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I show that domains in anti-ferromagnetic crystals that break inversion symmetry as well as time-reversal
symmetry can be characterized using linear non-reciprocal optical effects detected with Sagnac-
interferometry-based microscopy. In addition, a simultaneous detection of these effects from oppositely
aligned domains yields a background-free measurement of non-reciprocal optical susceptibilities.

There exists a class of antiferromagnetic (AFM) materials in which
both time-reversal symmetry and global inversion symmetry are broken
[1 —4]. In these materials, linear and non-linear non-reciprocal (NR)
optical effects (i.e., effects that change under the time-reversal opera-
tion) arise. The corresponding NR optical susceptibilities serve as
convenient order parameters for such AFM materials, just as usual
magnetic susceptibilities for ferromagnetic (FM) materials. Here line-
arity and non-linearity of the effects refer to the dependence on the
illuminating electric field at optical frequencies, not the magnetization
in a sample. Non-reciprocal (NR) optical effects here refer to an optically
induced magnetization by an illuminating electric field at an optical
frequency and an optically induced electric polarization by an illumi-
nating magnetic field at an optical frequency, afforded by the broken
symmetries. These effects produce measurable magneto-optic effects.
Thus even in the absence of a net magnetization, NR optical suscepti-
bilities are effective parameters to characterize AFM phase transition
and domains with or without externally applied dc or low frequency
fields.

Cry03 is the first AFM material of this class in which both linear and
second-order nonlinear NR optical effects have been investigated.
Pisarev et al. were the first to measure linear NR optical effects in
transmission in a CrpOs single crystal at wavelength of 1.15 pm by
detecting the Faraday rotation through the sample in the absence of
external dc electric field and magnetic field [5]. In their study, the
sample is polarized into a single AFM domain by simultaneous appli-
cation of a dc electric field and a dc magnetic field. The polarizing fields

are then removed before the Faraday rotation through the sample is
detected. Such a linear NR optical effect is distinguished from a linear
magneto-electric (ME) effect induced by a dc or low-frequency electric-
field [5 -7]. A linear ME effect refers to induction of a magnetization by
a dc or low-frequency electric field in a material that breaks both time-
reversal symmetry and inversion symmetry, such as an anti-
ferromagnetic Cr,03 single crystal. Such a magnetization can be polar-
ized or oriented with a dc magnetic field. It produces a magneto-optic
effect, just like a spontaneous magnetization in a ferromagnetic mate-
rial. Krichevtsov et al. were the first to measure the linear NR optical
effect in reflection from Cr,O3 single crystal samples at wavelength of
0.633 pm [6]. Again these authors polarized the sample into a single
AFM domain by cooling it to below the Neel temperature in simulta-
neously applied dc electric field and dc magnetic field. During subse-
quent optical reflection measurements, the applied fields were removed.
The linear NR optical effect in Cr,O3 at 0.633 pm is enhanced by the
spin-allowed “A, — 4T, electronic transition [8,9]. So far linear NR
optical effects have not been used to image domains in AFM materials
after these earlier work. It is known that such NR optical effects asso-
ciated with an AFM order state are weak and often accompanied by
much larger reciprocal optical effects (i.e., effects that remain un-
changed under the time reversal operation), thus making AFM domain
imaging using linear NR optical effects most difficult if backgrounds are
not suppressed [10].

Fiebig et al. were the first to report measurements of second-order
nonlinear NR optical effects by taking advantage of a combination of
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broken inversion symmetry, electronic resonance enhancement
involving spin-allowed *A, — *T, and T transitions, and the inter-
ference between the nonlinear NR optical effect and a reciprocal optical
effect [11]. Unlike linear NR optical effect measurements that are
plagued by large reciprocal optical effects, the latter are suppressed at
optical second-harmonics by symmetry. As a result, these authors were
able to image AFM domains in Cr,Oj3 single crystals using the second-
order nonlinear NR optical effects.

In this work, I report an experimental study of linear NR optical ef-
fects in CroO3 using a zero-area Sagnac-interferometry-based micro-
scope at wavelength 0.79 pm [12]. A zero-area Sagnac interferometry
measures the difference between phases accumulated by two optical
beams that traverse through a loop but in opposite directions. Since the
phase acquired due to reciprocal optical effects is identical while the
phase accumulated due to NR optical effects is same but having opposite
signs, the interferometry suppresses reciprocal optical effects to
extinction while detecting linear NR optical effects doubly well [13]. In
the current microscope, a linear NR optical effect is detected with a
sensitivity below 10~7 radians. I report the first linear NR effect image of
AFM domains in a Cr,03 crystal measured without electronic resonance
enhancement. Furthermore I demonstrate that simultaneous detection
of these linear optical effects from AFM domains of opposite alignments
yields a nearly background-free measurement of linear NR optical sus-
ceptibilities that signify the paramagnetic-antiferromagnetic phase
transition. This work is significant for its being generally applicable to
investigating other AFM materials with broken inversion symmetry in
their antiferromagnetic states.

Specific to a Cry03 single crystal, above the Neel temperature at Ty
= 307 K, it is a centrosymmetric material belonging to point group Dsq4.
Below Ty, spins in the unit cell are ordered along the c-axis (the optic
axis) to assume a noncentrosymmetric structure belonging to point
group D3 [9,14]. As a result, linear NR optical effects emerge in the AFM

state. These effects are gyrotropic and result from an electric polariza-
(€oC)afreb: By,
and an emergent magnetic polarization induced by the electric dipole

interaction, M; = (€oc)a 1(1 wp - Ej. If the c-axis is chosen as the z-axis, al%fg

tion induced by the magnetic dipole interaction [6], P; =

and al] ED only have diagonal elements. When effects on transmission
and reflection are considered, these linear NR optical susceptibilities add
anti-symmetric off-diagonal terms to the optical dielectric tensor [5]. In
this work, I study optical reflection at normal incidence from a
Cr,03(0001) sample with the c-axis along the surface normal. In this
case, the unit vector of propagation for the illuminating optical beam,
k= (0,0,1) points into the sample. The corresponding correction to the
dielectric tensor is given by [15]

0 —aliy +alls, 0
e =Vel dlft) —allh) 0 0 M
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To use the same notation for the net linear NR optical susceptibility
as adopted by Krichevtsov et al. [6], I define a,, = (axx D - axx ED)f €/2.
Following a general approach described by the author in an earlier work
[15], the linear NR optical effects add off-diagonal terms to the normal-
incidence reflection matrix as follows [16]:
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A= 2 an/(vVe+1)?2 1, = —(vVe—1)/(ve+1) is the Fresnel
reflection coefficient at normal incidence. I note here that in the AFM
state there exists a magnetic linear birefringence effect in a Cr,03(0001)
sample [5]. Such an effect adds small diagonal elements to the dielectric
tensor in Equation (1). At normal incidence, they change r,, in the range
of 1073 [15]. As a result, they have a negligible effect on the measure-
ment of off-diagonal elements o™ —a™E) '[17].1 further note here that
residual symmetric off-diagonal matrix elements in the dielectric tensor
[5] and the Voigt effect [18] yield symmetric off-diagonal terms in the
normal-incidence reflection matrix [15]. A normal-incidence Sagnac
interferometer measures the difference between off-diagonal terms in
the reflection matrix [17]. As a result, these symmetric off-diagonal
terms in the dielectric tensor do not contribute to signals detected
with such a Sagnac interferometry employed in the present study.

On a Cry05(0001) sample, 180° domains are distinguishable from
one another by a time-reversal symmetry operation. Such an operation
changes the sign of a,, and an image of a Cr,03(0001) sample in a,, or
A/r, reveals 180° domains as bright and dark regions. In the present
investigation, two Cr,03(0001) plates from Surface Preparation Labo-
ratory (Zaandam, the Netherlands) are used: one is of 3 mm x 3 mm x
1 mm, and the other of 3 mm x 3 mm x 0.5 mm. These sample plates
are mechanically polished to an optical finish by the vendor and are not
further treated.

To measure these linear NR optical effects, I use a zero-area Sagnac-
interferometry-based scanning microscope [12]. As shown in Fig. 1, by
focusing the illumination beam on the front surface of a sample, the
microscope is operated in Kerr mode so that only the reflection from the
front surface is analyzed. In this case, the microscope measures the real
part of A/r,, namely, Re{ —2a,/(€ — 1)} [15]. The spatial resolution is
variable from 0.85 pm to 13 pm by using different objectives. The
sensitivity of the present microscope is 2 x 10~7 /v/Hz radians, sufficient
for detecting linear NR optical effects in CroO3 crystals.

In Fig. 2, I show an image of a 2.44 mm x 2.44 mm area on the
3 mm x 3 mm x 1 mm Cry03(0001) sample in Re{A/r,} acquired at T
= 293K, after the as-received sample is annealed to 310 K over the Neel
temperature briefly. The scan step size in both the vertical and hori-
zontal directions is 13 pm and the dwelling time constant at each pixel is
100 ms. At T = 310 K, the image (not shown here) has no feature and is
at the noise level of the detection, i.e., 4 x 1077 radians. The image in
Fig. 2 reveals two 180° AFM domains. The absolute signals in these two
domains are comparable, = 4 x 107° radians. In the insert, I show a
high-resolution, low-noise image over a 17um x 17 um region near the
center of the large image. It is acquired with a spatial resolution of 0.85
pm and a time constant of 3 s. It shows that the domain wall is step-like
limited by the spatial resolution. Within each domain, Re{A/r,} is
uniform with a noise floor of 1.1 x 10~7 radians. There is a slow drift in
signal in the large image. It is originated from residual non-reciprocal as
well as reciprocal optical effects in the microscope system [10]. They are
insignificant compared to the main features in the image.

To measure the linear NR optical susceptibilities ay, from single
domains as functions of temperature, I measured Re{A/r,} from two
points on the sample (see marks in Fig. 2) from 308 K to 80 K: one point
in the dark region with a,, > 0 and the other in the bright region with o,
< 0. The results are shown in Fig. 3. The curves from two 180° domains
are more or less symmetric about zero, as expected. In the measured
values of Re{A/r, }, there are contributions from residual reciprocal and
NR optical effects that are not associated with the sample. These back-
grounds drift during the measurement. To remove them, I take the dif-
ference of the two curves in Fig. 3. This removes the common
backgrounds to a level below the amplifier noise while keeping only the
effect due to ayy. Dividing the difference by 2 yields Re{ —2ay, /(e — 1)}
and the result is shown in Fig. 4. It is a background-free measurement of
the linear NR optical effect over a wide range of temperature and de-
scribes the paramagnetic-antiferromagnetic phase transition in
Cr,05(0001).
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Fig. 1. Sketch of the normal-incidence zero-area Sagnac interferometric scanning microscope used in this work. A galvo scan mirror system changes the yaw and the
pitch of the beam before an objective to achieve the scan across the sample along the horizontal direction (x-axis) and the vertical direction (y-axis).
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Fig. 2. Polar Kerr image of 1 mm x 3 mm x 3 mm Cr,03(0001) after annealing
to 320 K with a resolution of 12.75 pm. It is different from the image when the
sample was first received, indicating that domain walls have moved. The inlet is
a zoom-in image near the center of the large image with a resolution of 0.85 pm.
The two white dots mark the locations where Kerr rotation signals as functions
of temperature are simultaneously measured.

To further validate that such a procedure is robust, I acquired 4
difference curves in separate measurements done in different days: two
during cooling down, two during warming up. As shown in Fig. 5, they
reproduce each other within the amplifier noise of 2 x 10~7 /+/Hz ra-
dians in the current microscope. Taking /€ = 2.5 as in the work of
Krichevtsov et al. [6].1find Re{ax} = 1.05 x 107> at 0.78 ym at T = 80
K. It is a factor of 18 smaller than Re{ay,} = 1.8 x 10~* at 0.633 pm as
reported by Krichevtsov et al. From a study of optical absorption in
Cry03 crystals reported by McClure [8], the linear NR optical suscepti-
bility at 0.633 pm is electronic resonance-enhanced. Such an enhance-
ment diminishes at 0.78 pm.

I now discuss the results. It is noteworthy that antiferromagnetic
domains in Crp03 crystals (see Fig. 2) are large, in the order of milli-
meters or larger. This observation agrees with the report of Fiebig et al.
[11]. Since there is no magnetic energy or stray field energy that needs
to be curtailed by having multiple domains, it is not surprising that
domains in an AFM crystal are large. The domain wall shown in Fig. 2
has already moved from its position when the sample is first received.
The movement is due to annealing to 310 K before the image shown in
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Fig. 3. Re{A/r,} from 80 K and 308 K measured from two locations marked in
Fig. 2, namely, from two oppositely aligned AFM domains. The line decorated
with solid white circles is from the location marked in the dark region, while
the line decorated with solid black circles is from the location marked in the
bright region.

Fig. 2 is acquired. The second Cr,03(0001) sample initially has three
AFM domains when it is first received. After it is annealed to 320 K, the
entire sample becomes a single domain below the Neel temperature
without having it polarized with any dc external fields. It is noteworthy
that imaging AFM domains using second-order nonlinear NR optical
effects is subject to variations in surface morphology and beam intensity
[11]. Detection of linear NR optical effects with a Sagnac interferometry
is much less affected by these variations as Re{A/r,} is extracted
through a normalization procedure that removes these variations
[13,17]. Fig. 4 demonstrates that a,, can be extracted background-free
when Re{A/r,} from two oppositely aligned domains are measured
simultaneously. One can then afford to critically examine ay, as an order
parameter over a wide range of temperature [14]. In fact, by fitting the
curve in Fig. 4 near the transition temperature to a temperature-
dependent function of the form (Ty — T)%, I find Ty = 307.2 K +0.2K
and a = 0.40 +£0.02. The value of the exponent is between the value
(0.50) expected of the mean-field theory [19] and the value (0.33)
predicted by a 3D Ising model [20].

By point group symmetry, a majority of antiferromagnetic crystals
have broken inversion symmetry in antiferromagnetic states [21 —23].
For their characterization, emergent linear NR optical effects can be
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Fig. 4. Difference between two curves in Fig. 3 divided by 2. It is the amplitude
of Re{ —2ay,/(€ — 1)} from 80 K to 308 K.
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Fig. 5. Difference curves, Re{ —2ay./(€ — 1)}, obtained from 4 separate mea-
surements. They reproduce each other within the amplifier noise.

used as order parameters. Unfortunately, these effects are weak and thus
difficult to measure without some form of electronic enhancements and
background suppression. The present work shows that these linear NR
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optical effects can be measured without electronic enhancement by
using a zero-area Sagnac interferometry-based microscopy that sup-
presses linear reciprocal optical effects. The Sagnac microscope in the
present study has a sensitivity of 2 x 10~7 /v/Hz radians. It is limited by
the amplifier noise and a 10-mW super-luminescence light source. If the
source is replaced with a source of 30 mW, the sensitivity is immediately
improved to 7 x 10~8/y/Hz radians. It means that the image shown in
Fig. 2 or a portion of it can be acquired with a sensitivity of 3 x 1078
radians, and the temperature-dependent Re{a,,} can be measured with
a sensitivity of 1 x 1078 radians. This is sufficient to study linear NR
optical effects in most AFM materials that have broken inversion
symmetry.
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