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Abstract: Instruments based on the magneto-optical Kerr effect are routinely used to probe
surface magnetic properties. These tools rely on the characterization of the polarization state of
reflected light from the sample to collect information on its magnetization. Here, we present a
theoretical optimization of common setups based on the magneto-optical Kerr effect. A detection
scheme based on a simple analyzer and photodetector as well as one made from a polarizing
beamsplitter and balanced photodetectors are considered. The effect of including a photoelastic
modulator (PEM) and a lock-in amplifier to detect the signal at harmonics of the modulating
frequency is studied. Jones formalism is used to derive general expressions that link the intensity
of the measured signal to the magneto-optical Fresnel reflection coefficients for any orientation of
the polarizing optical components. Optimal configurations are then defined as those that allow
measuring the Kerr rotation and ellipticity while minimizing nonmagnetic contributions from the
diagonal Fresnel coefficients in order to improve the signal-to-noise ratio. The expressions show
that with the PEM, setups based on polarizing beamsplitters inherently offer a 2-fold higher signal
than commonly used analyzers, and experimental results confirm that the signal-to-noise ratio is
improved by more than 150%. Furthermore, we find that while all proposed detection schemes
measure Kerr effects, only those with polarizing beamsplitters allow measuring the Kerr rotation

directly when no modulator is included. This accommodates, for instance, time-resolved



measurements at relatively low laser pulse repetition rates. Ultrafast demagnetization

measurements are presented as an example of such application.

1 Introduction

The magneto-optical Kerr effect (MOKE),! which describes the change in the polarization and
intensity of light upon reflection on a magnetic medium, has proven a valuable tool to probe the
magnetic properties of material surfaces and thin films. Due to the simplicity of implementation of
the technique, its advantageous temporal and spatial resolution,? its high sensitivity down to the
monolayer,* and the possibility to resolve thin film layers in complex structures,* MOKE has been
widely used for characterizing magnetic samples. It has proven to be useful in many fields including
micro-magnetics,®’ data recording technologies,® and spintronics.” This method has also been
applied to track the magnetic dynamics of solid-state samples in the context of ultrafast time-

resolved experiments.!®!!

Several different experimental setups have been proposed to detect Kerr effects. In many cases,
the measured signal is merely related to the Kerr rotation of the polarization, which is commonly
assumed to be directly proportional to the magnetization.'? However, in some contexts, a complete
characterization of the final polarization is essential to gather an accurate understanding of the
magnetic state of the system.!>!* In particular, in the ultrafast magnetism community, research is
ongoing to untangle the magnetic dynamics from charge dynamics, which may also affect the signal
when the electronic system is strongly out of equilibrium.'*>"!7 In this prospect, studies have shown
that both the Kerr rotation and the Kerr ellipticity must be retrieved in order to relate the
measurement to the magnetization as each of these quantities alone offers incomplete
information."® 2 This is not possible with every MOKE detection scheme. For example, in the
simple case where the magnetic sample is placed between two crossed polarizers, the measured
signal corresponds to the intensity that is transferred to the orthogonal polarization component
through Kerr effects. In this case, the signal simultaneously originates from the rotation of the
polarization and from variations in the ellipticity and it is not possible to decouple these
contributions. In the following, we show that amendments to that detection scheme allow for direct,

independent measurements of these quantities.

In magnetic materials, the presence of magnetization induces optical anisotropy which is
expressed by a dielectric tensor with complex off-diagonal elements.?! Upon reflection of polarized
light onto such material, the interaction between the electromagnetic field and the electrons leads

to changes in the polarization state which can be described by a complex Fresnel reflection matrix



with non-zero off-diagonal elements.??>?* Using Jones matrices as a mathematical tool to describe
the evolution of the beam’s polarization through the optical components of the experimental setup,
it is possible to relate the measured signal to these Fresnel coefficients. This approach aims not
only to ensure the independent measurement of Kerr rotation and ellipticity, which can also be
defined from the Fresnel coefficients, but also to identify configurations with an optimal signal-to-
noise ratio (SNR) by minimizing the nonmagnetic background brought by the contribution of the

diagonal components of the Fresnel matrix.

Here, Jones formalism is used to study two common MOKE setups. The first setup relies on a
simple polarizer to analyse changes in the polarization of the reflected beam. The second setup
includes a half-waveplate and a polarizing beamsplitter to simultaneously detect and eventually
subtract the two orthogonal polarization components. In both cases, we also study the effect of
adding a photoelastic modulator (PEM) and a lock-in amplifier to the detection scheme. This block
is often included to reduce noise but can be inconvenient to use in conjunction with a pulsed laser
source with a low repetition rate. For each detection scheme, a general expression is derived that
describes the measured signal as a function of the Fresnel coefficients for all possible orientations
of the polarizing optical elements. These expressions are then used to deduce optimal
configurations in which the nonmagnetic contribution to the signal is cancelled as well as
configurations in which the signal is proportional to the Kerr rotation or ellipticity. Similar work,
published by Polisetty et al.,* has previously shown that for a detection scheme based on a simple
polarizer and including a PEM, one optimal configuration is achieved by rotating the transmission
axis of the analyzer by 45° with respect to the incident polarization, which is perpendicular to the
plane of incidence (s-polarization). Indeed, this configuration maximizes the magnetic signal when
reading the first or second harmonic of the modulating frequency. Here, we demonstrate from the
more general equations that an equivalent configuration can be found for incident p-polarization
(component laying in the plane of incidence). Furthermore, we establish that experimental setups
based on a polarizing beamsplitter offer a signal that is twice as large as setups based on analyzers
and that the SNR scales accordingly. In addition, we find that when modulators and lock-in
amplifiers are excluded, only the polarizing beamsplitters setup allows for direct reading of the
Kerr rotation and that it can also be adapted to measure the Kerr ellipticity. We show that this
configuration is then suitable for pump-probe time-resolved experiments and that it can
accommodate fast single-shot measurements. As an example, we apply it to the study of laser-
induced ultrafast demagnetization in a Co/Pt multilayer sample. The article is organized into three

parts: the first part describes the different detection schemes studied, the second details how we



used Jones formalism to find the optimal MOKE configurations and the last one shows the
experimental confirmation of our theoretical optimization for static and time resolved

measurements.

2 Description of the detection schemes

To detect changes in the polarization of a linearly polarized incident beam after reflection on
the magnetic sample, some schemes rely on a simple polarizer followed by a photodetector. %>
Others exploit polarizing beamsplitters to separate the reflected polarization components and
subtract them.?®?* Many experimental setups also include a modulator and a lock-in amplifier to
improve the SNR,?*3%3! which is essential because Kerr effects are typically very small. The MOKE
configurations studied in this work are presented in Fig. 1(a). First, the laser beam passes through
apolarizer before being focused by a lens onto the sample. Then, the reflected beam is re-collimated
by a second lens and optionally goes through a PEM before its polarization is finally analyzed. The
effect of the PEM is to introduce a periodic phase shift between the s- and p-polarization
components of the beam. If the PEM is used, the collected signal is sent to a lock-in amplifier which
only detects signals at harmonics of the modulating frequency, thereby reducing noise in the final
measurement. In all configurations, the magnetic sample is placed in a magnetic field generated by

an electromagnet so that a whole hysteresis curve can be measured.

The first MOKE setup studied in this work is the simple case where the polarization detection
scheme consists of a mere analyzer followed by a photodetector. This configuration, used with the
PEM and lock-in amplifier, will be termed “modulator-analyzer setup” in the following (inset of
Fig. 1(a)). In the second version of the setup presented here, the analyzer is replaced by a half-
waveplate and a polarization beamsplitter (PBS). The single photodetector is replaced by two
balanced photodetectors. This way, instead of one vector component of the signal’s electric field
being measured while the other is completely removed by the analyzer, the signal is split into its
two orthogonal polarization components and both of them are detected. The output of the balanced
photodetectors corresponds to the amplified difference between the two signals, leading to a
theoretical two-fold increase of the measured intensity compared to the analyzer schemes. In the

following, this setup configuration will be termed “modulator-PBS setup” (Fig. 1(a)).
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FIG. 1. (a) Sketch of the modulator-PBS MOKE setup. The equivalent modulator-analyzer detection scheme is shown
in the inset. The bright path corresponds to a longitudinal MOKE setup, while the pale path corresponds to a polar MOKE
setup. The components are: (BS) Beamsplitter, (P) Polarizer, (EM) Electromagnet, (PEM) Photoelastic modulator, (1/2)
Half-waveplate, (A) Analyzer, (PBS) Polarizing beamsplitter and (PD) Photodetectors. The magnetic field is in the
sample plane for longitudinal MOKE and out-of-plane for polar MOKE. (b) Definition of the orientation of each optical
component’s optical axis or transmission axis with respect to the plane of incidence.

Conventionally, three different magneto-optical Kerr effects are identified, differing only in the
relative orientation of the magnetization with respect to the plane of incidence and the surface of
the sample. The polar, longitudinal and transverse Kerr effects correspond to the cases in which the
magnetization is perpendicular to the sample surface, parallel to the surface and to the plane of
incidence, or parallel to the surface and perpendicular to the plane of incidence, respectively. It
should be noted that this work pertains solely to the polar and longitudinal MOKE and that no
conclusion has been drawn concerning the transverse Kerr effect, which yields variations of the

reflected intensity rather than changes in the polarization state.
3 Jones formalism

E.
In Jones formalism, a polarization state is described by a 2-element vector E = [ Ep]’ where E),
N

and E; represent the proportion of the electric field in p- and s-polarization, respectively. Each
optical component of the setup can be described by a two by two transformation matrix that
modifies this polarization state. For the MOKE setups, the initial polarization after the first

Cos

polarizer is represented by the vector P = [sin

,8]' In the analyzer-based setups, the analyzer is a

mere polarizer and is represented by the following matrix:



2 .
4= [ cos’ «a cos a sin a]. )

cosasina sin? a

The matrix of the half-waveplate used in the PBS-based MOKE setups is:

_ [—i cos(2¢p) —isin(2¢) @

—isin(2¢) icos(2¢) I’

The arguments S, a and ¢ correspond to the angles between the component’s optical axis or
transmission axis and the plane of incidence (Fig. 1(b)). For simplicity, we consider that the PBS
is set to split the s- and p-polarization components of the beam. Thus, the PBS is not represented
by a matrix. Instead, the vector components of the final polarization state are considered
independently to simulate the separation of the s- and p-polarizations. The sample is represented

by the corresponding magneto-optical Fresnel reflection matrix:*

(3)

= ~ id. id
. [rpp rps] _ e rpsete
Tsp  Tss

) i85 |’
T5p€' P Tsse'0ss

where 7%; is the ratio of the component of the reflected electric field polarized along the k axis
and the component of the incident electric field polarized along the [ axis. Each complex Fresnel
coefficient can be separated into the amplitude of the reflectivity 3, and its phase dy;. The magnetic
information is contained in the off-diagonal elements. Indeed, if those elements were equal to zero,

there would be no change in the polarization state upon reflection on the magnetic sample. Hence,
the complex Kerr angles are defined as 0, = =2 = 50 piBsp=0pp) and @ = LS = 22 oi(8ps=Fss),
oo Top Tss  Tss

The real part of the complex Kerr angle can be associated with the Kerr rotation 6, while the

imaginary part represents the Kerr ellipticity & ,:

0 = Tp—scos(6ps — 8ss),
SS
T,
0, = —2cos(8sp — Spp),
TPP (4)
r .
& = ism(é‘ps - SSS),
T .
& = %sm(&p - 6pp).

The following matrix expresses the retardation ¢ = ¢ sin(wt) caused by the PEM:

0= [ei% 0 ] (5)
rlan



The elements of the matrix O can be expanded in a Fourier series using:*?

cos @ = Jo(@o) + 2], (@) cos(Rwt) + -+

sin = 2J1(¢o) sin(wt) + - (6)

where [, () is the Bessel function of harmonic order k. In this work, only a signal up to the
second harmonic order was considered. After signal processing by the lock-in amplifier, it is
possible to select only parts of the signal with a periodicity corresponding to the first or second
harmonic of the modulating frequency. The Bessel functions for these harmonics are maximized
when the phase ¢ is set to ¢g = 1.885 rad or ¢y = 3.054 rad, respectively. However, to reduce
any possible noise caused by the zeroth-order terms, it is often useful to set ¢, = 2.405 rad instead,
so that Jo(¢) = 0. With the matrices presented above, we present in the following simulations for

both the modulator-analyzer and the modulator-PBS setups.

3.1 Modulator-analyzer setup

For the modulator-analyzer (M-A) setup, the final polarization state is given by the product of

the matrices corresponding to the relevant optical components:

[i}:]f = AOSP. (7

. . : . 2 2 2 . )
The intensity of the signal detected is 1M = |Ef | = |Ep| + |E5| . It is the sum of the static

M-A
I

signal I)14, the first harmonic signal and the second harmonic signal 11-4:

134 = Jo(0o) [cos2 B 0,155, + sin® B Ors
1
+ Esm(z,b’) TypTss €0S(8ss — pp)

+% Sin(2) 1ysTsp cos(8sp — SPS)] sin(2a)

+sin(2B) TypTys c0s(8ps — 8,y ) cOS® (8)
+ sin(2pB) 15575y c08(8sp — 8s5) sin® a

+ cos? B 1z, cos® a

+sin® By cos’ a

+ sin? B rZ sin? a

+cos? B 14, sin*a

IM-4 = ], (@) sin(wt) [2 cos? B &,1y, — 2 sin® B es1s
—sin(2p) sin(6pp — 8ss) TopTss 9
—sin(2p) sin(6ps — 6Sp) rpsrsp] sin(2a)



A = 1, (o) cos(2wt) [2 cos? B 0,17, + 2sin® B 6515
+ sin(2p) sin(6pp + 655) TopTss (10)
+sin(2f) sin(5ps + 6Sp) rpsrsp] sin(2a)

As shown by Polisetty et al.,?* the optimal configurations for the modulator-analyzer setup are

B =90° and a = 45° or 135°. In these configurations, the detected intensity is:

T.Z TZ
IMA(B = 90° a = 45°,135°) = % + % + Jo(90) 0572

+ 2J1 (o) sin(wt) gsrszs
* 2/,(¢o) cos(2wt) esrszs

(11)

Using the lock-in amplifier to read the first or second harmonic individually makes it possible
to measure only the amplitude of one of the last two terms of Eq. (11), effectively isolating the Kerr
ellipticity & or rotation 8¢ from other contributions. For example, in the present case, the intensity
read in the first harmonic would be 2J; (¢@)er2. To retrieve the Kerr ellipticity (or the Kerr
rotation in the second harmonic), the signal must be normalized by a factor that contains 72, which
is usually constant for a given material and incidence angle. However, in the context of ultrafast
magnetic dynamics, 72 can exhibit a time-dependent behavior which should be carefully
characterized to allow the proper retrieval of the transient Kerr rotation or ellipticity.'” Fortunately,
since the incident beam is s-polarized, 2 simply corresponds to the reflectivity of the s-polarized
component of the beam and can easily be measured. From Eqs (8)-(10), we can further establish
that the setup can be optimized for § = 0° (p-polarization). In that case, the detected intensity
would be equivalent to Eq. (11), but with references to the Kerr rotation and ellipticity 6, and &,

instead of 6, and &;.

3.2 Modulator-PBS setup

The final polarization state for the modulator-PBS (M-PBS) setup is given by:

[i}:]f = HOSP. (12)

As mentioned above, there is no matrix to describe the polarization beamsplitter. Instead, each
component of the polarization (s and p) is independently detected. Then, those two signals are

subtracted to one another and the difference is amplified by the balanced photodetectors. Therefore,



o . 2 2 .
the detected signal is proportional to IM*5S = |E,|” — |Eg|". It corresponds to the sum of the static

signal I}1"PBS | the first harmonic IMPBS and the second harmonic I31-PBS:

134-1935 = 2/0(00) [cos2 B Qpr'pzp + sin? B 9,12
1.
+ Esm(Zﬁ) TppTss cos(8ss — 6PP)

1
+ Esin(Zﬁ) TysTep cos(6sp - 8195)] sin(4¢)

+ sin(2B) TypTys €0S(8ps — Gpp ) cOS(4) (13)
—sin(2p) 7ssTsp cos(dsp — 855 ) cos(4¢)

+ cos? B 1z, cos(4¢)

+sin? B 1% cos(4¢)

—sin? B r& cos(4¢)

— cos? B 14, cos(4¢)

IMPBS = [ (@) sin(wt) [4 cos? B epriz, — 4sin® P ers
—2sin(2p) sin(5pp — 655) TopTss (14)
—2sin(2p) sin(5p5 - 6Sp) rpsrsp] sin(4¢)

IYPBS = 1, (¢0) cos(wt) [4 cos? B 0,15, + 4sin’ B 614
+2sin(2p) cos(5pp — 555) TopTss (15)
+2sin(2f3) cos(é‘ps - 6Sp) rpsrsp] sin(4¢)

From the expressions for the first and second harmonics, it is obvious that the signal is
maximized when ¢ = {22.5°, 67.5°, 112.5°, ...}. Then, setting 8 = 0° or 90° cancels the terms
that are not related to the Kerr rotation 6, or ellipticity &, while simultaneously maximizing the
terms that are related to those quantities. Under such conditions, one example of the detected

intensity is:

IMPBS(B = 90°,¢ = 22.5°) = 2] (o) 0575
_4’]1((/)0) Sin(wt) 657"525 (16)
+4/, (o) cos(2wt) 615

Once again, the lock-in amplifier allows selecting only the amplitude of the first (second)
harmonic, which here corresponds to the second (third) term of the equation and allows to isolate
the Kerr ellipticity (rotation) from other contributions. As in the modulator-analyzer case, the result
would be similar with different combinations of the optimized ¢ and . A different orientation of

the half-waveplate may induce a sign change in one of the terms of the equation and a switch from



s-polarization to p-polarization would cause the intensity to be dependent on elements of the
complex Kerr angle ©,, instead of ©, but no major change would occur in the form of the equation.
It is interesting to note that this configuration is completely equivalent to the optimized modulator-
analyzer setup while also being lossless. Indeed, in the case of the modulator-analyzer setup, the
analyzer detects one component of the polarization in a basis that is rotated by 45° with respect to
the plane of incidence. Equivalently, in the optimized configuration of the modulator-PBS setup,
the half-waveplate is set to rotate an incident s- or p-polarization by 45° before both components
of the polarization are detected in a basis that is aligned with the plane of incidence. While one
component of the polarization of the beam would be rejected by the analyzer in the modulator-
analyzer setup, here it is kept and measured. For this reason, Eq. (16) gives a detected intensity that
is twice as strong as that given by Eq. (11). In addition, when J,(¢,) = 0, the static signal is

cancelled in the case of the modulator-PBS setup, which can contribute to improving the SNR.

3.3 Setups without the modulator and lock-in amplifier

The proposed setups described above can be used unchanged with MHz femtosecond pulse
systems.** However, the relatively low pulse energy offered by these systems is insufficient to
trigger ultrafast magnetic processes in magnetic thin films, making them unsuitable for time-
resolved pump-probe investigations of these phenomena. Multi-kHz, millijoule, femtosecond laser
systems are better adapted for this kind of study. Unfortunately, their rather low frequency makes
the use of a modulator inconvenient, so time-resolved MOKE experiments based on these systems
are routinely performed with the lock-in amplifier set at the laser pulse repetition frequency or half
this frequency.’* The response from the photodetector is typically faster than a microsecond,
resulting in a low duty cycle (the period of the signal being on the order of hundreds of
microseconds for a multi-kHz laser). For such a signal, the Fourier components are almost constant
for tens to hundreds of harmonics, drastically reducing the amplitude measured by the lock-in

amplifier in one harmonic (for example the fundamental) and consequently the SNR.

As an alternative, it is possible to use a setup without any modulator or chopper to improve the
SNR.* Then, instead of going through the lock-in amplifier, the detected signal can either be
electronically integrated over a defined time-period (boxcar detection),*® or every pulse can be
digitized. When removing the modulator, the detected intensity corresponds to I/ or I}/"PBS with
Jo(®o) = 1. Therefore, the detected intensity in the optimal configuration calculated before for the

PBS-based setup still delivers an isolated measurement of the Kerr rotation:
IPBS(B = 90°,¢ = 22.5°) = 20,12. 17)

10



It should be noted that this PBS setup configuration does not allow for measurements of the
Kerr ellipticity. However, if the half-waveplate is replaced by a quarter-waveplate oriented such
that a s- or p-polarized incident beam becomes circularly polarized, the resulting signal is

proportional to the Kerr ellipticity (see supplementary material).

For the analyzer set-up, by replacing Jo(¢o) =1 in Eq. (8), it becomes clear that no
configuration allows for a direct measurement of the Kerr rotation. Indeed, there exists no
combination of f and a for which the only non-zero term of the equation is proportional to the Kerr
rotation or ellipticity. To overcome this, one strategy used in the literature is to slightly rotate the
analyzer with respect to the crossed-polarizers case.*® Then, considering that 1,5 < 7y, the signal

can be approximated to:
I4(B = 90°, a small) ~ 20,r2a + ria? (18)

for incident s-polarization, with an equivalent result for incident p-polarization. The Kerr
rotation can be deduced if the nonmagnetic contribution 1y is also measured. One more
configuration of the analyzer-based setup deserves some attention: the simple case in which the
analyzer is rotated by 90° with respect to the incident polarization. In this case, the measured

intensity is, for incident s-polarisation:
I4(B =90° a = 0°) = 1% (19)

Then, it is not possible to directly determinate the Kerr rotation or ellipticity. Still, the
measurement is of purely magneto-optical origin, making this simple configuration practical in

certain contexts.
4 Experimental results

4.1 Static experiment

Static measurements with varying magnetic field intensities were performed in order to
compare the SNR of the modulator-analyzer and modulator-PBS setups. In both cases, the
measurements were done on an iron sample with platinum capping deposited on a silicon substrate
(Si/Ta 3/Pt 3/Fe 15/Pt 3 (nm)). Since the orientation of magnetization for this sample is preferably
in-plane, the setup geometry was chosen to be suitable for detecting longitudinal MOKE (fig. 1(a)).
The PEM’s frequency was set to 50 kHz. A Wollaston prism was chosen as the polarizing

beamsplitter. The orientation of the prism was set so that both output beams have the same height.

11



Since the beam height is kept constant throughout the setup, this ensures that the PBS adequately
splits the s- and p-polarization components. The orientations of the polarizer and the half-waveplate
were then defined from this basis. Balanced amplified photodetectors were used to further improve
the SNR (PDB220A2/M, Thorlabs, Inc.). In order to make as few changes as possible between the
measurements, the modulator-PBS setup was implemented and the modulator-analyzer setup was
simulated by blocking one of the balanced photodetector’s input while keeping the half-waveplate
at 22.5°. Since the PBS separates s- and p-polarizations, this is equivalent to an analyzer set at 45°.
The measured signal corresponds to the second harmonic of the modulating frequency detected by
the lock-in amplifier, meaning that it is related to the Kerr rotation. The results are presented in

Fig. 2.
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FIG. 2. Second harmonic of longitudinal MOKE measurements made with the modulator-analyzer (blue) and the
modulator-PBS (orange) setup for a Si/Ta 3/Pt 3/Fe 15/Pt 3 (nm) sample. The error bars correspond to the standard
deviation of a set of 4 measurements.

As expected from the theoretical analysis, the signal obtained from the modulator-PBS setup is
twice as strong as the one obtained from the modulator-analyzer setup. Consequently, the
modulator-PBS setup also offers a much better SNR. Here, the SNR is defined as the ratio of the
averaged intensity in the range of applied magnetic field for which the magnetization of the sample
is saturated to the standard deviation of the signal in that same range. The SNR for the modulator-
analyzer setup is found to be 36.7 while it reaches 56.8 for the modulator-PBS setup, an
improvement of >150%. More generally, the cancellation of common mode noise in balanced
photodetectors leads to a greater SNR than the single photodetectors often used in analyzer-based

MOKE setups, making PBS-based setups quite attractive.

As shown in Fig. 1(a), the longitudinal MOKE setup contains several reflections on mirrors.
Mirrors, especially metallic ones, typically don’t conserve the polarisation state of the incident

beam unless it is perfectly s- or p-polarized. This can have a considerable effect on the measured

12



signal. For the optimized modulator-PBS and modulator-analyzer setups, the incident beam is s- or
p-polarized, so the effect of the mirrors up to the sample position can be neglected. However,
between the sample and the detection scheme, there are three reflections on protected silver mirrors
(Thorlabs, Inc.) that should be taken into account. By adding a matrix representing a mirror to the
calculations presented in section 3, it can be shown that the signals of the Kerr rotation and
ellipticity become mixed (see supplementary material). For a mirror with a complex reflectivity
rm,pei'fp for the p-polarization and rm,seifs for the s-polarization, the measured signal of the

optimized modulator-PBS becomes:

IM_PBS(B =90°%¢ = 22-50) = 2]0((/)0)[95 COS(AE) — & Sin(AE)]rm,prm,srs%
—4/1(po) sin(wt) [e5 cos(AE) + 05 sin(A) |1 pTims7s  (20)
+4/, (QDO) cos(2wt) [95 cos(A$) — & Sin(Ag)]rm,me,srszs-

For protected silver mirrors near 45° incidence, the phase difference AS = &), — & is significant.
Consequently, a strong MOKE signal can still be obtained, but the Kerr rotation and ellipticity can
not be independently retrieved. This implies that in our experiment we are only sensitive to a

relative change of the magnetization and not to the absolute Kerr rotation and ellipticity.

However, by carefully choosing the mirrors and designing the setup as to minimize reflections, the
phase difference A¢ can become negligible, and such MOKE setup can be used to retrieve absolute
values of the Kerr rotation and ellipticity. To do so, it is necessary to calibrate the signal to extract
the amplifying factor of the detectors. As described in Buchmeier et al.,?” this can be achieved by

using a non-magnetic sample with a known refractive index for the calibration.

4.2 Time-resolved experiment

As an example of time-resolved measurements, we have characterized the ultrafast
demagnetization of a Co/Pt multilayer sample excited by a femtosecond laser pulse. This
phenomenon, discovered in 1996 by Beaurepaire et al.,'’ occurs within a few hundred femtoseconds
after the excitation of a ferromagnetic material by a laser pulse.*® Despite having been studied for
many years, the underlying mechanisms of ultrafast demagnetization are still the subject of intense

research.?
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FIG. 3. Experimental time-resolved MOKE setup. The laser is a Titanium-sapphire system with an output wavelength
of 800 nm. The beam is frequency-doubled in a BBO crystal. Dichroic beamsplitters are used to separate and recombine
the pump (red) and probe (blue) beams. The fluence of the pump beam on the sample is controlled by a half-waveplate
coupled with a pair of Si mirrors acting as polarizers. Photodetectors are placed along the paths of the beams to keep
track of their intensities.

A sketch of the experimental pump-probe setup is shown in Fig. 3. The experiment was
performed in the Corail room of the Laboratoire d'Optique Appliquée. A Titanium-sapphire laser
system delivers femtosecond pulses with an energy of 2 mJ at 800 nm. About 1% of this energy is
used for this experiment. Because the beam is transmitted through thick optical elements that stretch
the pulse before reaching the MOKE setup, the pulse duration is ~100 fs long. The beam is
frequency-doubled and the fundamental and second-harmonic beams are used as pump and probe,
respectively. A delay line is placed in the pump beam path, making it possible to record the Kerr
rotation as a function of time. To avoid issues related to modulation and signal recovery at the low
repetition rate of the laser system (5 kHz), the PBS setup is used without the modulator and the
lock-in amplifier. The sample is magnetized out-of-plane by an electromagnet which provides a
weak magnetic field (<200 mT). Because this electromagnet can only be used to generate a
magnetic field normal to the sample surface, a typical multilayer sample
(Si/Ta 3/Pt5/[Co 0.6/Pt 0.8]%x20/A1 3 (nm)) with high out-of-plane magnetic anisotropy was
chosen along with a polar MOKE geometry.*’ For each laser shot, a digitizer (WaveCatcher) is
used to record at least four waveforms: the three outputs of the balanced photodetectors, namely

both photodiodes and their amplified difference (RF signal), and the intensity of the pump pulse.*!
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An additional photodetector placed on the probe path can also be used to measure the probe
intensity. These measurements allow to normalize the Kerr signal by the probe intensity to
compensate for fluctuations of the laser power and could be used to sort the data by pump fluence
if the variations in the pump intensity were sufficiently large. Each detected signal is digitized. This
approach was favored in this work as it has the advantage that the waveform is recorded on a shot

by shot basis, allowing for more complex sorting and integration of the data.

(a)
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FIG. 4. (a) RF output waveforms of the balanced photodetector recorded before (blue solid line) and after (orange dotted
line) excitation by the optical pump pulse. The difference between the two waveforms is a consequence of the
demagnetization of the sample. (b) Normalized Kerr rotation as a function of time delay for the same sample (green dot).
The solid red line shows a bi-exponential fit of the data.

Fig. 4(a) shows two RF signal waveforms recorded for a single shot at positive (orange line)
and negative (blue line) delays. To obtain a full demagnetization curve, we record such waveforms
for each laser pulse while slowly and continuously varying the position of the delay stage. The
position of the stage is recorded with the same frequency as the laser’s repetition rate, allowing to
retrieve the actual delay position for each laser pulse. We perform such a delay scan for each of the
opposite magnetization directions. Then, we extract the integral of the waveforms normalized by
the incoming probe intensity as a function of delay (variable named 1"<(t) in the following). By
taking the difference between the recorded intensities with the two magnetization directions, we

can retrieve the amplitude of the change to the Kerr rotation:

o) 1) —17(t)
0, It(t<0)—I(t<D0)

(21)
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This time trace is shown in Fig. 4(b). To produce this curve, 200,000 shots were recorded
(100,000 for each magnetization direction), within a total of only 40 s. By fitting the curve with a

typical expression used for transient demagnetization,*?

we find a demagnetization time of
187 +£9 fs, in agreement with previous studies on this type of sample.** It should be noted that
studies are ongoing to define whether Kerr rotation measurements constitute a pure representation

of the ultrafast magnetization dynamics.'®!

5 Conclusion

The Jones formalism is used to derive mathematical expressions to analyze the signal measured
from different MOKE setups and define the optimal orientation of their optical components. When
a photoelastic modulator and lock-in amplifier are used, it is found that the Kerr ellipticity and
rotation can be measured directly by looking at the first or second harmonic of the modulating
frequency of the signal, respectively, in both analyzer-based and polarizing beamsplitter-based
detection schemes. Additionally, we demonstrate, through the theoretical analysis and the
experimental results, that the polarizing beamsplitter-based setup improves the intensity of the
signal by a factor of two. As a result, and because the use of balanced photodetectors helps reduce
the noise, the signal-to-noise ratio is demonstrated to increase by at least 150% compared to the
analyzer-based detection scheme. Furthermore, it is shown that the polarizing beamsplitter-based
setup is also suitable for measuring the Kerr rotation without the use of a modulator and lock-in
amplifier, which can be advantageous for pulsed laser sources with low repetition rates. In contrast,
equations show that the Kerr rotation cannot be isolated with an analyzer-based setup. In that case,
the only configuration that allows for purely magneto-optical measurements consists of placing the
optical axis of the analyzer at 90° with respect to the incident polarization. To assess the
applicability of the optimal setup configuration, time-resolved measurements of laser-induced
ultrafast demagnetization from a kHz laser system are recorded. The high signal-to-noise ratio
offered by the balanced photodetectors allows for sensitive, single-shot measurements of the Kerr
rotation for each delay, leading to a fast acquisition time. Importantly, we demonstrate that
reflections on mirrors can be detrimental to the independent measurement of Kerr rotation and
ellipticity and should be carefully considered in the design of MOKE setups. This illustrates how
the general expressions presented in this work can serve as a valuable tool to guide the design of
future MOKE setups by revealing the optimal experimental parameters for the measurement of any

component of the complex Kerr angles.
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Supplementary Material

Supplementary materials contain a detailed example of the matrix calculation for the optimized
modulator-analyzer setup. The analytic description of the PBS setup with the half-waveplate
replaced by a quarter-waveplate for Kerr ellipticity measurements is also presented. Furthermore,

a thorough description of the effect of mirror reflections on the measured MOKE signal is included.
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