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1. Introduction

Polarization measurement has gained broad applications in
many research topics, including magnetic anisotropy“], spin
dynamics[2’3] in magnetic material, birefringence in chiral
media®), and electro-optic sampling technique'’. In magnet-
ism, one convenient and popular analytical tool is based on
the magneto-optical effect, which alters the polarization of the
reflected (Kerr effect) and the transmitted light (Faraday effect)
through the asymmetric dielectric tensor induced by magnetiza-
tion'"). Since its first application to surface magnetism'®), the
magneto-optical Kerr effect (MOKE) has been developed as a
non-intrusive and versatile probe for remote measurements
on static or dynamic properties of spin systems with very high
sensitivity, e.g., spin Hall effect”®) ultrafast spin dynamics[g],
imaging magnetic domain and nanostructure!'®'"), as well as
magneto-optic information storage!'?. However, because the
polarization of light is very sensitive to a large variety of noise
sources, it is difficult to achieve a sensitivity of 1077 rad/~/Hz
in MOKE measurement, especially in the DC detection
scheme!"®*"*%] This hampers the application of MOKE in
many emerging subjects, such as spin Hall effect!”), time-rever-
sal-symmetry-breaking (TRSB) states in a superconductor!'®'”),
where a sensitivity of 1077-1078 rad is urgently needed.

In polarization measurement, a significant challenge in push-
ing the AC/DC MOKE sensitivity to 10~7 rad/+/Hz is the over-
whelming noise from reciprocal effects including linear
birefringence and thermal fluctuations''”). In order to suppress
the noise from the reciprocal effects, zero loop-area Sagnac
interferometry, which measures the TRSB Kerr effect, has been
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A high-sensitivity DC magneto-optical Kerr effect (MOKE) apparatus is described in this Letter. Via detailed analysis on
several dominating noise sources, we have proposed solutions that significantly lower the MOKE noise, and a sensitivity
0f 1.5 x 1077 rad/ Hz is achieved with long-term stability. The sensitivity of the apparatus is tested by measuring a wedge-
shaped Ni thin film on Si0, with Ni thickness varying from 0 to 3 nm. A noise floor of 1.5 x 10~ rad is demonstrated. The
possibility of further improving sensitivity to 10~° rad via applying AC modulation is also discussed.

Keywords: high sensitivity; direct current; magneto-optical Kerr effect.

employed to promote the MOKE detection limit. A sensitivity as
small as 1077 rad/ +/Hz has been achieved for polar MOKE
through phase modulation of the probe light at ~5 MHz!"”'#],
Although it can be well adapted to the measurement of polar
magnetization, a high-sensitivity probe of in-plane magnetiza-
tion, i.e., longitudinal- and transverse-MOKE, remains challeng-
ing. By inserting reflection optics to fold the obliquely-incident
beam path backward, the modified Sagnac interferometer can be
applied to measure the in-plane magnetization with a sensitivity
of 1076 rad/v/Hz!">*°). Another widely used approach is based
on high-frequency modulation of the sample magnetization,
which may reach the lowest noise floor of several 10~ rad
with sensitivity of ~1077 rad/+/Hz"?"**. Unfortunately, to
date, the detection limit of DC MOKE is limited to
~2 %1077 rad (105 deg)!"®!, which hinders the study of the
static in-plane and out-of-plane magnetic properties, such as
TRSB states in Sr,Ru0,!"” and PrOs,Sb,,**). More impor-
tantly, a MOKE apparatus with state-of-the-art DC detection
capability can set a thorough grounding for further improve-
ment of MOKE sensitivity when the AC modulation scheme
is implanted. Therefore, breaking the bottleneck in DC polari-
zation measurement is urgently needed.

In this Letter, we report a general solution for achieving a DC
MOKE sensitivity of 1.5 x 10~ rad/+/Hz with long-time stabil-
ity using the balanced detection scheme. Three noise sources
were identified dominating the MOKE signal-to-noise ratio,
namely, drift of laser cavity modes, temperature-induced strain
in polarizing optics, and turbulence of airflow, which cause the
polarization fluctuations in the optical measurement. After
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stabilizing these variables, the apparatus was used to measure the
hysteresis loop of a wedge-like Ni film with thickness varying
from 0 to 3 nm. An RMS noise of 1.5 X 1078 rad was demon-
strated with an averaging time of 200 s at each point.
Although not yet implemented in this study, further improve-
ment of sensitivity is feasible via AC modulation with lock-in
detection.

2. Experiment and Resluts

The experimental setup is sketched in Fig. 1(a). The longi-
tudinal-MOKE geometry was chosen for demonstration. (The
scheme is also valid for polar- and transverse-MOKE by varying
the direction of the external magnetic field.) The light source was
a commercial He-Ne laser (12 mW, R-30993, Newport,
A=632.8nm) with linearly polarized output. The laser beam
passed through a zero-order half-wave plate (HWP1) and a
Glan-Taylor polarizer P (GT10, Thorlabs) with polarization
aligned perpendicular to the optical plane (s-polarization). To
improve the extinction ratio, a piece of sapphire window is
placed after the polarizer such that the laser beam is reflected
from the window surface at a Brewster angle. A p-polarized
component appears associated with the dominant s-polarized
component after reflection from a magnetic sample due to the
MOKE, where the ratio of their electric fields Ep/E, equals
the Kerr rotation angle 6. The magnetic field applied to the
sample is produced by a home-built electromagnet coil. The
polarization change was measured by a balanced detection setup
consisting of a zero-order half-wave plate (HWP2), a Wollaston
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prism (WP10, Thorlabs), and a balanced detector (Nirvana
Model 2007, New Focus)!”’.

To suppress the polarization noise in the setup, three domi-
nating factors were identified and properly taken care of, i.e., the
temperature-induced variation of the laser cavity length, bire-
fringence in the polarizing optics, and the airflow turbulence.
The temperature fluctuation of the laser and the polarizing
optics was controlled within £1 mK using a home-built temper-
ature controller. To avoid air turbulence, all of the optical com-
ponents except for the laser were placed in a closed black box,
with the entrance aperture of the laser beam sealed with an opti-
cal window. As a result, the equivalent noise of 6.3 pV/ VHz
was achieved for the output voltage from the balanced detector
over 1 h, as shown in Fig. 1(b), which corresponds to a MOKE
measurement sensitivity (RMS) of 1.5X 107" rad/ JHz. In
the DC measurement, the noise-equivalent-power (NEP) of
the 125 kHz bandwidth detector at 633 nm is about
1.5 pW/+/Hz, which is equivalent to a Kerr angle noise of 1.3 X
1077 rad/+/Hz. Our measured noise has essentially reached the
limit of the intrinsic noise from the detector. Given the short-
term and long-time stability, a measurement of Kerr rotation
as small as 1.5 X 1078 rad can be realized for an integrating time
of 100 s. In the following, we will discuss in detail how different
noise sources affect MOKE sensitivity.

3. Noise Analysis

Considering s-polarized light being reflected from a magnetic
sample, the resultant s- and p-polarized components are rotated
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Fig. 1. (a) Sketch of the DC-MOKE setup. HWP1 and HWP2 stand for half-wave plates, and P is the polarizer. The arrows illustrate the polarization state after the
optics. (b) Fluctuation of MOKE signal in 1 h after control of the temperature within 1 mK for the laser tube and polarizing optics in a sealed environment.

(c) Statistic analysis of the MOKE noise in (b) using Gaussian distribution.
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by an angle of & (a ~ 45°) using the half-wave plate [HWP2 in  two split beams, namely tuning the value of a, suggesting the

Fig. 1(a)] and then interfere constructively and destructively in  intensity noise again is not the cause (more detailed discussion
the two detection arms after the Wollaston prism, respectively.  can be found in Supplementary Material).

The intensity difference between the two arms is given by** The fluctuations of the MOKE signal and the laser intensity in

Fig. 2(a) are actually both the consequence of the variation of the

Al = (—cos 2a + 20, sin 2a) X I. (1)  laser cavity modes. It is well known that the adjacent longi-

tudinal modes, labeled as s-mode and p-mode in Fig. 2(b), in

Here, I, = |E,|? is the intensity of the reflected s-polarized light. red (632.8 nm) He-Ne lasers are orthogonally polarized'*”.
Via fine-tuning of the angle @ — 45°, the first term on the right- ~ To demonstrate the change of the two modes versus cavity
hand side may vanish, and we have 6 = AI/2I,. Note that the length, we chose another He-Ne laser without polarization con-
common mode fluctuation from the laser intensity is canceled in ~ trol in the cavity. As shown in Fig. 2(b), the output energy alter-
AL Still, the polarization noise of the light persists, contributing ~ Dates between the two polarizing modes with precise

to the fluctuation of the MOKE signal (A6;). synchronization. In other words, the power changes of the
. . 26 . ..

To show how thermal fluctuations affect polarization mea- ~ two polarization states are out of phase*l. Despite polarizing
surement, we modulate the temperature of the laser and  Optics being generally placed inside the laser, the unwanted weak
polarizing optics and record the MOKE signal concurrently. ~ P-modes remain in the cavity even though the net gain factor is
Figure 2(a) shows the MOKE signal fluctuating along with ~ much smaller. As the laser tube temperature is drifting, its cavity
the laser intensity, as the laser temperature is drifting. The seem- length (L) ?fza%ies, and the frequency modes sweep across the Ne
ing correlation actually does not mean that the intensity fluc- ~ gain curve™". During the mode-sweeping process, changes of

tuation is the noise source, because the variation A8y /6y (~33%)  the dominating s-modes and the residual p-modes satisfy the
is much larger than the intensity noise AI/I, (~0.26%).  relation of AE,/E, = —AE/E. Then, the corresponding varia-
Furthermore, the amplitude of the MOKE fluctuation remains  tion of the MOKE signal is readily derived from Eq. (1), with
the same regardless of fine-tuning of the balance between the details given in Supplementary Material:
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Fig. 2. (a) MOKE signal (red line) fluctuates along with the laser intensity (blue line) as the laser tube temperature is drifting. The fine spectral feature is the
fingerprints of the gain medium. (b) Top, mode structure of a red (632.8 nm) He-Ne laser. The adjacent longitudinal modes, labeled as s-mode (blue line) and
p-mode (red line), are orthogonally polarized. Bottom shows that the measured intensity variances of the s-mode (blue) and p-mode (red) are out of phase in a
He-Ne laser with cavity length of 25 cm. (c) The fluctuation of laser intensity after temperature control of +1 mK for the laser tube (inset). (d) Comparison of the
polarization noise with (red) and without (blue) the Brewster window.
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Here, AE; and E; represent the variation and average of the elec-
tric field (E;), respectively, and # ~ 1 X 10° is the extinction ratio
of the polarizer before the sample [P in Fig. 1(a)] without the
Brewster window. Given the intensity variation of 0.26% in
the mode-sweeping process, we find AE,/E; = 0.13%. Using
Eq. (2), one may readily estimate that the change of the
MOKE signal is 8.2 X 107 rad. It agrees nicely with the exper-
imental result of 8 X 107 rad shown in Fig. 2(a).

According to Eq. (2), it is clear that to reduce the MOKE noise
caused by the laser, one needs to avoid the mode-sweeping proc-
ess via stabilization of the cavity length and to improve the
extinction ratio (f). As shown in Fig. 2(c), the laser intensity
fluctuation is reduced down to 0.02% when the temperature
fluctuation of the laser tube is kept within +1 mK. Meanwhile,
the sapphire Brewster window inserted after the polarizer P
increases the extinction ratio via attenuating the unwanted p-
polarized component in the reflected beam. Figure 2(d) com-
pares MOKE noise with and without the Brewster window,
where the temperature of the laser is stabilized, yet some of
the polarizing optics are not controlled. Obviously, the polariza-
tion noise has been largely suppressed by the Brewster window.

It is important to point out that, besides the laser fluctuation,
the temperature-induced birefringence and the air turbulence
also contribute notably to the polarization noise. The former
mainly affects the long-term stability, while the latter induces
the high-frequency noise. To evaluate the impact of temperature
fluctuation on the polarizing optics, we intentionally oscillate
the temperature of the polarizer and the Wollaston prism slowly
while recording the MOKE signal. The results are depicted in
Figs. 3(a) and 3(b), which show that a temperature variation
of £0.05K on the Glan-Taylor polarizer and the Wollaston
prism causes approximately +2 X 107 rad change in the Kerr
signal, suggesting the necessity of stabilizing the temperature
within a few millikelvin (mK) to achieve long-term sensitivity
better than 107" rad. On the other hand, airflow disturbance
is another primary noise source, as it influences both the polari-
zation and pointing of the laser beam. Figure 3(c) compares the
noise level in a sealed box and with the top cover open. In the
latter case, the noise increases by a factor of 5 in an open
environment. Also, in an open environment, the continuously
varying and inhomogeneous air temperature may induce bire-
fringence in optics that gives rise to instability of polarization.
Thus, to achieve high-accuracy MOKE measurement, one needs
to control the temperature stability down to a few mK and con-
tain the optical path in a closed environment.

4, Hysteresis Loops of a Wedge-Shaped Ni Thin Film

After careful control of the noise sources mentioned above, the
sensitivity of the apparatus is tested by measuring a wedge-
shaped Ni thin film on a SiO, substrate with the Ni thickness
varying from 0 to 3 nm. The magnetic hysteresis loops are shown
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Fig. 3. (a) and (b) Variation of DC-MOKE signal (red line) when modulating the
temperature (blue line) of (a) the polarizer and (b) Wollaston prism, respec-
tively. (c) Comparison of MOKE noise in sealed and unsealed condition after
subtracting the drifting background.

in Fig. 4(a), measured at five positions on the sample with differ-
ent thicknesses of Ni. The data for the bare substrate and those
for Ni thickness at 3 nm and 2.2 nm were recorded with an
averaging time of 200 s per point, while the loops of 2.8-nm-
and 2.4-nm-thick Ni were taken using 0.5 s integrating time
per point. To characterize the noise level, we show in Fig. 4(b)
the hysteresis loop of the bare SiO, substrate. The RMS noise of
the loop reaches 1.5 x 107® rad.

5. Discussion on AC Modulation Scheme

With the DC polarization noise reduced down to 1.5X
1077 rad/ ~/Hz, the MOKE sensitivity may be further improved
by AC modulation associated with the lock-in technique!”.
When working with a lock-in amplifier (SR830), the time con-

stant is set at 100 ms, and the corresponding bandwidth is

1M1201-4
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Fig. 4. (a) Hysteresis loops at five different positions of a wedge-shaped Ni
thin film on Si0, substrate. (b) Noise measured at the bare Si0, substrate.

~0.78 Hz. This reduces the photon shot noise and Johnson noise
of the detector, which are proportional to the square root of the
measurement bandwidth®®). Another type of low-frequency
noise in electronics is the so-called 1/f noise, for which the noise
power is inversely proportional to the frequency (f). Modulation
at high frequency can also suppress this kind of noise. We then
record in Fig. 5 the noise spectrum of the apparatus between
200 Hz and 3 kHz. In the region of 2.1-3 kHz, the noise floor
decreases to 0.3pV/+/Hz, which corresponds to the shot-
noise-limited sensitivity of 7 X 10~ rad / +/Hz. It is 20 times bet-
ter than the DC case. Therefore, a polarization sensitivity of 7 X
1077 rad is achievable with 1 s integrating time if the probe beam
or the sample is modulated at frequency above 2.1 kHz. The
intensity or polarization of the probe beam can be modulated
with amplitude and phase modulators, such as an electro-optic
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Fig. 5. Noise spectrum of our MOKE apparatus measured by an SR830 lock-in
amplifier.
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modulator. The magnetization of the sample can be modulated
by applying an AC magnetic field, which can reduce the drifting
noise from the laser but is limited to the lower frequency range
compared to modulation of the laser. Benefiting from the long-
term stability, a few nano-rad sensitivity is possible via increas-
ing the integrating time.

6. Conclusion

In conclusion, we have demonstrated a long-term stable DC
MOKE apparatus with sensitivity of 1.5 x 1077 rad/+/Hz. We
analyzed three noise sources in the polarization measurement
including drift of laser cavity mode, temperature-induced bire-
fringence, and airflow. Through high-accuracy temperature
control of the laser cavity and those polarizing optics in a sealed
condition, polarization noise has been greatly suppressed. As a
result, a MOKE signal from Ni thin film as small as 1.5 X%
108 rad can be resolved in the DC measurement scheme.
Our work provides a general solution for precision measure-
ment of light polarization not only for TRSB spin states in mag-
netic and novel quantum materials, but also for polarization-
sensitive physics in a wide range of research topics.
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