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ABSTRACT

We describe an oblique-incidence zero-area Sagnac interferometric microscope for studying spatial and temperature dependence of magneto-
optic (MO) effects in samples under cryogenic conditions. The microscope is capable of independently measuring Kerr effects from three
Cartesian components of a magnetization and thus can be used to map out the magnetization vector across the sample. For illustration, we
present MO Kerr effect images of magnetic domains at 77 K of a LaCrGes crystal terminated with an a—c plane (the plane that contains the
lattice a-axis and c-axis). We further present measurements of magnetization in these domains from 90 to 77 K during zero-field cooling and
field cooling in an external magnetic field from 20 to 150 Oe. The inherently high sensitivity and the capability of detecting a magnetiza-
tion without external modulation makes such a Sagnac interferometric microscope particularly useful for studying magnetic effects in novel

materials at low temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0042574

I. INTRODUCTION

The state of magnetic ordering in a bulk or at a surface of
a solid under conditions such as temperature, pressure, composi-
tion, and external fields is among the most important characteristics
of materials. For single crystalline materials, naturally occurring or
artificially fabricated, a sample usually consists of domains that can
exhibit distinct magnetic ordering, particularly in the absence of
sufficiently large external magnetic fields. The dimension of these
domains varies from as small as a few nm to as large as a few mm.'*
For basic understanding and practical applications, it is desirable to
characterize the properties of individual domains as well as behav-
iors averaged over all domains. This calls for experimental methods
that have the capability to measure the magnetic properties of a
material in a spatially resolved manner. Magneto-optic (MO) probes
based on optical responses to magnetization in a material answer
such a call.”?"!! MO probes detect the change in polarization state
of a reflected (Kerr effect) and transmitted (Faraday effect) light
beam induced by the magnetization. Although not as sensitive as
SQUID-based methods (but more so than VSM-based methods),
optical methods have the advantage of being able to spatially revolve

magnetic properties of a sample with resolutions only limited by
the wavelength of the light. Mainly there are two types of magneto-
optic microscopes. One type employs 2D photodetector arrays for
measurement and does not modulate the magnetization for sig-
nal extraction.””'> This type of microscope, suffering from the 1/f
noise and non-magnetic, polarization-altering backgrounds, is used
to image samples exhibiting Kerr angles significantly larger than
10 prad.'>'* The second type employs some form of modulation in
the magnetization for signal extraction and involves a single detector
or a pair of balanced detectors for detection at the frequency of mod-
ulation or the higher harmonics.>"!” For this type of microscope,
the image acquisition requires scanning the illumination beam
across a sample. The scanning microscopes of this type, though
slow in image acquisition, can detect MOKE signals as small as
0.1 yrad.'® Without modulating the magnetization in a sample, non-
magnetic backgrounds such as linear birefringence in the optical
system and the sample usually limit the MOKE detection sensitivity
to 10 prad.!>"?

In this work, we describe a scanning MOKE microscope that
does not require modulating sample magnetization for signal gener-
ation. It is based on zero loop-area Sagnac interferometry at oblique
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incidence.”””! In this microscope, non-magnetic backgrounds are
suppressed by symmetry while magneto-optic effects are doubled.
By modulating the phase of the illuminating optical beam, the
MOKE signals are detected in the MHz range so that the 1/f noise is
below the amplifier noise. The sensitivity of this Sagnac interferom-
etry based MOKE detection is a fraction of 1 yrad and limited by the
amplifier noise.”” The oblique-incidence geometry enables separate
measurements of longitudinal, transverse, and polar Kerr effects’!
and in turn the orientation of the magnetization vector in a spatially
resolved manner. To illustrate such a Sagnac interferometric MOKE
microscope, we studied magneto-optic effects from LaCrGes single
crystals. In particular, we present images of magnetic domains of
LaCrGe; crystals in a range of external magnetic field and magneti-
zation curves from these domains around the Curie point T. = 86 K**
from 90 K down to 77 K. We choose LaCrGes because the structure
of its magnetic domains has so far not been reported in the literature.
More importantly, the material exhibits rich magnetic phases below
86 K and under pressures’ *° and is open to further investigation
beyond the present work.

1. OBLIQUE-INCIDENCE ZERO-AREA SAGNAC
INTERFEROMETRIC MICROSCOPE (OI-ZASIM)

The principle of oblique-incidence zero-area Sagnac interfer-
ometry has been described and demonstrated recently by one of
us.”! In this work, we describe a particular configuration of scanning
microscopy based on this principle so that it can be used to image
samples in a cryostat through an optical window. Figure 1 shows
a schematic diagram of the oblique-incidence zero-area Sagnac
interferometric microscope used in this work.

A 25-mW broad-band light beam with the center wavelength
at A = 780 nm and a bandwidth of 30 nm passes through a polarizing
circulator and is focused into a short polarization-maintaining (PM)
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fiber. The transmission axis (T'A) of the circulator is aligned parallel
to the slow axis (SA) of the fiber. The other end of the fiber is coupled
to an electro-optic modulator (EOM). The SA of the fiber bisects the
transverse magnetic (TM) and transverse electric (TE) axes of the
EOM. The EOM is a phase modulator made of LiNbO3 with V,
= 1.3V (EOSPACE, Inc., Redmond, WA). We apply a sinusoidal
wave form to the EOM with an amplitude of 0.35V at a time fre-
quency f = 4.445MHz (the angular frequency Q =2nf =2.7915
x 107 rad/s). This adds a phase shift ®(t) = @y cos(Qt) with ®g
= 0.85rad to the polarization component of the beam parallel
to the TM axis. After the EOM, the phase-modulated beam is
coupled into a 10-m PM fiber with the TM axis of the EOM
aligned parallel to the SA axis of the fiber. The beam emerges
from the fiber and is collimated with a collimation lens to yield
a beam with a diameter d = 4mm. The SA of the 10-m PM fiber
is set parallel to the horizontal plane. The outgoing beam passes
through a first wave plate and is focused on the sample (through
a 1.57-mm thick fused quartz window) with an objective lens (f,
= 100 mm, workingdistance (W.D.) =34mm) at an oblique inci-
dence angle 6, =20°. The diffraction-limited resolution is 9,
= Af,/d =20 um, in good agreement with the experimental value
of 8exp = 25 um. The choice of 20° is deliberate as will be clear
shortly. After reflection, the beam passes through the same objec-
tive lens to become collimated again. It continues through a second
wave plate and is then focused on a reflection mirror with a sec-
ond objectivelens (f, = 20 mm, W.D. = 33.5 mm). The mirror sends
the beam all the way back to the polarizing circulator to complete
the Sagnac loop that encloses no area. The circulator further sends
the returned beam (with a total power of a few yW) to a 120-
MHz bandwidth photoreceiver (New Focus Model-1801, Newport
Corp., CA) with a gain of 2 x 10* V/W at 780 nm. The voltage signal
generated in the photoreceiver is analyzed with two lock-in ampli-
fiers that yield Fourier components in the intensity of the returned

P T, .  Optical  Cryostat
! !
' Objective  Wave plate : wm/dow
: Mirror #2 #2 1
]
. 1 1 Sample
Pglarlzmg Polarization Polarization : i P
Circulator maintaining maintaining 1
fiber fiber :
Broadband Phase !
Slcl)%r:;e Modulator LI 1
esr () Objective |
Wave plate  #1 1
#1 1
1
___________________ ! Ym
Rotation stage
Photo for vertical scan Magnet Z,
Receiver Translation stage (x2) Xm
for horizontal scan

FIG. 1. An arrangement of oblique-incidence zero-area Sagnac interferometric microscope (OI-ZASIM) for measuring longitudinal, transverse, and polar Kerr angles of a
magnetic sample. Optical elements in the dotted box are mounted on a linear stage so that the beam spot on the sample can be scanned along the horizontal direction. The
collimation lens is mounted on a rotation stage so that the pitch angle of the beam can be changed to the beam spot on the sample vertically. Two permanent magnets are
placed outside a cryostat (Janis ST-500, Lakeshore Scientific, NJ) to produce a variable in-plane magnetic field at the sample along the horizontal or vertical direction.
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beam at the first and second harmonic of the phase modulation
frequency f.
Let Py = and Py = be the Jones vectors for the two lin-
early polarized components of the optical beam that emerges from
the 10-m PM fiber: one along the SA of the PM fiber (ie., the p-
polarization with respect to the sample) and the other along the fast
axis (FA) of the fiber (i.e., the s-polarization). They are transformed
to two different and yet still orthogonally polarized components

b
P, = |:bai¢:| and P, = " (withv/a? + b? = 1) after the first wave
4 —ae'

ARTICLE scitation.orgljournal/rsi

plate. Let

mip my2

mp1 Mz

be the Jones matrix that includes effects from all optical elements
encountered by the “beam” as it traverses to and back from the sam-
ple and returns to the first wave plate. The matrix elements have
terms that vary linearly with three Cartesian components of the sam-
ple magnetization. The measurable Sagnac signal is the differential
phase given by’!

[ub(mu - mzzeiz"’) + (b2 - az)(m21 + mlz)ei‘”/Z] - (my — mlz)ei"’/z

akx =20k = Arg{

The Kerr angle 0 is a combination of Kerr rotation and Kerr ellip-
ticity, depending upon the optical elements in the Sagnac loop and
the state of polarization after the first wave plate. To measure ax, we
note that the first and the second harmonics at the angular frequency
of phase modulation Q (rad/s) in the returned beam intensity are’’

I(Q) = (y/Z)Ii,,c|ab(m11 - mzzeiZ(P) + (b2 - az)

x (ma1 + m12)3i¢/2|2]1(2q)0)‘x,<, (3)

2

1(2Q) = (Y/2)Iinc|ab(my — mpe™) + (b* - a*)
X (le + mlz)ei¢/2|2]2(2(1)o), (4)

where Ii, is the power of the light source right before entering the
polarizing circulator and vy is the overall throughput due to pass-
ing through all the optical elements in the Sagnac loop. From the
experimental value of I(Q)) andI(2Q), we deduce the Kerr angle*!

1\ I(Q) J2(2y)
(5)1(20) J1(2®0)’

= ®)
where O is a linear function of three Cartesian components of mag-
netization. The polar Kerr angle 6k p is proportional to the zy, com-
ponent that is out-of-plane and pointing into the sample (see Fig. 1);
the longitudinal Kerr angle 0,1 is proportional to the y, compo-
nent that is the in-plane component inside the incident plane; and
the transverse Kerr angle 0k r is the X, component that is the other
in-plane component but perpendicular to the incident plane.

For the scanning microscope in this study, we choose the fol-
lowing combinations of optical elements to separately measure three
Kerr angles. For the longitudinal Kerr angle 6k 1, we use a half-wave
plate for the first wave plate with the fast axis (FA) set to 22.5° from
the p-polarization so that a = b = 1/1/2 and ¢ = 0. For the second
wave plate after the sample, we use a quarter-wave plate with its
FA set parallel to the p-polarization. At an incidence angle of 20°,
the reflectivities for s-polarization and p-polarization have nearly the

[ab(mu = mzzeiz‘P) + (bZ - az)(le + mlz)ei‘P/Z] + (m21 - mlz)ei‘/’/z } (2)

(

same amplitude and are 180° out of phase, i.e., rs = —7. This is one
of the reasons behind choosing 8;xc = 20°. From Eq. (18) in Ref. 21,
we arrive at (see the supplementary material)

2si inc
Ok = Re{M}my,

& —

(6)

where Q is the dimensionless Voigt parameter. It is complex for
opaque samples. & is the dielectric constant at the wavelength of the
light source (780 nm in this case). m, is the directional cosine of the
magnetization along the yy, axis.

For the transverse Kerr angle Ok r, we remove the first wave
plate so that a=1, b=0, and ¢ = 0. For the second wave plate,
we use a quarter-wave plate with its FA set to be +45° rotated
from the p-polarization. From Eq. (21) in Ref. 21, we have (see the
supplementary material)

7)

2 sin 6;
Orcr = RE{M},%

& —

where my is the directional cosine of the magnetization along the xm

axis. Since the scaling factor Re{ %} is the same for the trans-

verse Kerr angle and the longitudinal Kerr angle, we only need to
calibrate this factor by saturating the magnetization in one direction
with a sufficiently large external magnetic field.

For the polar Kerr angle 0k p, we choose a quarter-wave plate
for the first wave plate with its FA set to +45° from the p-polarization
sothata = b= 1/v/2and ¢ = 90°. We remove the second wave plate
entirely. From Eq. (15) in Ref. 21, again it is easy to show (see the
supplementary material)

GK,p = Im{ 2\/£_SQ }mz. (8)

&—1
We particularly note that for transparent magnetic materi-

als, Im{z\_/iQ} =0 and Re{%} #0. In these cases, this

£,
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. . 150
microscope can only be used to measure in-plane components of Co O

the magnetization. However, if the magnetization is from a single

domain, we can deduce m, from \/m2 + m} + mZ = 1. 75

As shown in Fig. 1, the sample is mounted on a cold stage inside
a Janis ST-500 cryostat. The latter is fixed to an optical table for

(peJ-o1o1w) a|buy Loy |euipnybuo]

stability. To acquire a Kerr angle image, we scan the focused beam °
position on the sample. To vary the horizontal position of the beam
on the sample, we mount the fiber collimation lens and optical ele- -75
ments afterward, except for the sample, on an encoded linear stage
with precision and repeatability better than Ax = 0.5 ym. To vary the 150

vertical position of the beam, we mount the fiber collimation lens on
a backlash-free rotary stage with a stepping motor so that the pitch
angle 6, of the beam can be varied reproducibly. The vertical beam
movement on the sample surface (also the focal plane of the first
objective) as a function of the pitch angle 6, is simply

y 2 f16p. 9)

In the present scanning microscope, the step size of the pitch angle
is limited by the stepping motor to 1°/400 or A8, = 4.25 x 107 rad.
With f, = 100 mm, this yields a linear step size Ay = 4.25 um.

We now elaborate on the second reason for choosing 6;, = 20°.
Since the returned beam is focused back into the PM fiber with the
same collimation lens, distortions of the beam by optical elements
after the lens can significantly reduce the coupling efficiency back
into the fiber. In fact, the coma aberration introduced by transmis-
sion through the optical window at oblique incidence is the major
source of distortion. Although 6i,c = 0° would be best for reducing
coma distortion to nearly zero, the normal incidence geometry does
not measure longitudinal and transverse Kerr angles as are evident
from Egs. (6) and (7). The optimal choice is near 6;,c = 20° where
the back-coupling efficiency is close to the maximum.

(peJ-o1o1W) ajbuy Jiay |euipnyibuo]

150

75

I1l. MAGNETIC DOMAINS IN LaCrGez SINGLE
CRYSTALS BELOW THE CURIE TEMPERATURE T,

We next describe a series of measurements using this Sagnac
interferometric scanning microscope on LaCrGes. The crystal has a
hexagonal perovskite structure (space group P63/mmc). It becomes
ferromagnetically ordered along the lattice c-axis at 86 K under
ambient pressure.”” Our LaCrGes samples are synthesized in house
from high purity (>3 N) elements of La, Cr, and Ge. They are pre-
mixed by arc-melting in a ratio of La:Cr:Ge = 13:13:74. The ingot
is loaded into an alumina crucible and sealed in a fused silica tube
under a partial pressure of high purity argon gas. The ampoule con-
taining the mixed material is heated up to 1100°C over 3 h and
then held at 1100 °C for another 3 h to allow growth to take place.
The after-growth material is slowly cooled to 825 °C over 65 h. The
excess liquid is decanted with a centrifuge during cool down. We
select two crystals that expose high quality a-c planes. From the
morphology of the samples, we can identify the lattice c-axis on the FIG. 2. (a) Image in longitudinal Kerr angle 6. of a 1200 x 800 pm? on the a-¢
surface. The samples are fixed with a colloidal silver paint to the plane of one LaCrGes crystal, acquired after cooling from 90 to 77.4K in an in-

. . N plane magnetic field H = 150 Oe applied to the right. (b) Image in longitudinal Kerr
cold stage and the latter is mounted inside the cryostat. Using liquid angle B of the same 1200 x 800 um? area after cooling from 90 to 77.4K in a

)
(peJ-o1o1w) a|buy Loy |euipnyibuo]

-150

150

75

)
(peJ-oJoiw) a|buy Jiay [euipnybuo]

-150

nitrogen as a cryogenic coolant, the temperature of the cold stage magnetic field H = 40 Oe applied to the right. (c) Image in longitudinal Kerr angle
can be controlled and ramped between 470 and 77.4 K. To apply an 6k 1 of the same 1200 x 800 um? area after cooling from 90 to 77.4 K in a magnetic
external magnetic field from the outside of the cryostat, we use a pair field H = 20 Oe applied to the right. (d) Image in longitudinal Kerr angle 6k, of the
of 20-mm diameter, coaxially aligned Nd,Fe;4B permanent magnets same 1200 x 800 um? area after cooling from 90 to 77.4 K in zero magnetic field.

The region enclosed by the box is further imaged in longitudinal and transverse

h 4 . The field is ali 1 he horizon- - ) R . .
that are separated by 45 mm ¢ field is aligned along the horizon Kerr angles (see Fig. 3) to determine the orientation of magnetic domains.

tal direction and thus parallel to the yn, axis. By changing the vertical
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distance of the magnet pair from the sample, we vary the mag-
nitude of the magnetic field from below that of the Earth field
to 260 Oe.

Figure 2 shows the images in longitudinal Kerr angle of the a—c
plane from one LaCrGes crystal after it is cooled down from 90 to
774K in different magnetic fields. The fields are in the horizontal
direction to the right of the images: (a) H = 150 Oe, (b) H = 40 Oe,
(c) H =20 Oe, and (d) H = 0 Oe. The sizes of the images are 1200
x 800 wm’. The step size in both directions is 4.25 ym. At
T = 90K (above the Curie temperature),”’ the images (not shown)
are featureless and serve as the background. They are subtracted
from images acquired at 77.4 K. The difference images (shown in
Fig. 2) are proportional to the yy, component of the sample mag-
netization at 77.4K. For the purpose of display, we set the phase
of the lock-in amplifier so that the longitudinal Kerr angle Ok is
positive when the magnetization is aligned in the direction of the
applied magnet field to the right. The fuzzy features on the surface
are defects and protrusions with facets other than the a-c plane.
We note that the lattice c-axis is along the long edge of the sample,
thus not parallel to the horizontal direction. It is tilted clockwise by
roughly 5°.

At H = 150 Oe, 0k, is more or less uniform across the sam-
ple and has a positive amplitude of 90 + 12 urad. It indicates that
the directional cosine of the magnetization m, is uniformly aligned
in the direction of the applied field. When the field strength is
reduced to 40 Oe, Ok, remains uniform except for small pock-
ets on the right where it becomes negative. The latter signals that
magnetic domains with opposite alignments start to emerge. As
the field is further reduced to 20 Oe, 6k is no longer uniform
and the sample consists of oppositely aligned domains that are tens
to hundreds of micrometers in size. 0k, in “dark” regions have a
negative amplitude of 90 + 12 prad, indicating that the opposite
alignment of m, in these domains is complete. When there is no
external field at all during cool down from 90 to 77.4K, the sam-
ple again breaks into domains of magnetizations with m, either
aligned to the right or to the left. Shapes and sizes of the domains
change (as long as the external field is less than 20 Oe) from mea-
surement to measurement, depending upon the history of heat-
ing and cooling cycles, particularly the external fields used during
the cycles.

To fully determine the orientation of magnetic domains shown
in Fig. 2, we need to know the directional cosine m, of these
domains. An image in transverse Kerr angle reveals just such infor-
mation. In Fig. 3, we show images in longitudinal Kerr angle 0x 1
and transverse Kerr angle 6k r acquired back to back from a region
of 230 x 150 ‘um2 [the boxed region in Fig. 2(d)]. The amplitude
of Ok, in the middle of the domains is 8-14 yrad. To acquire the
image with signal-to-noise ratio (SNR) ~10, we used a time constant
of 1s for averaging so that the amplifier-limited noise is reduced to
+1.2 prad (ie., £0.00007°). The arrows indicate the directions
of m, and my. The ratio of Figs. 3(b) and 3(a), mx/my = tan ¢,
yields the tilt angle ¢ of the magnetization from the horizontal
axis to the right. For clarity, the absolute value of ¢ is shown
in Fig. 3(c). As shown by the arrows, the magnetization tilts
clockwise from the horizontal direction by 6°-10° in the bright
region and is in the opposite direction in the dark region. It
shows that magnetic domains are indeed aligned either parallel
or anti-parallel to the lattice c-axis in the absence of an external
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FIG. 3. (a) Image in longitudinal Kerr angle 6k (proportionaltom, ) of a 230
x 150 um? area, as marked in Fig. 2(d), after ZFC from 90 to 77.4K. (b)
Image in transverse Kerr angle 6k r(proportionaltom,) from the same 230
x 150 um? area after a subsequent ZFC from 90 to 77.4K. (c) The amplitude
of ¢ = tan=" (k. 7/6k, ) from the horizontal direction to the right. The arrows indi-
cate the actual direction of magnetization in the a—c plane. They are either parallel
or anti-parallel to the lattice c-axis.

magnetic field or when the strength of the external field is less
than 20 Oe.

We note that because images shown in Figs. 3(a) and 3(b) are
acquired back to back instead of during the same scan, the mechan-
ical drift in the microscope system causes the domain boundary in
Fig. 3(a) where my, = 0 to shift slightly from the boundary in Fig. 3(b)
where 1, = 0. As a result, the image in tan™" (m,/m,) clearly reveals
the domain boundary as the bright line where m, = 0 or the dark line
where my = 0.
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FIG. 4. (a) Magnetization curve during field cooling at 150 Oe from a location inside
a domain with my aligned along the applied field. (b) Magnetization curves during
field cooling at 20 QOe: (1) full circles (e) from a domain with m,, aligned along the
applied field and (2) empty circles (o) from a domain with m, aligned opposite to
the applied field. (c) Magnetization curves during zero-field cooling: (1) full circles
(o) from a domain with m, aligned to the right [see Fig. 3(a)], (2) empty circles (o)
from a domain with m aligned to the left [see Fig. 3(a)], and (3) triangles (A ) from
the vicinity of a domain boundary.

ARTICLE scitation.orgljournal/rsi

IV. MACNETIZATION FROM DIFFERENT DOMAINS
DURING ZERO-FIELD COOLING AND FIELD-COOLING

To examine the magnetization of different magnetic domains
in the LaCrGe; sample near the Curie point (T = 86 K), we cool the
sample from 90 K down to 77.4 K, and at every 0.1 K decrement, we
measure O ;. at locations close to the middle of domains or a domain
boundary. Figure 4 shows a set of measured Ox; during field-
cooling (FC) in a constant external magnetic field at (a) H = 150 Oe,
(b) H =20 Oe, and (c) H = 0 Oe [zero-field cooling (ZFC)].

At 150 Oe, m, from the entire sample increases from zero in
the direction of the applied field as the temperature decreases below
86 K. It shows that the external field is sufficiently large to over-
come the crystalline anisotropy along the lattice c-axis. Figure 4(a)
shows a representative curve from the middle of the sample. At 20
Oe, the field is no longer strong enough to overcome the crystalline
anisotropy. m, from some region of the sample still increases with
a dropping temperature below 86K but in the direction opposite
to the applied field. Figure 4(b) shows one curve from a domain
with m, aligned along the applied field and one from a domain
with m, pointing opposite to the field. When there is no external
field present, the sample breaks into domains with opposite align-
ments along the lattice c-axis and m, either increases or decreases
as the temperature drops below 86 K. m, changes much less near a
domain boundary due to spatial average of m, over the beam size
(O1exp = 25 um). Figure 4(c) shows one curve from a domain having
my aligned to the right, one from a domain with m, aligned to the
left, and one from the vicinity of a domain boundary.

By fitting the magnetization curves in Figure 4(b) to a func-
tion of Ox..(T) = Ok, max (1 — T/T¢)", we obtain T, = 84.3 + 0.2 K,
o =0.49 £ 0.08, and Ok rmax = 330 £ 50 yrad. The measured Curie
temperature is closed to and, in fact, slightly lower than the value
reported in the literature.”

V. DISCUSSION

In this study, LaCrGes is used to illustrate the capability of our
oblique-incidence Sagnac interferometric scanning microscope for
investigating the spatial and temperature dependence of magnetic
properties of a sample. It is motivated by the fact that the crystal dis-
plays rich magnetic phases at temperatures below 86 K and under
pressure. The present microscope enables further investigation of
some of these phases from a single magnetic domain. Images of mag-
netic domains in a LaCrGe; single crystal have not been reported
before to the best of our knowledge. As these domains are tens of
micrometers perpendicular to the c-axis while hundreds of microm-
eters along the c-axis, the magneto-optic optical microscope is thus
suitable for characterizing ferromagnetic phases of LaCrGe; as a
function of temperature, spatial locations, and maybe even pressure.

A. Characterization of the full orientation of magnetic
domains of LaCrGes

We demonstrated one of the most useful utilities of the present
scanning microscope, that is, by acquiring images of m, and m, from
the same area, we can completely determine the in-plane orientation
of magnetic domains of the LaCrGes sample. The in-plane orienta-
tion of a magnetization can be measured without having to calibrate
the proportionality constant in Eqs. (6) and (7). It is because the
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ratio O r/0k, is a trivial trigonometric function of the in-plane
orientation and contains no other unknown parameter. For mate-
rials that do have an out-of-plane component m;, this microscope
can measure it by directly detecting the polar Kerr angle given in
Eq. (8) (after suitable calibration to find the proportionality con-

stant Im{ @ }). If the proportionality constant is small or zero as
is the case for transparent materials or difficult to determine due to

insufficient external magnetic field perpendicular to the sample sur-
face, one can alternatively calibrate Ok, for proportionality constant

Re{ 2800Q g find m, from /m?2 + m2 + m2 = 1.
&—1 y z

In the present microscope, the image in ¢ = tan™" (0x.1/0x.1)
is subject to mechanical drifts in the scanning system including the
cryostat. In the future, one way to ensure that measurements of iy,
my, and m, are done on the same point on a sample is to measure
three Kerr angles at one location before moving on to the next so that
images in all three Kerr angles are acquired “simultaneously.” This
would minimize the effect of mechanical drifts that are ubiquitous in
an optical scanning microscope when it is combined with a cryostat
and a magnet.

B. Spatial resolution

Images acquired in the present study have a resolution deter-
mined by the diffraction-limited beam diameter on the sample
(O1exp = 25um) and the step size of 4.25 ym. For magneto-optic
effects in LaCrGes, these are sufficient as the size of magnetic
domains is much larger. To improve the resolution for samples
with significantly smaller magnetic domains, the diffraction-limited
beam size can be reduced to 4 ym by increasing the beam size after
the collimator from 4 to 20 mm while using the same objective with
f1 =100mm, W.D. = 34 mm. The step size can be reduced to 1 um
by using a galvo mirror that can be stepped at 1.0 x 107> rad with
high repeatability.

C. Sensitivity

We should particularly note that the image in transverse Kerr
angle shown in Fig. 3(b) has a noise floor of +1.2 urad. This is
remarkable for a Kerr angle image of magnetic samples acquired
without modulating the magnetization for background reduction.®
The noise floor is currently limited by the noise equivalent power
of the photoreceiver, NEP = 3.3pW/v/Hz, and the low power in
the returned beam at the photoreceiver, I(2Q) = 1yW. The low
throughput in the present scanning microscope, from an initial
25 mW to a few yW at the photo-receiver, is partly due to the
available objectives that are not AR-coated for 780 nm. There are
effectively four objectives and the beam passes through each of
them twice. The transmittance through one objective is 0.75 for
single pass. Together, they reduce the throughput by a factor of
10. By replacing these objectives with ones that are AR-coated for
780 nm so that the single-pass transmittance increases to 0.95, we
should be able to increase the beam power at the photoreceiver by
a factor of 7 and in turn reduce the noise floor to 0.17 urad for
the image shown Fig. 3(b). Using a photo-receiver with an NEP
=0.7pW/ /Hz, the minimum detectable Kerr angle will be reduced
to below 4 x107®rad/~/Hz. High sensitivities without having
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to modulate sample magnetization make Sagnac interferometric
microscopes particularly useful in studying materials that have weak
and yet characteristic magnetic signatures such as topological insula-
tors, Dirac Weyl semi-metals, and unconventional superconductors.
For materials that have large magneto-optic response, the improved
high sensitivity can be utilized for acquiring images over much
shorter scan times.

VI. CONCLUSION

We demonstrated a prototypical scanning magneto-optic
microscope based on oblique-incidence zero-area Sagnac interfer-
ometry. It is readily combined with a cryostat so that magneto-optic
effects from materials can be studied at low temperatures. Although
the prototype is built with optics of availability instead of opti-
mal choice, it still has the adequate spatial resolution of 25 ym,
diffraction-limited by the beam size used in this work, to reveal the
magnetic domain structure of the LaCrGe; crystal for the first time.
It has the capability to acquire separate images of Kerr effects from
all three Cartesian components of sample magnetization so that the
orientation of magnetic domains can be fully determined. Further-
more, the present prototype has a remarkable sensitivity of +1.2 yrad
for Kerr angle imaging without modulating sample magnetization.
We illustrated these features with a set of measurements on the
LaCrGes crystal, paving the way for further investigation of this
material at lower temperature where it displays rich ferromagnetic
phases.

SUPPLEMENTARY MATERIAL

See the supplementary material for derivations of Egs. (6)-(8)
starting from the results reported in Ref. 21 and a picture of the scan
head for the oblique-incidence zero-area Sagnac interferometric
microscope.
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