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Symmetry consideration in zero loop-area Sagnac interferometry
at oblique incidence for detecting magneto-optic Kerr effects
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I present a detailed account of a zero loop-area Sagnac interferometer operated at oblique inci-
dence for detecting magneto-optic Kerr effects arising from a magnetized sample. In particular,
I describe the symmetry consideration and various optical arrangements available to such an inter-
ferometer that enables measurements of magneto-optic effects due to both in-plane and out-of-plane
magnetization of the sample with optimizable signal-to-noise ratios. Published by AIP Publishing.
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I. INTRODUCTION

Intrinsic magnetic ordering and responses to externally
applied fields (electric as well as magnetic) are among the
most important characteristics of materials, whether in gas
phase, liquid phase, or solid phase.!”> One important class
of experimental methods for studying such magnetic prop-
erties of a material is based on the optical response to the
magnetization in the material.*® The latter alters the polar-
ization state of a reflected (Kerr effect) and transmitted (Fara-
day effect) optical beam through dielectric tensor elements
induced by the magnetization. Though not as sensitive as
SQUID-based methods that directly measure the magneti-
zation in a sample, optical methods have the advantage of
being non-intrusive, versatile, and applicable over a wide range
of experimental conditions, and being a local probe to the
magnetic property only from the illuminated region of the
sample.

In practice, linear birefringence is ubiquitous, particularly
in elements of an optical detection system. In this study, I will
refer birefringence as linear dielectric responses of uniaxial
materials, biaxial materials, and optically active and dichroic
materials that preserve time reversal symmetry. I will sepa-
rately consider linear magneto-optic responses of materials
that break time-reversal symmetry, even though the magneto-
optical responses also cause birefringence. Because the opti-
cal response to birefringence is orders of magnitude larger
than the magneto-optic response, even residual birefringence
readily produces an overwhelming effect on the polarization
state of an optical beam. As a result, magneto-optic measure-
ments are typically done by modulating the magnetization
and detecting corresponding changes in the polarization state
of the optical beam with phase-sensitive or equivalent meth-
ods. Modulation-based detection has enabled measurements of
Kerr rotation (in reflection geometry) and Faraday rotation (in
transmission geometry) as small as 1077 rad.” When repeat-
edly altering the sample magnetization for measurement is
not an option, the effect of birefringence can still be removed
if one takes advantage that the magneto-optic effect breaks
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time-reversal symmetry (TRS) while the birefringence main-
tains TRS.®!° As shown by Spielman and co-workers, a
Sagnac interferometry is just such an optical detection system
that measures the time-reversal-symmetry-breaking (TRSB)
effect while suppressing effects that observe TRS. In such an
interferometer, an optical beam and its time-reversal counter-
part traverse an identical loop-wise path but in the opposite
direction. One measures the difference of the phases acquired
by these two beams. The birefringence in the loop produces
a reciprocal (direction-independent) phase that is common to
both beams. As a result, the birefringence effect is removed
in the differential phase by symmetry. If the optical path
includes reflection from and/or transmission through a magne-
tized sample, the magneto-optic effect yields a non-reciprocal
(direction-dependent) phase in the two beams that have the
same amplitude but opposite signs. Consequently the magneto-
optic effect that breaks TRS is doubled in the differential phase
instead. The Sagnac interferometer measures this differential
phase.

If the loop-wise path in a Sagnac interferometer (i.e., the
Sagnac loop) encloses a finite area, time-reversal symmetry
breaking effects can have a contribution from the Doppler’s
effect when the loop as a whole also executes a rotational
motion or a combination of rotational motions. If the loop-
wise optical path encloses no area (also known as “loopless”
or zero loop-area), time-reversal symmetry breaking effects
only come from materials that the beams traverse through
or reflect off. For a finite loop-area Sagnac interferometer,
optical beams are produced through beam-splitting optical ele-
ments and can be configured to be either normally or obliquely
incident on a sample so that effects of magnetization par-
allel as well as perpendicular to the sample surface can be
measured. Because the two counter-propagating beams are
controlled separately and need to be recombined eventually
before detection, extra optical elements are needed. These
elements are introduced in ways that are difficult to main-
tain the two counter-propagating beams exactly along the
same Sagnac loop, making a finite loop-area interferometer
more readily subject to residual misalignments and mechani-
cal drifts in the interferometer including the sample. This has
so far limited its sensitivity for Kerr rotation measurement to
1 x 107 rad.®%!! For a zero loop-area Sagnac interferometer,
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two counter-propagating beams are two orthogonally polar-
ized components of the single optical beam, and thus one does
not need beam splitting and beam recombination for opera-
tion. As a result, significantly fewer optics are needed, and the
interferometer can be arranged to minimize effects of misalign-
ment and mechanical drifts. It has been shown by Xia et al.
and Fried et al. that such a zero-area Sagnac interferometer can
detect Kerr rotation as small as 10~7 rad without modulating
magnetization.'>~14

We recently developed an oblique-incidence zero loop-
area Sagnac interferometer (OI ZA-SI) in which the optical
beams interact with a magnetized sample at oblique incidence
so that effects of in-plane magnetization, namely, longitudinal
and transverse Kerr effects, can be measured.!® In this paper,
I present symmetry considerations in such an interferometer.
Some of the symmetry properties are common to all forms
of Sagnac interferometers.!>!® Others are available only to
the interferometers at oblique-incidence. Through symmetry
consideration, I show that the arrangement of the oblique-
incidence zero loop-area Sagnac interferometer can be indi-
vidually optimized to detect components of magnetization in
a sample.

Il. OBLIQUE-INCIDENCE ZERO LOOP-AREA SAGNAC
INTERFEROMETER (Ol ZA-SI)

An arrangement of such an interferometer is shown in
Fig. 1. A broad-band source is collimated and passes through
a beam splitter and a linear polarizer (PL) with the transmis-
sion axis (TA) aligned parallel to the slow axis (SA) of a
1-m polarization-maintaining (PM) fiber. The SA of the fiber
bisects the transverse magnetic TM axis and the transverse
electric (TE) axis of an electro-optic modulator (EOM) that
adds a time-dependent phase to the TM mode. The beam after
EOM is coupled into a 10-m PM fiber with the TM axis aligned
to the SA axis of the fiber. The SA of the 10-m PM fiber at
the output end is aligned parallel to the p-polarization with
respect to the sample. The optical beam emerging from the
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10-m fiber diverges and is thus collimated with a 10X objec-
tive and passes through a wave plate (Wave plate #1). Up to
this point, the arrangement is in essence same as a normal-
incidence zero loop-area Sagnac interferometer (NI ZA-
SI).'213 1t is to prepare two orthogonally polarized components
from a single optical beam with the short coherent length (in
the order of 20-30 um), add a time-dependent phase ®(t)
= @ cos(2xft) = Op cos(€2r) to each of them but at a delayed
time 7, recombine the two components when they return,
and send the recombined beam to a photo-receiver (by the
beam splitter) for the Fourier analysis to yield the differen-
tial phase. The differential phase reveals the time-reversal
symmetry breaking effect in the optical path beyond this por-
tion of the interferometer. The second portion of the interfer-
ometer differs from a normal-incidence interferometer, most
notably the oblique incidence at the sample and a reflec-
tion mirror that sends the beam back to complete the Sagnac
loop without enclosing a loop area. These differences enable
such a zero loop-area Sagnac interferometer to detect in-
plane as well as out-of-plane components of the magnetization
in a magnetized sample. From symmetry considerations as
I will outline next, an OI ZA-SI enables different arrange-
ments such that one can choose one that yields the magneto-
optic response from a Cartesian component of the sam-
ple magnetization with the highest available signal-to-noise
ratio.

Before going into symmetry considerations, we revisit the
Jones vectors for orthogonally polarized components for an
optical beam and Jones matrices for optical elements including
a magnetized sample in an interferometer. Symmetry consid-
erations will be discussed on the basis of these Jones matrices
and Jones vectors. Let Pjg = [(1)] and Pyg = [?] be two linearly
polarized components of the broadband optical beam emerg-
ing from the 10-m PM fiber: one is aligned along the SA of
the PM fiber (i.e., the p-polarization with respect to the sam-
ple), and the other is aligned along the fast axis (FA) of the
fiber (i.e., the s-polarization with respect to the sample). We
produce two orthogonally polarized components P; = [b;‘ﬂ]
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FIG. 1. An arrangement of a zero loop-
area Sagnac interferometer for measur-
ing longitudinal and polar Kerr effects
of a magnetized sample. The TA of the
linear polarizer is aligned to the SA
of the 1-m PM fiber. The latter bisects
TM and TE axes of the electro-optic
phase modulator (EOM). The SA of the
10-m PM fiber is aligned to the TM
axis of EOM and parallel to the x-axis
before the sample. Wave plate #1 is set
to produce Py = [hj(p] and Py = Laﬁi%]
(with Va2 + b2 =1) from P = [(1)] and

Py = [?] A portion of the returned
beam is directed to a photo-receiver
with the beam splitter, and the photocur-
rent is analyzed with a phase-sensitive
detector.
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be the Jones matrix that represents the effect of all optical ele-
ments encountered by the “beams” as they traverse to the sam-
ple and eventually return after the second reflection from the
sample. The matric elements include terms that vary linearly
with three Cartesian components of the sample magnetization.

The differential phase detected by the interferometer is given

m m
Ao | e ) by!6
myp m

and P = [ b ] (with Va? + b% = 1) before they are obliquely

—ae'¥
incident on the sample from Py = [(1)] and Py = [(1)] using a
suitable wave-plate. P; and P are the initial states of the two
“counter-propagating beams.” Let

J

PiMP } _ { [ab (m11 = m2e) + (b2 = a®)may +mi2) €/2] = (a1 = mi2) )2 ®

ak =20k =Arg | — . 4 : ,
K K=ae {P]TMPZ [ab (m1) — mpe?) + (b2 — a?)(my1 + my2) €9 /2] + (my1 — my2) €% /2

where 6k is customarily defined as the Kerr rotation. If the time reversal symmetry holds for all optical elements including the
sample, we have m |, = my| from a general consideration (as I will elaborate in Sec. III) and ag = 0. If the time reversal symmetry
is broken, we expect m, # my| and the Kerr rotation @ # 0. To measure af, it is easily shown that the first two harmonics of

EOM modulation frequency 2 obtained from the Fourier analysis of the photocurrent produced in the receiver are

—i« 2
1(Q) = (y/2) Iine| PSMP| 1 20) @k = (7/2) Iine

1Q29Q) = (y/2) Ine | PIMPy[ 2 200) = (7/2) Ie

where Q (rad/s) is the angular frequency of the time-dependent
phase ®(z). It is set such that Q7 = 7t and thus extra time-
dependent phases added to the two “counter-propagating
beams” are ®(t) = £ cos(Q2r), —equal in magnitude and yet
opposite in sign. I, is the power of the light source right
before entering the beam splitter. v is the overall through-
put factor due to passing through the beam splitter, the linear
polarizer, collimation and focusing lenses (objectives), the PM
fiber-EOM-PM fiber assembly, and reflection off the sample
twice. J1(x) and J,(x) are the Bessel functions. From mea-
sured values of 1(Q2) and 1(2€2), one can deduce the differential
phase

_ 1) > (29o)

= o 2, @)
(2Q) 71 (2%)

ag
where ak is a linear function of the Cartesian compo-
nents of the sample magnetization and contributions to ak
from these components depend upon choices of P; = [be“w]

and P, = [_al;,-‘,,], reflectivity coefficients of the sample, and
optical elements after the sample through the Jones matrix
in Eq. (1). The polar Kerr effect refers to the contribu-
tion from the z, component of the magnetization (see
Fig. 1); the longitudinal Kerr effect refers to the contri-
bution from the y,, component of the magnetization, and
transverse Kerr effect refers to the contribution from the
Xm component of the magnetization. Since components of
the sample magnetization transform differently under crys-
tal symmetry operations, one should be able to choose P
and P, and optical elements after the sample so that the
magneto-optic effect associated with a particular component is
predominant.

In Sec. III, T will discuss symmetry considerations
in deciding on P;= [be“l-@] and P, = [_abew,] and optical
elements after the sample. These considerations enable

ab (mi1 = mne™) + (0 = @)1 +mi) 12 Ty Q00 ak,  (3a)

ab (my — mpe™) + (b* = @ )ma1 +mz) € /2\2J2 2®p),  (3b)

finding arrangements in an OI ZA-SI that detect the
magneto-optic effect from each of the three Cartesian
components of the sample magnetization with the highest
available signal-to-noise ratios. Specifically, I will explore
symmetry-based choices that maximize the product of
lab(myy — mype™?) + [(b? — a*)(my1 + m12)e'?]/2|* and ak in
Egs. (3a) and (3b).

lll. CONSTRAINTS OF SYMMETRY OPERATION ON
MAGNETO-OPTICAL RESPONSES IN AN Ol ZA-SI

A. Time reversal symmetry (TRS) on Jones matrices of
optical elements

We first examine properties of Jones matrices of opti-
cal elements including the sample in an OI ZA-SI system.
Since the time reversal symmetry may be broken, for each
optical element, we need to distinguish the Jones matrix for
the forward-traveling beam from the matrix for the backward-
traveling beam. We adopt the convention used by Kapitulnik
etal.'! for the x-y frame in which the Jones vector for the polar-
ization state of a light beam is defined, and the convention used
by Dodge et al.'® for the Xyy-ym-zm frame in which the compo-
nents of the magnetization in a sample are expressed as shown
in Fig. 1. Generally for any optical element in the interferom-
eter including the sample, we can write down Jones matrices
for a forward-propagating beam and a backward-propagating

beam as
M(f): fll f12 (5)
i ol
y® - b bz ©)
by by |



083112-4 X. D. Zhu

If the optical element preserves the time-reversal symmetry
(TRS), it is easy to see that TRS requires

Si1=b11, (7a)
f22="b2, (7b)
fiz=ba1, (7¢)
f1=b1. (7d)

For a sequence of optical elements that preserve TRS, it is as
easy to show that Egs. (7) hold for the forward-propagating and
the backward-propagating beams through these elements as a
whole. Since for a zero loop-area Sagnac interferometer, Jones
matrices for the forward-propagating beam and the backward-
propagating beam are the same and are given by Eq. (1), TRS
requires mp = mp; in Eq. (1). From Eq. (2), the differential
phase ak vanishes in this case.

If an optical element such as a magnetized sample breaks
TRS, Egs. (7a)—(7d) no longer hold in general. Such an ele-
ment gives rise to a Faraday effect (if a transmitting optical
element breaks TRS) or a Kerr effect (if a reflecting opti-
cal element breaks TRS). For example, the reflection matrix

of a magnetized sample for a forward-propagating beam
igl1-16

Tp + @ymy

®)

aymy + a;m;

—Qymy +a.m; I

For a backward-propagating beam, the reflection matrix of the
sample is

(b) _
M," =

®

[ Tp— Qymy  Qymy — azmz}

—aymy — a;m; Ty

When at least one of the three Cartesian components (7,
my, m;) of the sample magnetization is non-zero, we expect
myp #my; for the Jones matrix in Eq. (1) and a non-zero
differential phase ax emerges.

In practice, imperfections in optical elements and align-
ments are inevitable and seem poised to complicate the
description so far. Fortunately these “imperfections” can
be represented by a combination of ‘“unaccounted” ele-
ments such as wave-plates, rotators, and linear polarizers.
As long as these elements preserve TRS, their effects only
change relative contributions by components of the sam-
ple magnetization to a@g and vanish if the sample is not
magnetized.

B. Crystal symmetries on magneto-optic responses in
different optical arrangements

We now consider the effect of crystal symmetries on the
magnet-optic response!” and how it enables one to measure the
Kerr rotation due to each Cartesian component of the sample
magnetization with the optimal signal-to-noise ratio. Similar
to the account offered by Dodge et al.' on the crystal symme-
try effect on magneto-optic responses in a finite-area Sagnac
interferometer, we concern ourselves with orthogonally polar-
ized beams P = [b:i‘ﬂ] and P; = [_abe,v,] that transform into one
another under the operation of a crystal symmetry such as

Rev. Sci. Instrum. 88, 083112 (2017)

C, and o, or a combination of the two that maps the source
plane of the forward-traveling beam to the source plane of
the backward-traveling beam after either one reflection or two
reflections from the sample. If a component of the magneti-
zation changes under the operation, such a component will
contribute to ag, otherwise ag contains no contribution for
the component. If there are more than one pair of orthogonally
polarized beams (i.e., different choices of a, b, and ) that
transform into one another under the same symmetry opera-
tion or for the same polarization pair, there are more than one
optical arrangement after the sample that keep the symme-
try operation, the contribution from a sample magnetization
component to ak is expected to be different from one pair
to another or from one arrangement to another. This affords
the option to detect the Kerr effect from such a magnetization
component with the highest available signal-to-noise ratio.
For a normal-incidence ZA-SI, the symmetry that maps
the source of the forward-traveling beam onto the source of
the backward-traveling beam and at the same time changes
the z;,, component of the sample magnetization (a pseudo-
vector) is the reflection through the yn-zy, plane (o) fol-
lowed by the reflection through the xp-zp, plane (o,)—the
mm operation. The only choice of the orthogonally polarized
beams is P = \/Li [e,lw] and P, = \%[7116,#,] with P; = mmP,
and P, = mmpP;. In this case, the Jones matrix M is sim-
ply the reflection matrix for the forward-traveling beam with

myy = my =71, =7rg =r, and mip = —my| = a;m;. As
a result, one only measures the polar Kerr rotation given
by
1 2
Qg = — xRe{(—w)}, (10)
sin g n
2 2a.m;
I(Q)~|ry|"sing XRe q[——— ] ¢ . (11)
I'n

The parameter choice of P and P, that maximizes /() or the
signal-to-noise ratio is ¢ = /2. These were the choice used by
Xia et al. and Fried et al.'>"3

We note that crystal symmetries considered by Dodge
et al.'® apply to finite-area Sagnac interferometers when
two counter-propagating beams reflect off a magnetized sam-
ple only once and the Jones matrices for forward-traveling
and backward-traveling beams are simply the corresponding
reflection matrices given by Egs. (8) and (9). For an oblique-
incidence zero loop-area Sagnac interferometer, the Jones
matrix in Eq. (1) includes effects of reflection twice off the
sample from the opposite directions and effects of extra opti-
cal elements after the sample. And it is the same for both
the forward-traveling and backward traveling beams. As a
result, crystal symmetry operations that map the source of
the forward-traveling beam to the source of the backward-
traveling beam are o-,C, = Ca0, and o, Under the operation
of either one of them, i, and m, change signs while m, remains
unchanged.

Pairs of orthogonally polarized states that transform into
one another under the operation of 0-,Cy = Cy0-, or o, are P| =

% [eil«p] and Py = \sz [_el@], namely, Py =0, CoPy =P, If
the optical elements after the sample remain unchanged under
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the same operation, we only need to consider the effect of the
symmetry operation on the components of the magnetization.
This means that the Kerr rotation 6k or the differential phase
ak only has contributions from m, and m_ (longitudinal Kerr
and polar Kerr effect),

(mn - mzzelz‘p) = (mg1 —myp) e’

ag =Arg s (12)

(my1 = mye?) + (myy —my2) €

hS)

M=-

—Qymy (r,, + ’”s) —a;my (’”p - Vs)

The differential phase only has contributions from longitudinal
and polar Kerr effects,

4 (aymy(rp +715) + aymy(r, — rs)) e

ag=Im (r,% _ rs2€i2<p) ()
1(Q)~ |(r§ - rfeizso)|
> |(a’ymy(rp + rs) + a’zmz(r[? — rs)) ei</>| . (16)

In this arrangement, one is best served to measure the Kerr
effect for the magnetization component that has the larger of

4 (a/ymy(r,, —rg) +azmy(r, + r‘Y)) ad

ok =Im (r,% + rszeizs") ’ (%)
1(Q)~ |(rp2 + rfe"z"")|
X |(aymy(rp —15) + azm(r, + rs)) ei“’| . (19

In this arrangement, one is best served to measure the longitu-
dinal Kerr effect for opaque materials as |r, — ry| <|r, + 7.
The measurement is further optimized by choosing ¢ = 0
that maximizes ‘(rlf + rszeiz‘/’)‘. This is the arrangement we
recently used to measure the longitudinal Kerr effect from
a 42-nm Ni film with an OI ZA-SL.'> It is easily seen that
adding an arbitrary wave-plate with the fast axis along the y-
axis works as well, and one may even choose ¢ other than 0 to
further improve ‘(r]% + rszeiz‘p)|, although the benefits are not
significant.

To detect the transverse Kerr effect exclusively from
the xp-component of the magnetization (i.e., my), we add a

Rev. Sci. Instrum. 88, 083112 (2017)

1@~ %|(m11 — mne™)[

5 4
(11 = mpe) = (my1 = myp) e
X Arg

- - . (13
(m11 — mpne2?) + (my) — myn) €% (13

For example, if there is no extra optical element after the sam-
ple except for the reflection mirror at normal incidence, we
have

aymy (rp + rs) + a m; (rp - rs)

2
Ty

(14)

|rp +rg| and |r, — rs|. The measurement is further optimized

by choosing ¢ that maximizes ‘(r,% - Sze’Q‘P)‘. For example,
for most opaque materials such as Ni, Co, and Fe, the reflec-
tivity coefficients for p- and s-polarization have opposite signs
and thus |r, — 7y| <|r, + r,|. In this case, this geometry is best
for measuring the polar Kerr effect. One can further choose
¢ = 7/2 to maximize |(r1% - rszeiz"") |

If we add a quarter-wave plate (Wave plate #2 in Fig. 1)
with the fast axis along the y-axis, this element remains
unchanged under the operation of 0,Cy = Cy0, or o}. In

this case,

ayny (rp - rs) +a,m; (r,, + rx)

2
—rs

; a7

quarter-wave plate (Wave plate #2 in Fig. 1) after the sample
with its fast axis set at 45° from the x-axis. In this case, the
optical arrangement is no longer invariant under the operation
of 0,C, = Cy0, or o, and we expect the contribution from
the transverse Kerr effect. In this, the Jones matrix M becomes

0 Is (rp + axmx)

M

(20)
0

Is (rp - axmx)

With a general form of two orthogonally polarized states P =
[b:i‘/’] and P, = [_alzw,], we have

1 2a,my
- I 21
o (bz—aZ)m{ " } @D
2
1@ ~|rpr| 5> = a®) x Im {M} . (22)
Tp

The optimal choice for measuring the transverse Kerr effect is
either @ = 1 and b = 0 or vice versa, namely, P| = [(l)] and

Py = [(1)] In fact, this is the equivalent of a zero loop-area
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Sagnac interferometer to the situation in a finite loop-area
Sagnac interferometer where P; and P, for two counter-
propagating beams coming from the opposite sides of the
magnetized sample, are both p-polarized and by symmetry
only the transverse Kerr effect contributes to the differen-
tial phase as reported by Dodge et al.'® In the present OI
ZA-SI, the quarter-wave plate serves to turn the s-polarized
backward-propagating beam into a p-polarized beam while
the p-polarized forward-propagating beam into an s-polarized
beam after the first reflection but before the second reflection
off the sample. As a result, the two beams sense the reflection
matrix [Egs. (8) and (9)] but from the opposite directions as
the p-polarized light.

We note that imperfections in optical elements along
the Sagnac loop such as wave plates, objectives, and the
sample alters the Jones matrix M from what we have pre-
sented in this section. They tend to mix contributions from
the three magnetization components at ratios somewhat dif-
ferent from what we described, depending upon the extent of
imperfection.

IV. EXPERIMENTAL DEMONSTRATION

A. Detection of longitudinal and transverse Kerr effects
due to in-plane magnetization in a 32-nm Co film

To examine the findings of Sec. II, we measured the Kerr
effect from a 32-nm Co film in the presence of an applied
magnetic field using different optical arrangements of the OI
ZA-SI as we discussed in Sec. III B. The Co film has an easy
axis of magnetization in the plane of the film. We use an elec-
tromagnet to produce a variable magnetic field up to 1850 Oe.
The latter is not strong enough to magnetize the Co film along
the zp-axis (perpendicular to the film surface). As a result, we
only apply a magnetic field along the yp-axis or the xp-axis
and observe the longitudinal Kerr effect due to my and the
transverse Kerr effect due to my.

As shown in Fig. 1, we use a linearly polarized, colli-
mated broadband light source centered at 780 nm with a full
bandwidth of 30 nm and an initial power of 1 mW (QPho-
tonics, Ann Arbor, MI). The electro-optic modulator (EOM)
is a LiNbO3; phase modulator with V; = 1.3 V (EOSPACE
Inc., Redmond, WA). We apply a sinusoidal wave form to
the EOM with an amplitude of 0.35 V and a time frequency
f = 4.445 MHz (the angular frequency Q = 2xf = 2.7915
x 107 rad/s). This adds a phase shift ®(f) = gy cos(Qf) to the
TM component of the beam with @y = 0.85 rad. After being
collimated with a 10x objective, the phase modulated beam
has two polarized components Py = e/®®) [(1)] (the p-polarized)

and Py = [?] (the s-polarized). The beam passes through Wave
plate #1 so that the two orthogonally polarized components are
P = [be‘ﬁw] and P, =|_ al:'“P] (with Va? + b2 = 1) which emerge
and form 1nitial states of the two “counter-propagating beams”
for the zero loop-area Sagnac interferometer. The beam is inci-
dent on the sample at 50°. When the beam returns after passing
through Wave plate #2 (if present) twice, it passes through
Wave plate #1 again, then the PM-fiber-EOM assembly, and
finally the linear polarizer. A portion of the returning beam with
an average power Y/, = 2 uW is sent to the photo-receiver
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with the amplitude of the electric field
S (t) ~ [(PEMPI) ei((l)(t)+512) + (PIMPQ) ei(([)(f+‘1')+521)
+ terms of other arrival times] , (23)

where 7 is the round-trip time it takes the beam to traverse
from EOM through the 10-m fiber and optical elements that
follow including the sample and return back to EOM. The
terms of other arrival times are contributions from reflection
of the primary beams at various surfaces of the optical ele-
ments along the loop-wise optical path starting from the beam
splitter and from the transmitted beams but along “paths”
with different refractive indices, as elaborated in details by
Fried et al.'® These terms do not interfere with the first two
terms in Eq. (23) and thus only add to the dc background of
the photocurrent. The time frequency f = 4.445 MHz is cho-
sen to make Q7 = 2xfT = 7 so that O(¢ + 7) = —D(¢). 612 and
071 are the reciprocal phases acquired by the forward-traveling
beam (P) and the backward-traveling beam (P») starting right
after the EOM, respectively. The photo-receiver is a 125 MHz
photo-receiver (New Focus Model-1801 Newport, CA). The
receiver has a gain of 4 x 10* V/A and a responsivity of
0.45 A/W at 780 nm. The optical power of the beam arriving
at the photo-receiver varies with time as

1) = (y/4) Iine |(PyMPy ) 001

+ (PZMPI) ei((p(1+7)+521)|2 : @9

The first and second harmonics in modulation frequency are
given by

1(Q) = (1/2) Iine
= (’Y/Z) Iim'

2 .
PIMP, |y (2) sin (ak + (621 — 612))

+ 2
PIMPi|'J @®p)(ax +Ad12),  (25)

- 2
129Q) = (Y/2) Line|PsMP1| 2 (20) cos (. + (621 = 612))

= (Y/Z) Iinc

They are measured with an SRS844 lock-in amplifier (Stanford
Research Systems, Palo Alto, CA). The choice of 2dg = 1.7
rad maximizes J(2®p) to 0.58 and yields J,(2®g) = 0.28.
A6 1> is the residual reciprocal phase difference acquired by the
two “beams” as the Sagnac paths traversed by the two beams
cannot be perfectly identical. In our present interferometer, it
drifts slowly within +7 urad over 15 h. ek is a function of
the sample magnetization given by Eq. (2). It is determined
experimentally from the ratio of the first harmonic /() to the
second harmonic /(2Q) through Egs. (4), (25) and (26).

To compare the signal-to-noise ratio of different arrange-
ments for measuring longitudinal Kerr effects, we measured
the longitudinal Kerr rotation from the 32-nm Co film induced
by an external magnetic field using four optical arrangements
as described by Egs. (12)—(19) in Sec. III B. The reflectivities
of Co at an incidence angle of 50° are r, = 0.67 + i0.34 and
rs =—0.87 — i0.17.'® When the amplifier noise in the photo-
receiver dominates, we expect the arrangement that yields the
largest 1(Q2) to have the highest signal-to-noise ratio. If the
variation in Ad1, dominates the “noise” in the measurement
of ak, we expect the arrangement that yields the largest ak to
be optimal. We found that the former was the case.

2
PIMPy| T, (20y). (26)
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The third arrangement is illustrated in Fig. 2(c) so that

_ 17t _ 171 S
P = 75[1] and P, = % [_i] and M is given by Eq. (14). As

a result, ag =20k =Im {zT

1(Q)~ |(r§ + rsz)(rp + rs)
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FIG. 2. Four arrangements for the part beyond the sec-
ond 10X objective in Fig. 1 of the zero loop-area Sagnac
interferometer for measuring longitudinal and polar Kerr
rotation from a magnetized sample.

w} also from Eq. (18) and

=

)(’P "S)

again from Eq. (19) with ¢ =n/2.

} from Eq. (15) and
from Eq. (16) with ¢ = /2.

FIG. 3. Longitudinal Kerr rotation 0k ; = ak/2 from
a 32-nm Co film, acquired using the zero loop-area
Sagnac interferometer in four arrangements, vs. exter-
nally applied magnetic field along the ypy-axis. (a) P1 =

%[}] and P, = %[}1] and M is given by Eq. (17)

[Fig. 2@)]: (b) Pr=[;] and Py= 5 [1] and M is
again given by Eq. (17) [Fig. 2(b)]; (¢) P = % [1] and

Py = % [ _1,.] and M is given by Eq. (14) [Fig. 2(c)]; (d)
1
P
(14) [Fig. 2(d)]. The standard deviation in each data point
is obtained from 10 repeated measurements. The data are
acquired with the lock-in amplifier time constant set to
TLock-in = 1 8.

P = % [}] and P, = 7 [Jl] and M is again given by Eq.
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TABLE 1. Longitudinal and transverse Kerr rotation 6 ; and g 7 measured from a 32-nm Co film with five
optical arrangements, the signal-to-noise ratio (SNR) (as defined in the main text), and factors in which magnitudes
of 1(Q2) and @k are proportional in different arrangements. The first four arrangements measure the longitudinal
Kerr effect. The last one measures the transverse Kerr effect. Optimal arrangements for measuring Kerr rotation

are highlighted in boldface.

1(Q)x Ok Lo Ok (urad) SNR
Figure 2(a) |(r2 +72)(rp = 1) =21 |(rp - 2412)|=1.24 2137 150
Figure 2(b) (r2 = r2)(rp = rs)| =070 |(rp - rs) / (r - r§)| 3764 120
Figure 2(c) (r2+12)(rp +75)[ =035 (rp+r5) 1 (2 +r2)|=0.20 207 21
Figure 2(d) (r]% - rf rp+rs)|=0.11 (rp + rj) (r -5 ) =0.61 1259 9
Figure 4 2|rpr2|=12 Ok 1 o<|1/2r,| =0.66 3652 190

The fourth arrangement is illustrated in Fig. 2(d) so that

P = % [}] and P, = \/LE [_11] and M is again given by Eq. (14).

4aym>.(rp+rx)
(’}%‘r.vz)

again from Eq. (16) with

In this case, ag =20k 1 =Im {

and 1(Q)~ |(r§ - rsz)(rp + rs)
¢=0.
Figure 3 displays the longitudinal Kerr rotation g f
= ag/2 measured from the 32-nm Co film in the form of
hysteresis loop using all four optical arrangements. The data
are acquired in the single measurement with the lock-in
amplifier time constant set at Tr,.in = 1 S. We take the
ratio of the Kerr rotation measured at the zero magnetic
field in the hysteresis loop to the standard deviation in Kerr
rotation measured at the magnetic field at 250 G as the
signal-to-noise ratio (SNR). Table I lists SNR’s of the lon-
gitudinal Kerr rotation measurement for the four optical
arrangements. We also list prefactors in which /() and
ag are, respectively, proportional to other than a,m,. It is
clear that the Kerr rotation is indeed proportional to the
prefactor and has the largest value in the arrangement of
Fig. 2(b) with )(rp —r)/(r2 = r?)|=338. Yet the SNR of
the Kerr rotation measurement follows the magnitude of
1(Q) instead of ag. The arrangement as illustrated with

} also from Eq. (15)

for a Co film and the largest SNR=150. This means that the
noise of our present OI ZA-SI is dominated by the amplifier
noise in the photo-receiver, not the temporal variation in the
residual reciprocal phase difference.

To measure the transverse Kerr effect arising from the
Xm component of the sample magnetization (i.e., @m,), we
use another arrangement by removing the half-wave before
the sample and setting the fast axis of the quarter-wave plate
after the sample set to 45° from the x-axis as shown in
Fig. 4. In this case, P = [(1)] and P = [(1)] and M is given
by Eg. (20), and I(Q)c2|r,r?| from Eq. (21) and axr=
20 | oc|1/2r,| from Eq. (22). We display in
Fig. 5 the transverse Kerr rotation 0x 7 = ak /2 measured
from the Co film with the magnetic field applied along the
Xm-axis (perpendicular to the plane of incidence). The data
are again acquired in the single measurement with the lock-in
amplifier time constant set at Troc.i;y = 1 s. The magnitude
of ag r and SNR are listed in the last row of Table I for
comparison. These values of the longitudinal Kerr rotation
for Co are consistent with the value reported by Qiu and
Bader,” after considering the fact that the value in their report
was measured with a different prefactor (the combination of
reflectivity coefficients) from those listed in Column 3 of

ZQKT—Im{

Fig. 2(a) yields the largest (Q) with |(r2 + r2)(r, = ;)| =21 Table L
Reflection
mirror
% 10%
Objective
Quarter-
Wave plate
at4se
sBeﬁtm Li[ne_ar 1-m polaylzatlon 10-m polarizallon
pliter polarzer mang;aen:nng ma'g:)ae'r"'ng FIG. 4. The arrangement of the zero
Bulm:::and Phase Sample loop-area Sagnac interferometer for
Source M Jm . Xm measuring the transverse Kerr effect of
at780 nm /@\ a magnetized sample. In this case, P} =
10x 10X 1 and P,=[%] and M is given b
Objective Objective Ym Zm [0] 2 [ 1 ] g y
/ Eq. (20).

Photo
Receiver

]

Phase-
sensitive
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FIG. 5. Transverse Kerr rotation 8k 7 = ak r/2 from a 32-nm Co film vs.
applied magnetic field, acquired with the arrangement illustrated in Fig. 4.
The external field is applied along the x;,-axis parallel to the film surface.
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FIG. 6. Polar Kerr rotation 8 p = g, p/2 from a 12-nm film of (3 A-Co/9 A-
Pd);o, measured with the optical arrangement shown in Fig. 2(c), vs. externally
applied magnetic field along the zy,-axis perpendicular to the film surface. In

this case, P = % [1] and P = % [Jl] and M is given by Eq. (14).

B. Detection of polar Kerr effect from a
[3 A-Co/9 A-Pd]y film

To further illustrate the utility of an OI ZA-SI for detect-
ing polar Kerr effects, we measured the Kerr effect from
a[3 A-Co/9 A-Pd] 10 film grown on Si due to an external
magnetic field applied perpendicular to the film surface. The
film has an easy axis along the zp-axis. A separate mag-
netic measurement shows that the coercive field of the [3
A-Co/9 A-Pd];o film is ~1300 Oe, within the range of our
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electromagnet with a pole gap of 2.5 cm. We performed the
measurement using all four arrangements as illustrated in
Fig. 2.

The arrangement shown in Fig. 2(a) has P, :%m
and Pzzﬁ[_ll] and M is given by Eq. (17). It yields
the polar Kerr rotation from Eq. (18) as ax =20kp=
Im{%} and (@)~ (2 +72)(r, + )| by Eq. (19)

rp+rs

with ¢ = 0. The arrangement in Fig. 2(b) has P; = %[i]
and P = \er [ _11] and is M again given by Eq. (17) and yields

aKzzeK,lem{i‘%} from Eq. (18) and I(Q)~
p—Fs

2~ )r )
P— _ 11 _ 171 .
ment in Fig. 2(c) has P = % [l] and P, = i [_i] and M is
given by Eq. (14) and leads to ag =20k p =Im {z%}
Iy

from Eq. (15) and 1(Q)~|(r2 +r2)(r, - r.)| from Eq. (16)

from Eq. (19) with ¢ = n/2. The arrange-

with ¢ = n/2. The arrangement in Fig. 2(d) has P;=
\/%“] and P = \/%[_11] and M is again given by Eq. (14).

It yields aK=29K,p=Im{%} from Eq. (15) and
T
1(Q)~ |(rp2 — r2)(r = )| from Eq. (16) with ¢ =0.

Figure 6 shows the hysteresis loop measured with the
arrangement illustrated in Fig. 2(c). It yields the second largest
polar Kerr rotation (4500 urad) but with the highest signal-
to-noise ratio (SNR = 225), among the four arrangements,
as expected. Table II lists SNR’s of Kerr rotation measure-
ments in all four optical arrangements and prefactors that /(Q)
and ag are proportional to, respectively. The amplitude of
the Kerr rotation has the largest value when measured with
the arrangement of Fig. 2(d). Yet the SNR of the Kerr rota-
tion measurement follows the magnitude of 7(Q) instead. It
once again shows that in our present Ol ZA-SI, the noise
is dominated by the amplifier noise of the photo-receiver,
not the temporal variation in the residual reciprocal phase
difference.

The reversal of the magnetization in the [3 A-Co/9 A-
Pd];o multilayer film induced by reversing the applied mag-
netic field along the zp-axis is accompanied by a coher-
ent rotation for a noticeable portion of the sample. To see
this, we measured the transverse Kerr rotation using the
arrangement of Fig. 4 while applying the external mag-
netic field only along the zp-axis. The result is shown in
Fig. 7.

TABLE II. Polar Kerr rotation 6k p measured from a [3 A-Co/9 A-Pd] 10 film with four optical arrangements,
the signal-to-noise ratio (SNR) (as defined in the main text), and factors in which magnitudes of /(€2) and Ok p are
proportional in different arrangements. Since we do not have complex refractive indices for [3 A-Co/9 A-Pd] ¢, we
use the magnitude of the photocurrent /(€2) normalized to the value for the arrangement of Fig. 2(c) for numerical

values in the second column.

1(Q, measured)oc Ok px Ok ,p (urad) SNR
Figure 2(a) (72 + 72)(rp +75)| ~0.24 rp+rs) ) (r2 472 950 73
Figure 2(b) (r3 = r2)(rp +15)|~0.19 rp+rs) /(12— 12 1432 57
Figure 2(c) |(x2 +x2)(rp — xs)| ~ 1.0 |(rp —s) 7 (2 +12)] 4500 225
Figure 2(d) (2 = 2)(rp = rs)| ~ 027 |(rp = rs) 1 (2 = 72)] 4860 70




083112-10 X.D. Zhu
e S —
400 I SNR =15 : ]
200 | P : ]
—_ ,/ M N
o / MW~
8 / DT
A (. -]
= M S NN :
X V\M\““{A _ //
@ . T /
200 | : B §
-400 : 4
1 1 1 ; 1 1

1
-2000 -1500 -1000 -500 0O 500 1000 1500 2000
Magnetic field (Oe)

FIG. 7. Transverse Kerr rotation 8 1 = ag r/2 from the (3 A-Co/9 A-Pd),
film vs. applied magnetic field along the zp,-axis, using the arrangement shown
in Fig. 4. In this case, P| = [(l)] and P, = [?] and M is given by Eq. (20). This
indicates that the hysteresis loop in Fig. 6 is accompanied by a coherent rotation
of a portion of the magnetization through the film surface plane.

V. DISCUSSION

We showed once again that a zero loop-area Sagnac
interferometer reveals the time-reversal symmetry breaking
(TRSB) effect, while efficiently suppressing otherwise over-
whelming birefringent effects along the Sagnac loop.'>!?
More importantly, we have demonstrated in this work that
the introduction of the oblique-incidence geometry to such
an interferometer enables the detection of the TRSB effect
from an arbitrarily oriented magnetization of a sample in the
loop. In addition, the oblique-incidence geometry affords five
optical arrangements as illustrated in Figs. 2 and 4 that take
the full advantage of crystal symmetry operations, instead of
just one for a normal-incidence zero loop-area Sagnac inter-
ferometer.'>!3 These symmetry operations interchange the
“source” and the “detector” and transform the polarization
state of the forward-propagating beam to the polarization state
of the backward-propagating state.!” As a result, we have the
option to choose one from these five arrangements to predom-
inantly measure the Kerr effect from one Cartesian component
of the sample magnetization with the highest signal-to-noise
ratio while minimizing effects from the other two Cartesian
components as illustrated in Fig. 3. Depending upon the dom-
inant source of noise in the measurement of the Kerr rotation,
one may choose the arrangement that yields the largest Kerr
rotation angle or the one that yields the largest photocur-
rent at the first harmonic of the EOM modulation frequency.
Using three different arrangements, one can measure the Kerr
rotation from all three Cartesian components of a sample mag-
netization with nearly equally high signal-to-noise ratio as
summarized in Tables I and II. If the complex refractive index
is known precisely, the ratio between the longitudinal and polar
Kerr rotations can be determined in each of the four arrange-
ments in Fig. 2 by performing measurements using these four
arrangements and solving for separate contributions from the
longitudinal Kerr effect and polar Kerr effect. The numerical
accuracy of such determination is often not good. A more prac-
tical, accurate way of finding the ratio between the longitudinal
and polar Kerr rotations is to apply a sufficiently large mag-
netic field to saturate the magnetization along the z-axis so that
only the polar Kerr effect is at work. The sign and amplitude
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of the differential phase with the sample magnetization satu-
rated along the z-axis are recorded for one calibration value.
One repeats the process by applying a sufficient large magnetic
field to saturate the magnetization along the y-axis so that only
the longitudinal Kerr effect is at work. The sign and amplitude
of the differential phase with the sample magnetization satu-
rated along the y-axis are recorded as the second calibration
value. One then expresses the differential phase in general as a
function of the tilt angle of the sample magnetization and these
two calibration values. In this way, not only one can determine
the ratio between the longitudinal and polar Kerr rotations in
each of the four arrangements in Fig. 2, one can also find the
tilt angle of the sample magnetization, all done without having
to know refractive indices of the sample.

As to the sensitivity of our present Ol ZA-SI, we note that
the noise (the standard deviation of the measured Kerr rotation)
is dominated by the amplifier noise in the photo-receiver. The
input noise equivalent power of a 125 MHz photo-receiver
(New Focus Model-1801 Newport, CA) is specified to be
NEP =3.3pW/VHz. With a lock-in amplifier time constant
set at Trock-in = 1 s, the noise power is 1,, = 3.3 pW. This means
that the amplifier noise in the Kerr rotation measurement is 66
=1,/((y/12)] e 1(2D¢)) =7 urad, close to what we observed in
the present study. Since the photo-receiver can take as much
as 110 uW, by simply increasing the optical power returned
to the receiver yl;,. to this level, we will be able to decrease
the minimum detectable Kerr rotation of the present OI ZA-SI
to 1.3 x 1077 rad/VHz. If we can use the photo-receiver with
an NEP = 0.5 pW/VHz, the minimum detectable Kerr rotation
will be 2 x 1078 rad/vHz. We should point out that at these
low levels of amplifier noise, the drift in the residual recipro-
cal phase difference Ad, and the photo shot noise need to be
considered and dealt with.

Compared to oblique incidence finite loop-area Sagnac
interferometers that also measure Kerr rotation from all three
components of magnetization, ' a zero loop-area Sagnac inter-
ferometer employs two orthogonally polarized components
of a single optical beam for “the two counter-propagating
beams” instead of two separate beams for interferometry.
As a result, it is comparatively easy to ensure that the two
“beams” traverse the same Sagnac path by avoiding beam split-
ting and beam recombination and to make the signal much
less subject to residual movements of the sample and ele-
ments in the Sagnac loop. Since a normal-incidence oblique-
incidence Sagnac interferometry only measures polar Kerr
effects, whereas an oblique-incidence Sagnac interferome-
try measures Kerr effects (longitudinal, transverse, and polar)
from all three components of magnetization in a sample, our
present work expands the promise of the zero loop-area Sagnac
interferometry proposed by Xia and co-workers.'?

Finally, we revisit constraints of time-reversal symme-
try on the effect of optical elements other than the sample of
interest. An oblique-incidence zero loop-area Sagnac inter-
ferometer makes it possible to study a magnetized sample
without bringing optical elements to close proximity of the
sample. For such a sensing application, optical beams have to
pass through additional transmitting elements such as optical
windows or extra fibers. The latter typically have significant
birefringence due to strain or stress in the window or fiber
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materials. It would seem that they might render the Sagnac
interferometer ineffective. Yet as long as the effects of these
windows or fibers preserve the time-reversal symmetry, their
Jones matrices will satisfy the general requirement specified
in Egs. (5)—-(7). As aresult, they only affect the overall magni-
tude of the Kerr rotation and relative contributions from three
components of the sample magnetization. If the sample is non-
magnetic, addition of these windows or extra optical fibers will
not change my; = my; as it is demanded by TRS. In practice,
they can only contribute to the background through the resid-
ual reciprocal phase difference Ad,. For the same reason, the
surface morphology of a sample such as roughness and the
presence of dust does not break time-reversal symmetry and
thus has no effect on the differential phase as determined with
Eq. (4).

VL. CONCLUSION

We described a zero loop-area Sagnac interferometer in
which optical beams interact with the sample at oblique inci-
dence so that Kerr effects from an arbitrarily oriented mag-
netization in a sample can be characterized. By considering
crystal symmetries allowed in such an interferometer, we
identified optimal arrangements for measuring longitudinal,
transverse, and polar Kerr effects with equally high signal-to-
noise ratios. At present, the minimum detectable Kerr rotation
is only limited by the amplifier noise in the photo-receiver.
By improving the optical power reaching the receiver to
~110 W, the minimum detectable Kerr rotation can be as
low as 1.3 x 1077 rad/VHz. The simplicity and the folded
Sagnac path render such an interferometer inherently stable
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and thus having a high sensitivity to time-reversal breaking
effects in a sample as already illustrated in normal-incidence
zero loop-area Sagnac interferometers by Xia et al. and
Fried et al.'>"1*
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