystal. This static retardance causes
a shift in the dynamic retardance R,; by a constant as shown
by the inset in Fig. 2. Note that the optical axis of the static
retardance may be oriented differently than the dynamic re-
tardance axis, but in this paper we simply consider the case
where the two optical axes have the same orientation. The net
retardance of the PEM is given by

Rpgy(t) = 6(¢) + Rs. (4)

We assume that the light transmitted by the sample experi-
ences Faraday rotation only (i.e., Im(6r) = 0). After passing
through the sample, the PEM, and P, the light containing sig-
nals I and I, is incident on the detector. The lock-in am-
plifiers then pick off the intensity of the two PEM harmonics
with frequencies 2wpgy and 3wpgy. The intensity ratio of the
two signals produces

I3ppn  J3(Ry)
— — tan(R,). 5
IZu)pEM JZ (Rd) ( S) ( )

Equation (5) is equivalent to the static retardance formula ob-
tained from the intensity ratio of I, and Iy, in [15]. The
ratio Im(0)/Re(Or) = (I3uppyJ2(Ra))/ T2mpeJ3(Ra)) shown
in [13] allows Eq. (5) to be simplified as
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Im(6p) = Re(6p) tan(Ry). (6)

Equation (6) shows that the real part of the Faraday angle is
connected to the imaginary part by the PEM’s static retar-
dance. This implies that any optical element with a static re-
tardance, such as a PEM, placed after the sample can convert
a pure rotation in polarization into ellipticity. Furthermore,
the static retardance can be expressed as AL/, where AL
is the optical path difference produced by R;, e.g., mounting
stress. Although the effective AL can depend on wavelength
[20], we assume that it is constant here to obtain the first-order
behavior of Im[0r(4)]. For below band gap radiation in insu-
lating samples, Im(6r) becomes

AL

u AL

Im[eF(/l)] = 2 2

) x—5 (7)
where we have assumed that AL/A < 1. Therefore, one sees
that the Faraday ellipticity artifact originates from Faraday

rotation, and that this ellipticity will roughly scale as 1/43.

3. VERDET COEFFICIENTS

We measure Verdet coefficients for materials that are com-
monly used as substrates and windows over a wide energy
range from MIR to visible (0.1 — 1.5 eV). Ellipticity artifacts
caused by the static retardance of the PEM and other optical
components are also described. The samples do not induce
ellipticity in the MIR. However, our measurements and analy-
sis confirm that the PEM’s static retardance can translate
rotations into ellipticity signals.

Figure 3 shows 6 for GaAs, BaF,, LaSrGaO,4, LaSrAlOy,
and ZnSe normalized by the magnetic field H as a function
of wavelength A in a log-log plot. These Faraday angles are
measured using both laser and the broadband sources for
GaAs, BaF,, and LaSrAlO,, whereas only lasers are used for
the other samples. 8 produced by these samples increases as
the wavelength shortens. For Re(6y), there is a difference of
approximately two orders of magnitude between longer and
shorter wavelengths: 10~* to 102 rad for GaAs, and 10~° to
103 rad for the other materials. The Im(6y) varies by three
orders of magnitude for GaAs ranging from 10> to 102
rad. The noise floor for both Re(6r) and Im(6) is approxi-
mately 105 rad, so the decay of these signals at longer wave-
lengths is lost in the noise for the BaF,, LaSrGaO,, ZnSe and
LaSrAlO, samples. For comparison, typical Faraday signals
for non-ferromagnetic metals are on the order of 10~ rad
at 8 T and 100 meV [6,21]. For ferromagnetic metals such
as the ruthenate perovskite SrTRuO3 and the diluted magnetic
semiconductor Ga;_,Mn,As films, the Faraday angles are on
the order of 1072 rad at 1 T from 0.1 — 0.8 eV [14]. At longer
wavelengths (~ 10 ym), Faraday angles from ferromagnetic
metallic films (~ 100 nm thick) usually dominate the signal,
but the Re(0r) from the substrates and windows becomes
more important as the wavelength is decreased. The vertical
dashed line at A = 2 ym in Fig. 3 marks the boundary of the two
different PEM/polarizer sets. Interestingly, the Re(6r) is con-
tinuous across the boundary, while the Im(0r) shows a clear
discontinuity at the boundary. However, the slope for Im(6y)
is similar on both sides of the boundary. This implies that the
ellipticity does not come from the sample itself, but rather it is
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Fig. 3. (Color online) The log-log plot of the (a) Re(6r) and (b)
Im(0r) divided by the magnetic field H as a function of wavelength
4. The vertical dashed line divides the regions where the two different
PEM/polarizers are used. For GaAs, the solid diamonds represent la-
ser measurements and open diamonds represent broadband measure-
ments. Dot-dashed line and dotted line are guides to the eye indicating
1/4% and 1/2® dependence, respectively.

an artifact caused by the PEM, polarizers, and/or windows,
which are different in the two measurement ranges.

The wavelength dependence of Re(6r)/H is shown in
Fig. 3(a). According to Eq. (2) the slope of these data deter-
mine to which power 4 is raised in Eq. (2), which is expected
to be -2 for below band gap radiation in insulating materials.
Table 1 shows the gap energies of the samples, which are lar-
ger than the probe energies used in this experiment (0.1 — 1.5
eV). The only exception is for GaAs, which has an energy gap
of 1.43 eV. This results in the data deviating from Eq. (2) near
the band gap energy of GaAs in Figs. 3 and 4. The dot-dashed
reference line in Fig. 3 acts as a guide indicating a 1/4? depen-
dence. All samples produce a slope near -2 as shown in
Table 1, but the slope of the BaF, data deviates more than
the others, probably due to the noise from the weak Faraday
signals (107° rad, at 1 T) at wavelengths longer than 5 um.
Faraday measurements using the broadband light source in
GaAs (open diamonds) cover the regions between laser points
(solid diamonds), which demonstrates that the measurements
using various light sources are in good agreement with one
another.

To further clarify the wavelength dependence of the Verdet
coefficient, one can plot V(1) as a function of 1/42. Figure 4
shows V(1) = Re(0r)/(Hd) from GaAs as a function of 1/4%.
As expected the data show a linear dependence for below gap
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Table 1. Verdet Coefficients (V(1) « A%, V(4) = u/A?)

Material Eg,p (eV) a (Theory a = —2) w (°um?/Tm) U0 5um (°/Tm) Ref. ui95,m (°/Tm)
GaAs 1.43" 2.108 5725 + 1050 51.93 + 9.56 44°
BaF, 11.0° 2.523 111 + 46 1.00 + 0.42
LaSrGaO, 2.85 - 2.87¢ 2.086 195 + 15 1.77 £ 0.13 1.5°
LaSrAlO, 2.84 - 3.0¢ -1.873 72 + 38 0.65 + 0.34
ZnSe 2.7 2.010 2242 + 165 20.3 + 6.1 24.4

“Ref. [22].

YRef. [13].

“Ref. [23].

“Ref. [24].

‘Ref. [25].

JRef. [26].

radiation and become non-linear when the gap energy is
approached.

The constant w in Eq. (2) is related to the energy gap and
can be determined by the slope in Fig. 4. The measured values
of Verdet coefficient are shown in Table 1. The units of u are
(Cum?)/(Tm); however, one usually considers the Verdet coef-
ficient at a specific wavelength, so the constant v often has
units °/(Tm) at a particular wavelength. Typically, lower gap
energies produce larger values of u. For example, GaAs, with
an energy gap half as large as that of ZnSe, has double the
Verdet constant. Likewise, BaFy, which has an energy gap that
is an order of magnitude larger than the gaps in ZnSe and
GaAs, has a Verdet coefficient that is an order of magnitude
smaller. However, LaSrGaO,, LaSrAlO,, and ZnSe have al-
most identical gap energies, but « for ZnSe is an order of mag-
nitude larger. According to Eq. (3), the interband Faraday
rotation is proportional to 1/my,,,q Wwhen the probing radiation
energy is much smaller than the band gap. Comparing mea-
surements of n(E) for ZnSe, LaSrGaO, and LaSrAlO,, we find
that they all have similar values for on/dE in our measurement
range. However, the conduction band mass of ZnSe is approxi-
mately an order of magnitude smaller than that of LaSrGaO,
and LaSrAlQ,, and therefore we expect that the magnetic di-
pole moment, and hence the Zeeman splitting AE and 0y (or
u) are significantly larger for ZnSe than for LaSrGaO,
and LaSrAlO,.

Our measurements of w are in good agreement with other
published data at 10.5 um as can be seen in Table 1. The ZnSe
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Fig. 4. (Color online) Verdet coefficient of GaAs as a function of
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the band edge at 1.4 eV.
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measurements were only made with windows rather than
samples made of this material. The windows are located a sig-
nificant distance away from the center of the magnet (~ 60
cm), therefore the magnetic field had to be estimated using
the stray field plots for our magnet. This leaves us with a fairly
large uncertainty (£30%) in the Verdet values for ZnSe. To the
authors’ best knowledge, this work is the first reported
measurement of the MIR Verdet coefficients for BaF,; and
LaSrAlO,. Note that 12°/Tm reported for LaSrGaO, in [13]
is a typographical error, which should read 12°/m at 8 T.

Figure 3(b) shows Im(6y), which like Re(6y) scales as a
power of A. In Eq. (7), Im(0r) has a 1/4*> dependence when
the PEM acts like a static waveplate, thereby producing an
ellipticity. When compared to the reference lines in the plot,
it is quite clear that the GaAs data has a 1/4° dependence (ex-
cept near 2 yum as will be discussed later). There is also a clear
discontinuity in these data, which results from the different
PEMs having different static retardances. The slopes, how-
ever, are similar in the two regions. Unfortunately, ellipticity
from the other samples is noisy due to weak Faraday signal
near 10~° rad, but the data are consistent with 1/4% below 2
um where the magnitude of the signal is well above 10~ rad.
The ellipticity artifact is approximately two orders of magni-
tude smaller than the rotation signal but can be important in
materials which produce large Faraday rotation and small
Faraday ellipticity.

4. DISCUSSION

In this section, we introduce a retardance calibration techni-
que, which provides a more reliable polarimetry system
calibration. We also discuss the sensitivity of Faraday mea-
surements using our system and explore ellipticity artifacts.

A. Calibration

We previously developed a calibration technique to simulta-
neously determine both R; and the orientation angle ay of
the final linear polarizer P, [14]. The calibration and all mea-
surements are performed near R; = 2.406 rad with a; = 45°.
The calibration is performed by rotating the PEM and P, by a
known angle as a single unit. The changes in the 2wpgy and
4wppy signals allow us to determine R; and as.

In this study we find that this calibration technique pro-
duces errors (as indicated by variations in as, which should
remain constant) when the extinction ratio of the linear polar-
izers in the system is less than 100:1. Therefore, we developed
an independent test to determine R;. We mount a static wave
plate with retardance R, on a rotating stage in front of the
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PEM. The stage is then rotated with frequency w, = 27 x (27)
Hz, which is much lower than the PEM modulation frequency
wpgy = b0 x (27) kHz. Equations (14a) and (14b) in [13] reveal
that the intensity I,,, at the 4th harmonic of w, can be ex-
pressed as a function of Ry,

Tigy (B) = 373(Ry) (1~ cos(R,). ®)

where J, is the zeroth-order Bessel function. One can adjust
R, of the PEM while spinning the wave plate to find the PEM
retardance where I, (R;) = 0, which is also where J(R;) =
0. Since I, (R;) = 0 when Jy(R,) = 0, regardless of the value
of R, the key advantage of this technique is that its accuracy
does not depend on how well R, is known. The only require-
ment is that the R, = 0. In our case, we used a waveplate with
R,, = 0.25 wave at 0.8 ym.

These two calibration techniques provide a more reliable
determination of R; for our polarimetry system. When using
light with a wavelength of 1.3 ym or shorter we find that the
actual retardance of the fused silica PEM is accurate to within
5% when set to 2.406 rad. It was found that, when using wave-
lengths longer than 1.3 ym, the PEM reaches a physical upper
limit before getting to the desired 2.406 rad. The maximum
optical path difference for the fused silica PEM is AL, =
0.49 pym. The retardance which saturates the PEM can be de-
termined by RY**(1) = (27ALy,y)/A- Any set retardance that
is greater than R®* will default to this maximum value.

Conversely, the ZnSe PEM cannot drive any retardance
lower than R™™" (i.e., the retardance hits a floor and the PEM
crystal cannot be driven at smaller amplitudes). The minimum
optical path difference for the ZnSe PEM is AL, = 0.401 pm.
This corresponds to a critical wavelength of 1.047 ym where
the retardance of 2.406 rad is still attainable. The ZnSe PEM
had a retardance accuracy that is comparable to the fused si-
lica. For wavelengths greater than 1.047 um, the set 2.406 rad
retardance is accurate to within 5%. The ZnSe PEM also has an
upper limit to the retardance, however, in this paper we are
not using wavelengths where this upper limit would be
reached.

Since the angle between the PEM and P, is kept constant
throughout all measurements, the calibrated angle a,; should
remain constant at 45° for all laser wavelengths. For the
broadband light source, one has even stronger expectations
that the calibrated a; must be the same for all wavelengths
because the optical alignment does not change while varying
the wavelength, which is not strictly true when different lasers
are used. Below 2 ym with the fused silica PEM, the calibrated
angle ay is 45°+3% for all wavelengths. For the ZnSe PEM, a,
is found to be 45°+5% for all wavelengths except between 1.36
pm to 2.21 ym. In order to maintain a high extinction ratio,
wire-grid polarizers (at the spectrometer exit slit and after
the PEM) are used for wavelengths greater than 1.78 um
and calcite Glan-Taylor polarizers are used below 2 ym. Part
of the problem in using the ZnSe PEM below 2 um is that its
anti-reflection coating, which is designed for 9 — 11 ym wave-
length radiation, strongly absorbs radiation around 2 ym. The
poor calibration accuracy in certain wavelength ranges is
strongly correlated to poor polarizer extinction ratios and
low light intensity such as near 2 ym with the ZnSe PEM.
We have also seen irregular behavior in a, with the calcite
polarizers as the extinction ratio decreases. The extinction ra-
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tio for the calcite polarizer drops below 60:1 in the 1.36 ym to
2.21 ym wavelength range. In this wavelength range, as ob-
tained from calibration measurements linearly increases from
45° to 55° as the extinction ratio decreases, despite the fact
that P is held at a fixed angle. Near 3 ym, where the calcite
polarizer has a good extinction ratio again, @ is found to be at
its nominal value of 45°.

It is important to also realize that calcite polarizers have a
limited acceptance angle for which incident light is properly
polarized. This acceptance angle is asymmetric and depends
on the wavelength. At shorter wavelengths around 0.66 pm,
our calcite polarizers have symmetric acceptance angles of
approximately 4° away from normal incidence. However, at
longer wavelengths, the acceptance angles are asymmetric.
For 2 um, one of the acceptance angles is 2° and the other
is 6° from normal. The wavelength-dependent acceptance an-
gles could allow parts of the beam that were inside the accep-
tance cone at one wavelength to be outside the acceptance
cone at a different wavelength thereby creating a poor extinc-
tion ratio and a poor calibration.

B. Sensitivity of the Polarimetry System

Figure 3 shows that data scatters below 1075 rad due to noise.
For lasers, the noise is less than 5 x 1075 rad for all wave-
lengths. Since the broadband light source is much less intense
than the lasers, the sensitivity is closer to 10~ rad.

C. Artifacts

As mentioned earlier the most striking artifact that we discov-
ered is the ellipticity signal that arises from real polarization
rotation. This artifact is manifested in a Im(6) that is propor-
tional to 1/4% and is caused by optical elements in the system
behaving like a static waveplate with retardance R,. Equation
(6) shows the connection between the real and imaginary
parts of the Faraday angle through R,. We have determined
this static retardance R, experimentally by taking the ratio
of Im(0y) and Re(0r) when the PEM or the laser polarization
axis is rotated. Figure 5 shows the static retardance R as a
function of wavelength. In GaAs, the values of R, determined
by the laser and broadband light sources agree with each
other. In Eq. (7), we see that R, follows a 1/1 dependence.
However, the best fit for our data (represented by the dashed
line in Fig. 5) reveals a 1/4145 behavior for the ZnSe PEM. It is
possible that our measured value of the exponent differs from
the expected value of 1 because AL also has a wavelength
dependence. The static retardances of the two different PEMs
are different from each other, since they are composed of
different materials that are mounted in different housings.
In order to ensure that the Faraday ellipticity is not produced
by the sample, one can perform the same tests by making pure
mechanical rotations of the PEM and P, by a small angle ¢ as
one unit without a sample and no magnetic field. This is
equivalent to the laser polarization axis rotating the same
amount in the opposite direction (—¢). In Fig. 5, the open tri-
angles represent the static retardance deduced by this pure
mechanical rotation of the PEM and P,. The static retardances
of the ZnSe and fused silica PEMs that are determined by
pure rotations are consistent with the ellipticity induced by
Faraday rotation from the sample in a magnetic field. We sus-
pect that the anomalous behavior of the measured static re-
tardance for the ZnSe PEM below 2.21 um is related to the
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Fig. 5. (Color online) Static retardance R; determined from Faraday
rotation produced by the GaAs sample in a magnetic field (circles) and
from the mechanical rotation of the PEM/polarization without a mag-
netic field (triangles) as a function of wavelength. The red dashed
curve is a fit performed above 2 ym.

strong absorption of radiation by its anti-reflection coating in
this range.

The static retardance of the PEM can be measured directly
by placing the PEM between two crossed polarizers. The PEM
optical axis is oriented at 45° with respect to the polarizers.
With the PEM turned off, any small static retardance in the
PEM allows higher transmission through the crossed polari-
zers. Typically, the static retardance of a waveplate oriented
at 45° between two crossed polarizers can be obtained by the
simple formula, I = (I5/2)(1 — cos(Ry)), where I is the inten-
sity of incident light, [, is the maximum intensity when the
two polarizers are parallel, and R, is the static retardance. Sta-
tic retardances, R, = 0.055 rad at 5.5 ym and R, = 0.022 rad at
10.6 pm, are measured for our ZnSe PEM using the crossed
polarizer method. The uncertainty in these measurements is
fairly large, since R; depends on which part of the PEM is il-
luminated and how the PEM is tilted. These values are com-
parable to those reported in Fig. 5, where Ry is 0.038 rad at 5.5
um, and the average R, is 0.01 rad at 10.6 ym. The second
method is to measure the constant offset in the overall
PEM dynamic retardance by using a tunable waveplate while
the PEM is energized. By tilting the tunable waveplate (tun-
able zero-order phase retardation plates, Alphalas) we can
vary the ellipticity of the transmitted light. We calibrated
RY"P of the tunable waveplate independently by placing it be-
tween crossed polarizers, as described in the first calibration
method. The tunable waveplate and the PEM are both or-
iented at 45° between the two crossed polarizers. Asymmetry
of the PEM driving retardance as shown in Fig. 2 is reflected in
the lwpgy signal, which is proportional to the asymmetry in
the PEM’s polarization modulation. By tilting the tunable
waveplate, one can adjust R¥? until it cancels R, and thereby
zero the lwpgys signal. We measure the tilt angle of the tunable
waveplate to determine RY?. At 5.53 ym, the PEM retardance
offset is 0.025 rad, which again is comparable to PEM R, of
0.038 rad in Fig. 5.

5. CONCLUSION

We have presented complex Faraday angle measurements in
GaAs, BaF,, LaSrGaO,, LaSrAlO,, and ZnSe in the MIR energy
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range well below the interband absorption edge. The wave-
length dependence of the Faraday rotation agrees well with
theory for a Verdet coefficient that is dominated by interband
transitions. The constant » for the interband contribution in
each sample is consistent with the values reported by others
at 10.5 yum. We suggest that the Faraday ellipticity in this experi-
ment is an artifact resulting from Faraday rotation and aniso-
tropic strain in the optical components after the sample. These
components act as weak static waveplates, causing ellipticity
changes when the sample produces Faraday rotation. The
Faraday ellipticity seen in GaAs follows a 1/4> dependence,
which is predicted by a simple calculation. The static retar-
dance is obtained from the normalized signal ratio between
the Faraday rotation and ellipticity. Furthermore, mechanical
polarization rotations produce ellipticity signals comparable to
those produced by rotations due to an applied magnetic field.
These results are critical for removing the background contri-
butions from GaAs, BaF,, LaSrGaO,, LaSrAlO,, and ZnSe sub-
strates and windows in MIR Faraday measurements. They also
confirm the high accuracy of these measurements over the
entire MIR wavelength range and indicate that pure rotation
signals can produce false ellipticity signals.
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