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ABSTRACT

Sagnac interferometry is advantageous in measuring time-reversal-symmetry breaking effects in ferromagnetic and antiferromagnetic mate-
rials as it suppresses time-reversal symmetric birefringent effects that are ubiquitous and often overwhelming in optical detection systems.
When its sensitivity is limited only by the amplifier noise in the photo-detector, one needs to optimize the optical power that returns to the
detector. We demonstrate an experimental scheme that maximizes the returning optical power in a Sagnac interferometry when detecting
the magneto-optic effect in ultrathin films. In this scheme, the optical beam bearing the Faraday effect on a thin film is reflected at a second
surface coated with a highly reflective gold film. The gold film increases the returned optical power by a factor of 4-5. For a normal-incidence
Sagnac interferometer, this scheme yields an increase in the signal-to-noise ratio by the same factor. For an oblique-incidence Sagnac interfer-
ometer, this scheme should yield an increase in the signal-to-noise ratio by a factor of 20-25. For illustration, this scheme is used to measure
magnetization curves and Kerr rotation images of 4.5-unit-cell thick SrRuO3(001) grown on SrTiO3(001).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090061

. INTRODUCTION

Non-reciprocal optical responses or magneto-optic effects
in solids are among the most extensively studied characteris-
tics of ferromagnetic materials and materials with other forms
of broken time-reversal symmetry. ° The main advantages
in optical detection of magnetism derive from its being a
local probe in the time domain,® frequency domain,’ spatial
domain,”” and symmetry domain.”” Such a local probe enables
time-resolved characterization, resonance enhancement, spa-
tial mapping, and probing magnetism while suppressing much
larger non-magnetic effects. The latter is realized in Sagnac
interferometry,'’ particularly zero-loop-area Sagnac interfer-
ometry, in which the time-reversal symmetry breaking effect
arising from the Earth’s rotation is removed.”'” Since the
early report by Spielman et al,'’ Sagnac interferometry has

been broadly used in studies of ferromagnetic materials and
time-reversal symmetry breaking effects in unconventional
superconductors.”'” '  Magneto-optic (MO) effects in non-
ferromagnetic materials are weak and often yield a Kerr rotation in
the range 1082107 radians.”'*'* Without external modulation,*®
Sagnac interferometry is presently the most sensitive probe to MO
effects in these materials.

The sensitivity of a Sagnac interferometer is ultimately limited
by a combination of the optical power that returns to the photo-
detector,'""” Pge (in unit of Watt), and the noise equivalent power
of the detector, NEP, in unit of W Hz™*°. The sensitivity can then
be defined as S = 2(NEP/Py), in unit of radian Hz %>, The factor
of 2 introduced here is to account for the fact that the MO effect
is contained in the first-order time-modulated portion (~50%) of
optical power at the detector. When the NEP of the detector is given,
the smallest detectable MO effect is improved by reducing the noise
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bandwidth or maximizing the optical power at the detector. In this
work, we focus on the latter.

In a zero-loop-area Sagnac interferometer, the illuminating
optical beam is reflected off a sample surface once at normal
incidence or twice at oblique-incidence.'”'®'® A normal-incidence
Sagnac interferometer (NI-SI) detects polar MO effects.'' An
oblique-incidence Sagnac interferometer (OI-SI) detects longitudi-
nal, transverse as well as polar MO effects.'” The optical power at the
detector is proportional to the reflectance of the sample in NI-SI or
the square of the reflectance in OI-SI. The reflectance can vary by one
order of magnitude, depending upon the optical dielectric constant
of the sample. In practice, the low reflectance of a sample limits the
sensitivity of a Sagnac interferometer. This is particularly severe for
an oblique-incidence Sagnac interferometer when the optical beam
reflects twice from the sample.

In this report, we describe an experimental scheme that
improves the optical power at the detector that bears the magneto-
optic effect from an ultrathin film sample on a substrate. For
illustration, we present a study of the magneto-optic effect in
a 1.77 nm-thick SrRuO;3(001) film epitaxially grown on a non-
magnetic SrTiO3(001) substrate in which a five-fold gain in the
optical power at the detector is achieved. This means that such a
scheme can improve the sensitivity of an oblique-incidence Sagnac
interferometer by more than a factor of 20.

Il. FARADAY AND KERR ROTATION

FROM AN ULTRATHIN FILM ON A TRANSPARENT
SUBSTRATE AND DETECTION WITH SAGNAC
INTERFEROMETERS

For a weakly absorbing bulk sample, the Kerr rotation in
reflection comes from the imaginary part of the Voigt parameter
Q=Q' +iQ", while the Faraday rotation in transmission comes
from the real part of Q."'®"” For a thin film sample on a trans-
parent substrate, the Kerr rotation and Faraday rotation both come
from the real part of Q in the film and thus measure the same
magneto-optic effect.!” By detecting the Faraday rotation in trans-
mission instead of the Kerr rotation in reflection from the same film,
the optical power at the detector can be significantly enhanced. This
is because the transmitted beam bearing the Faraday effect can be
reflected with a second surface of high reflectance and sent back
to the detector. A similar use of a highly reflective metal layer to
enhance the optical reflection for Faraday effect detection of mag-
netic flux in high-temperature superconductors was reported by
Jooss et al.”’

In Fig. 1, we show a normal-incidence Sagnac interferometric
scanning microscope operated in two modes: one is the Faraday
mode that detects the reflection from the rear surface, the other is
the Kerr mode that detects the reflection from the front surface.

We study the magneto-optic effect in a (001)-oriented ultra-
thin film of SrRuO3 magnetized along the (001) axis. The film is
epitaxially grown on a transparent SrTiO3(001) substrate and has
a thickness of d = 1.77 nm. The effect from the film on optical
reflection and transmission can be treated as a surface-bound pertur-
bation. Let egro be the optical dielectric constant of the SrTiO3(001)
substrate. At optical wavelength A = 0.78 ym, esro = 5.3 and is real.
Let esro be the optical dielectric constant of SrRuO;. At A = 0.78 ym,
it has a significant imaginary part as well as a real part.”' >’ We define
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FIG. 1. (a) A normal-incidence zero-area Sagnac interferometric scanning micro-
scope in Faraday mode for detecting Faraday rotation through the sample when
the illumination beam is focused on the rear surface and reflected back. (b) The
normal-incidence zero-area Sagnac interferometric scanning microscope in Kerr
mode for detecting Kerr rotation when the illumination bean is focused on the front
surface and reflected back. The lens immediately after the polarization-maintaining
fiber focused the reflected beam back into the fiber to complete the Sagnac loop.
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de = esro — es10- The dielectric tensor € as a function of z from the
surface into the sample consisting of the film and the substrate is
given by’

ESTO 0 0 O¢ —isz 0
€= 0 ESTO 0 + d(‘)\(Z) iQmy, de 0| (1)
0 0 ESTO 0 0 68

Since the film thickness d = 1.77 nm is much smaller than the optical
wavelength A, the diagonal elements of the tensor associated with the
film have a negligible effect on the reflection matrix and transmis-
sion matrix. The off-diagonal elements of the tensor associated with
the film introduce the first-order magneto-optic effect on reflection
and transmission.”” Following the treatment described by Zhu,"
the reflection matrix due to reflection from the front surface of the
sample is given by**

7( Vesto — 1 ) 4nd Qm,

R. = Vesto + 1 A (\/85T0+1)2 - Tn A

: _4nd Qm; _(\/SSTo—l Y
A (\/85T0+1)2 \/85T0+1

)
The Kerr rotation from the film is given by
Ok film = Re{ﬁ} = —Re{@ Q }mz. 3)
n A ESTO — 1

For the Faraday effect, we reflect the transmitted beam off a sec-
ond surface with high reflectance R, ~ 1. This beam passes through
the film once again and emerges as another reflected beam. The net
transmission matrix for this beam can be regarded as an effective
“reflection” matrix as follows:

. 4dQm,
R = 4\/R_2\/ ESTO /\(\ /EsTO + l) ) (4)
s,e (\/%_'_ 1)2 41dQm;, 1

7/1(\/5STO + 1)

The net Faraday rotation is given by

B 4md Q
®F,ﬁlm = Re{ T m }mz. (5)

At the detector, the optical power associated with the Fara-

day rotation is proportional to (4v/Raesto/(\/Esto +1)%)%.
Compared to the optical power associated with the Kerr
rotation, (\/&sto — 1)*/(\/&sto +1)>, it is a factor of
y1 = 16R2¢e510/ (€5T0 — 1)2 larger. Let /esro=2.3, R2=0.95,
this factor is 4.4. Comparing Eq. (5) with Eq. (3), the Faraday
rotation is still larger than the Kerr rotation by a factor of

y2 = v/€sto — 1 = 1.3. Thus the overall enhancement is

y = y1y2 = 16Raesro(v/esto — 1)/ (esto — 1)2 =57, (6)

y is the factor by which the optical power at the detector is enhanced
by detecting the Faraday rotation instead of Kerr rotation. Next,
we demonstrate this enhancement experimentally. It is noteworthy
that using the same Sagnac interferometric microscope for detection,
Kerr rotation and Faraday rotation for same . have opposite signs
as shown in Egs. (3) and (5). This is also confirmed experimentally.

ARTICLE scitation.orgljournal/rsi

I1l. MATERIALS AND METHODS

For sample, we grow a 1.77 nm thick (4.5 unit cells)
SrRuQ3(001) film on a 0.5 mm thick SrTiO3(001) substrate.”” The
substrate is treated with buffered hydrofluoric acid to have a TiO,-
termination and then annealed at 1000 °C for 3 h in ambient atmo-
sphere. The SrRuO3(001) film is grown on the substrate using pulsed
laser deposition with a KrF Excimer laser (A =0.248 pm). The
growth temperature is 700 °C and the oxygen ambient is 100 mTorr.
The laser repetition rate is 2 Hz, and the single pulse energy per unit
area is 2 J/cm®. We use polycrystalline SrRuOj as a target. The thick-
ness is controlled by monitoring reflection high-energy electron
diffraction patterns. The thickness is controlled so that regions of
4 u.c. (1.57 nm) and 5 u.c. (1.96 nm) have equal portions, yield-
ing an average thickness of 4.5 u.c.”>*® For such ultrathin SrRuQ;
films, the magnetic easy axis is nearly perpendicular to the film
along the z-axis.”” The quality of the film is confirmed by
atomic force microscopy. After deposition, the backside of the
substrate is polished with diamond lapping sheets (1 pm-grit)
and then coated with a 200 nm-thick gold film using e-beam
evaporation. The normal-incidence reflectance from the coated
back surface is Ray = 0.95. The reflectance of the front sur-
face covered with the ultrathin film is in essence that of a bare
SrTiO3(001) substrate, namely, Rsro = (\/&sto — 1)2/(\/%+ 1)2
=0.16, using \/es70 = 2.3 at L = 0.78 ym.

The Sagnac interferometric microscope'” is illustrated in Fig. 1.
A polarized super-luminescence laser diode with a central wave-
length A = 780 nm and a FWHM bandwidth of 50 nm (Superlum,
Carrigtwohill, Ireland) is used as the illumination source. After colli-
mation, the p-polarized beam passes through a polarizing circulator
and is then focused with a 20x objective lens into a polarization-
maintaining (PM) fiber with the slow axis (SA) parallel to the
p-polarization. At the other end of the PM fiber, the beam is cou-
pled to an electro-optic phase modulator (EOM) with the SA of the
fiber bisecting the TE and TM axes of EOM. The polarization com-
ponents along the TE and TM axes form the two optical beams in the
Sagnac interferometer. They pass through the Sagnac loop that fol-
lows in opposite directions. The difference in the phase accumulated
by these two beams is measured with a phase-sensitive detection sys-
tem. The Sagnac loop consists of a 10 m PM fiber with the SA and
FA aligned parallel to the TE and TM axes of EOM. After emerg-
ing from the 10 m PM fiber, the beams pass through a galvo-mirror
system and a quarter-wave-plate (QWP), and are then focused onto
the sample with a 10x objective lens. The slow axis of the QWP is
set at a 45° angle from the SA of the 10 m PM fiber. After reflection
from the sample, the beams return to the 10 m PM fiber to complete
the Sagnac loop.'” The microscope can be operated in Kerr mode or
Faraday mode by setting the focal point of the beam at the front sur-
face or the back surface. A negligible fraction of the reflection from
the other surface makes it back into the fiber.

To acquire a Kerr rotation or a Faraday rotation image,
the beams are scanned over a 340 x 340 ym’ area at a step size of
0.85 um in both directions. This is accomplished with an encoded
galvo mirror assembly mounted on a stepper-motor controlled
backlash-free rotation stage. The galvo mirror deflects the beam in
the vertical plane, thus changing the pitch angle 8, of the beam;
the rotation stage rotates the galvo mirror assembly in the horizon-
tal plane, thus changing the yaw angle ¢ of the beam. By stepping
the pitch angle at increment 86, = 0.00125°, we scan the beam on
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the focal plane by dy = 0.85 ym; and by stepping the yaw angle at
increment of 8¢, = 0.0025°, we move the beam on the focal plane
by 8x = 0.85 ym. The time constant at each pixel (a pair of x and y
positions) is 0.03 s or 30 ms.

Magnetization curves of the sample during field-cooling and
field-warming are measured between 140 and 30 K. The Curie tem-
perature is ~120 K. We measure the Kerr or Faraday rotation at
ten vertical positions (i.e., ten yaw angles) with a fixed horizontal
position.

The super-luminescence laser diode has an output power
of 10 mW. When the beam is focused on the front surface of
the SrTiO3(001) substrate where the 1.77 nm SrRuO;(001) film
is deposited, the returned optical power at the photo-detector is
5.6 uW. When the beam is focused on the rear surface of the
SrTiO3(001) substrate where a 200 nm gold film is deposited, the
returned optical power increases to 22 yW, by a factor of y,,, = 3.9,
very close to the expected value y, = 4.4. The dominant losses
come from (1) passage through a fiber-coupled EOSPACE electro-
optic phase modulator (EOM) with single-pass insertion loss of
50%; (2) reflection at surfaces of near-infrared AR-coated optical
elements that form the polarizing circulator and at surfaces of two
visible AR-coated objectives (a factor of 3 for single pass); (3) inser-
tion loss when the free-space beam is coupled into PM fibers and
from the PM-fiber of the EOM to the 10 m PM fiber (a factor
of 2 for single pass); and (4) reflection at the sample (a factor of
1/Rsto = 6.5 at the front surface). If two visible AR-coated objec-
tives are replaced by near infrared AR-coated objectives (for a much
higher cost), the single-pass loss factor is improved only by a small
factor 1.3.

IV. RESULTS

In Fig. 2, we show a Kerr rotation image of the 1.77 nm
SrRuO3(001) film and the reflectance image of the front surface over
an area of 340 x 340 um?. It is acquired after the sample is field-
cooled from T = 140 to 80 K in an external field of H, = 97 Oe
applied along the surface normal. This field is sufficient to saturate
the magnetization of the film. The dark lines are features that result
from shallow scratches on the film. Since the film is first grown on
the front surface of the substrate and then a 200 nm gold coating is
deposited ex situ on the other side of the substrate, we expect scratch
damages to the film. Depths of these scratches correspond to 1-3
unit cells removed from the film. Such a small removed thickness
is not observable in the reflectance image. In the uniform region of
the Kerr rotation image, the value of Ok fm is 195 + 13 prad. Using
a similar normal-incidence Sagnac interferometer that is operated at
optical wavelength of 1.55 ym, Xia et al. reported a O sim of 156 prad
from a 4-unit-cell-thick SrTRuO3(001) film on an SrTiO3(001) sub-
strate at 80 K.*’ In Fig. 3, we show the Faraday rotation image and
the reflectance image from the gold-coated surface over the same
area of the SrRuO3(001) film. The sign of the measured Faraday
rotation is opposite to that of the Kerr rotation as we should expect
from Egs. (3) and (5). The negative of the measured Faraday rota-
tion is shown in the figure. The sharp lines in the Kerr image are
blurred and become shadows due to the fact that scratches on the
SrRuO3(001) film are now illuminated by an unfocused beam. New
sharp features in the Faraday rotation image are scratches on the
gold-coated SrTiOs surface. The same features are present in the
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FIG. 2. (a) Kerr rotation angle from a 1.77 nm SrRuQO3(001) film on SrTiO3(001)
over an area of 340 x 340 um? after the sample is cooled from 140 to 80 K in
an external field of H, = 97 Oe. The step size in both directions is 0.85 ym. The
open circle shows the position where the Kerr rotation as a function of tempera-
ture is measured. (b) Reflectance from the front surface of the sample over the
same area. It is normalized by the maximum reflected optical power from the front
surface.

reflectance image. In the uniform region of the Faraday rotation
image, the average value of Op gy, is 247 + 15 prad. It is a factor
of y,, = 1.27 larger than 0 fim, very close to the expected ratio y,
= \/&sto — 1 = 1.3. This means that the optical power at the detector
is enhanced by a net factor of y,, = y,,,.,,, = 5, close to our estimate
of y = 6 from Eq. (6). The variations in Kerr rotation (+13 prad)
and Faraday rotation (£15 urad) are due to the spatial variation of
magnetization.
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FIG. 3. (a) Faraday rotation angle from the same 1.77 nm SrRuO3(001) film on
SrTiO3(001) over the same 340 x 340 um? area. For the same magnetization in
the film, the Faraday rotation angle is larger that the Kerr rotation angle by a factor
of 1.27. The sharp features in the image are scratches on the second surface due
to mechanical polishing. The dark shadow is due to the blurred magnetic features
in the Kerr image in Fig. 2. The open circle shows the position where the Faraday
rotation as a function of temperature is measured. (b) Reflectance over the same
area, but from the rear surface of the sample with a 200 nm gold-coating. It is
normalized by the maximum reflected optical power from the rear surface.

To further illustrate the improvement in signal-to-noise ratio
for MO effect detection, we acquire magnetization curves in Kerr
rotation and Faraday rotation. The curves are acquired from posi-
tions marked as open circles in Figs. 2 and 3. In Fig. 4, we show
two magnetization curves: one from the Kerr rotation measurement;
one from the Faraday rotation measurement. The time constants in
both measurements are 0.3 s. Opgim is again larger than Ok gim by
a factor of 1.27 as expected. The Faraday rotation curve is much
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FIG. 4. Faraday rotation angle ®gg, during field-cooling from 150 to 30 K and
Kerr rotation angle 6 sim during field-warming from 30 to 150 K in an external
field of H; = 97 Oe. The temperature-dependence of @k m and 6k sim are nearly
identical. The Faraday rotation angle is larger and much less noisier than the Kerr
rotation angle.

less noisier than the corresponding Kerr rotation curve as a result of
the improved signal-to-noise ratio. The magnetization curves show
the presence of two transition temperatures, Tc; = 115 K and T,
=80 K. ”5_}17e(y are likely due to single unit cell thickness variations in
the film.”>™

V. DISCUSSION AND CONCLUSION

Sagnac interferometers have been used to detect minute sig-
natures of magnetism and other time-reversal symmetry breaking
effects in conventional and new quantum materials. With normal-
incidence and oblique-incidence zero-area Sagnac interferometers,
magneto-optic effects along any direction in a sample can be mea-
sured and analyzed. The sensitivity of a Sagnac interferometer is
ultimately limited by the optical power at the photo-detector, partic-
ularly when the reflectance from a sample under study is low. A low
sample reflectance is more problematic in oblique-incidence Sagnac
interferometry when the illuminating beam is reflected twice from
the sample to complete the Sagnac loop. We showed in this work
that when detecting magneto-optic effects in ultrathin films on a
substrate, the hurdle associated with a low sample reflectance can
be removed by detecting the Faraday rotation instead. It is accom-
plished by returning the transmitted beam in full with a second
highly reflective surface.

Using a 1.77 nm SrTiO3(001) film on a SrTiO3(001) substrate
as an example, we demonstrated that one can recover nearly 100%
of the transmitted beam and achieve a five-fold increase in opti-
cal power at the detector when detecting Faraday rotation instead
of Kerr rotation for the same magneto-optic effect in the film.
Such a five-fold optical power recovery is most significant in an
oblique-incidence Sagnac interferometry. For example, instead of
having the returned optical power to decrease further from 5.6
to 0.87 yW (recalling that the reflectance of a bare SrTiO; sub-
strate at normal incidence Rgro is 0.16), the present scheme will
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only reduce the returned power from 22 to 16 yW. This should
make oblique-incidence Sagnac interferometers equally sensitive as
normal-incidence Sagnac interferometers.

By comparing Fig. 3 with Fig. 2, it would seem that the gain
in signal-to-noise ratio by employing a second reflecting surface is
at a huge expense of spatial resolution. This is because we inten-
tionally use a 0.5 mm SrTiO3(001) substrate and an objective with
f = 20 mm so that the reflection from the front surface bearing the
Kerr rotation effect and the reflection from the rear surface bear-
ing the Faraday rotation effect can be separated for analysis. The
loss in spatial resolution can be easily recovered by reducing the
SrTiO3(001) substrate thickness from 0.5 mm to 50 ym and using
an objective with f = 75 mm instead of f = 20 mm.

As to the achievable detection limit of the present micro-
scope, by replacing the current 10 mW light source with a
30 mW source, the optical power at the detector can be improved
to 66 uW, close to the maximally allowed power at a New Focus
1801 photo-detector employed in this microscope. The micro-
scope should have the highest sensitivity allowed by the photo-
detector. With NEP = 3.3 x 107> W Hz "> for a New Focus 1801
photo-detector, an optical power of Pger = 66 yW at the detec-
tor translates into a detector-limited sensitivity of S = 2NEP/Pg,
= 1077 radian Hz °°.
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