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An ellipsometric configuration for measurement of the complex transverse magneto-optical Kerr effect is described that uses a photoelastic
modulator (PEM). The real and imaginary parts of the complex transverse Kerr effect are represented as small perturbations of ellipsometric
angles ψ and ∆. The measurement, based on null ellipsometry and zone averaging, gives high signal typical for modulation techniques and
insensitivity to other magnetisation components and system imperfections. The method is demonstrated by the measurement of transverse
component during magnetisation reversal in a thin cobalt film. [DOI: 10.2971/jeos.2006.06017]
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1 Introduction
Magneto-optical (MO) methods have been established as commonly used nondestructive techniques for study of thin-film
and surface magnetism. Particularly magneto-optic vector
magnetometry is widely used for monitoring of magnetisation reversal and magnetic anisotropy. Three components of
the magnetisation vector are usually distinguished: the polar
component MP (perpendicular to film interfaces), the longitudinal ML (in-plane component parallel to the plane of light
incidence), and the transverse magnetisation component MT
(perpendicular to the plane of incidence) [1]–[5]. Modulation
techniques with photoelastic modulator (PEM) [6, 7], which
propose strong signals, are often used for rotation and ellipticity measurements originating from the polar and longitudinal
Kerr effects. Various techniques have been used for separation
of the polar and longitudinal contribution in the frame of MO
vector magnetometry [8]–[12].
On the other hand, the transverse Kerr effect can be measured
as a change in reflectivity of p-polarised light [13]–[17] and
is mainly applied for in-plane magnetisation monitoring. The
microscopic origin of the transverse Kerr effect and available
information about a material are similar to that of the longi-
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tudinal Kerr effect. However, at transverse magnetization the
optical access even for angles of incidence close to the grazing incidence can be accomplished with minimum restrictions
on the shape of electromagnet pole pieces. In this way, higher
in-plane magnetic fields can be applied to the sample. Moreover, the method of rotation of the magnetic field and a sample [2] to separate magnetisation components is problematic
for some special and in-situ measurements. In such cases, two
in-plane magnetisation components can be measured by the
longitudinal and transverse MO effects and separated only by
change of optical configuration.
Phase modulation techniques with a PEM were applied for
transverse Kerr effect measurement by several authors [10,
18, 19]. Jordan and Whiting [18] modified the method with
variable azimuth of the polariser [3] measuring a combination of longitudinal and transverse MO effect. Unfortunately,
the separation of the two in-plane magnetisation components
remains difficult. An interesting technique of transverse Kerr
effect measurement using a PEM was presented by Osgood
[19] and Vavassori [10]. The authors use a Polarizer-SamplePEM-Analyzer system to detect the real part of the transverse
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In this paper, we propose a new configuration for transverse
Kerr effect measurement based on a null ellipsometry with
phase modulation. First, the complex transverse Kerr effect
is defined as a small perturbation of the standard ellipsometric angles ψ and ∆. Then we propose transverse MO effect
measurement using a Polariser-PEM-Sample-CompensatorAnalyser (PMSCA) system based on nulling ellipsometry described in Ref. [20]. In the last part of this paper, the technique
is experimentally demonstrated on transverse hysteresis loop
measurements of a thin cobalt film.

2 COMPLEX
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shows an example of the modelled angular dependence of the
complex transverse Kerr effect for cobalt thin film.
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FIG. 2 Example of the modelled complex transverse MO Kerr effect for the structure
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consisting of the amplitude reflection coefficients. The polar
and longitudinal MO effects are observed using the conversion reflection coefficients rsp and r ps , which relates to the Kerr
rotation θ and ellipticity e for s- and p-polarised incident beam
by the relations θs + ies = rsp /rss and θ p + ie p = −r ps /r pp ,
respectively. However, the transverse Kerr effect can be expressed as a change of the coefficient r pp (M) = r pp (0) +
∆r pp ( MT ). Figure 1 shows typical configuration, which uses
differential reflectivity of p-polarised light.
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The optical and linear magneto-optical response of the sample
can be described using the Jones reflection matrix
R=

∆ r /r

−3

1

Complex transverse Kerr effect

Kerr effect using signal at the second harmonic frequency of
the modulator. However, the configuration does not allow the
measurement of the complex transverse Kerr effect.

Al2 O3 /Mo(20 nm)/Co(10 nm)/Au(8 nm) and the wavelength of 640 nm.

Optical and magneto-optical constants were taken from
Refs. [22, 23]. Not only the real but also the imaginary part
of the complex transverse Kerr effect carries valuable information in MO ellipsometry: (i) in some cases, the signal measured by the imaginary part can be stronger (see Figure 2);
(ii) measurements of two independent quantities enables to
evaluate the complex MO parameters, leading to the complex
permittivity tensor components of a material; (iii) the real and
imaginary part of the complex transverse MO effect have different sensitivity to linear and quadratic transverse Kerr effects, which can be used for separation of the effects; and (iv)
in general, two independent quantities display different depth
sensitivities, which may be exploited in the determination of
the in-depth profile of the sample.
The real and imaginary part of the complex transverse Kerr
effect can be represented as small perturbations to the ellipsometric angles ψ = ψ0 + δψ and ∆ = ∆0 + δ∆ where
tan ψ exp(i∆) = r pp /rss . Assuming δψ  ψ0 and δ∆  ∆0 ,
the approximate formulae become

Signal
detector

FIG. 1 Standard differential intensity configuration for transverse Kerr effect (MT is
perpendicular to the plane of incidence). Polariser and analyser are adjusted to p-

exp[i (∆ + δ∆)]

direction (parallel to the plane of incidence). Difference between intensities at the

tan(ψ + δψ)

signal and reference detectors is proportional to MT .

Note that in this configuration PEM can be used only for modulation of light intensity [21]. The relative difference between
intensities measured with signal and reference detectors can
be expressed in the form

|r pp ( MT )|2 − |r pp (0)|2
∆I
=
≈2<
I0
|r pp (0)|2



∆r pp ( MT )
r pp (0)


,

(2)

where we have made use the relation |r pp |2 = r pp r ∗pp . The
second order term |∆r pp ( MT )/r pp (0)|2 is neglected. The reflection coefficients are generally complex quantities. Figure 2

≈
≈

(1 + i δ∆) exp(i ∆),
2

tan ψ + (1 + tan ψ) δψ.

(3)
(4)

The transverse effect is obtained in the form:
∆r pp ( MT )
2
=
δψ + i δ∆.
r pp (0)
sin 2ψ0

(5)

Equation (5) shows that the real <[∆r pp ( MT )/r pp (0)] and the
imaginary part =[∆r pp ( MT )/r pp (0)] of the complex transverse MO effect are immediately related to the small changes
of the ellipsometric angles ψ and ∆, respectively.
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Figure 3 schematically shows basic components of the
proposed null PMSCA (Polariser–Modulator–Sample–
Compensator–Analyser) ellipsometric system.

An important aspect of this technique is it’s insensitivity to the
polar MP and longitudinal ML magnetisation components.
These are eliminated by averaging the signal from two different zones. Using Jones matrix calculus the signals measured at
first and second harmonic frequency are obtained in the form:
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FIG. 3 Proposed null ellipsometry system for transverse Kerr effect measurement.

The system consists of the polariser, which is mechanically
connected to the modulator (PEM) and rotated by the constant angle 45◦ from the modulator axis. Both components can
together slowly rotate (in this paper, P denotes the azimuth
of the modulator stress/strain axis). The polarisation state of
reflected light from the sample is measured with a quarterwave compensator (retardation angle φ = 90◦ and azimuth
C = ±45◦ ) and an analyser with the adjustable azimuth angle
A. The retardation angle of PEM is a time-harmonic function
ϕ = ϕ A sin ωt,

(6)

where ω = 2π f is the angular frequency of the PEM phase
oscillation and ϕ A denotes the modulation amplitude. The intensity at the detector can be expressed as
I = I0 + IS sin ϕ + IC cos ϕ.

(7)

In terms of the Bessel functions of first kind J n , the terms
sin ϕ and cos ϕ can be expanded using Eq. (6) into the series sin ϕ = 2J1 ( ϕ A ) sin ωt + · · · and cos ϕ = J0 ( ϕ A ) +
2J2 ( ϕ A ) cos 2ωt + · · ·. Consequently, Eq. (7) can be rewritten
in the form:
I = I00 + Iω sin ωt + I2ω cos 2ωt,

(8)

where I00 = I0 + J0 ( ϕ A ) IC , Iω = 2J1 ( ϕ A ) IS , and I2ω =
2J2 ( ϕ A ) IC . For an easy calibration, we propose to adjust the
modulation amplitude ϕ A = 137.79◦ for which J0 = 0, J1 =
0.51915, and J2 = 0.43175.
The complex transverse Kerr effect measurement is performed in two steps. In the first step, the azimuths of
Polariser-PEM system and Analyser are adjusted to obtain
null signal at the first and second harmonic frequency simultaneously (the details on the nulling procedure can be found
in Ref. [20]). There are eight different sets of azimuths P and A
(called the null zones), for which the null signal is obtained. In
the second step, the real <(∆r pp /r pp ) and the imaginary part
=(∆r pp /r pp ) of the complex transverse Kerr effect is proportional to change of the second I2ω and first harmonic signal
Iω , respectively.

=



∆r pp
(±)C (±) P (±) A sin 2ψ0 <
(10)
r pp


(∓) P sin 2ψ0 (θs + θ p ) cos ∆0 + (es − e p ) sin ∆0

The signs (±)C correspond to different azimuths of compensator C = ±45◦ . Similarly, (±) A and (±) P describe nulls in
different zones of Analyser and Polariser–PEM system. From
Eqs. (9) and (10) it is clear that the polar and longitudinal
Kerr rotations θs,p and ellipticities es,p can be easily subtracted
from the transverse Kerr effect using averaging of signals
from two zones obtained for different compensator or analyser azimuths. An important aspect of the method is its insensitivity to azimuth errors of polariser–PEM system, analyser, which, after zone averaging, eliminates the azimuth error of the compensator. In quantitative measurements the system can be calibrated using a standard way [6] and the ellipsometric angle ψ0 is obtained from the azimuth of PolariserPEM system [20]. We note that the polarising components in
the incident and reflected arms can be exchanged. Therefore,
the Polariser-Compensator-Sample-Modulator-Analyser (PCSMA) system can be similarly used if more appropriate in a
specific user’s application.

4 EXPERIMENTAL
TION

DEMONSTRA-

The technique is demonstrated on transverse hysteresis
loops taken with in-plane magnetic field in the structure
Al2 O3 /Mo(20 nm)/Co(10 nm)/Au(8 nm). The Co film epitaxially grown on Mo(110) buffer shows strong uniaxial magnetic
anisotropy originating from lattice mismatch between Co and
Mo. A detailed description of the sample’s magnetic properties was reported in Ref [24]. The magnetic field was applied
close to the hard (magnetic) axis which results in coherent rotation of magnetisation during reversal (magnetization) process. Figure 4 shows the technique of averaging of the hysteresis loops obtained in different zones for C = ±45◦ to obtain
the complex transverse Kerr signal. The angle of incidence of
45◦ and the laser beam of wavelength of 640 nm were used.
Figure 4 demonstrates the elimination by zone averaging of
the longitudinal Kerr effect.

06017- 3

Journal of the European Optical Society - Rapid Publications 1, 06017 (2006)

I2ω Zone 1: C=+45o

Re{∆ r

x 10−3

pp

/r

pp

K. Postava, et. al.

Grant Agency of the Czech Republic (202/06/0531) is acknowledged.

}

0.2
mrad

0.2
0

0.1

−0.2
I

2ω

Zone 2: C=−45o

mrad

0.2

References

0

[1] Z. J. Yang and M. R. Scheinfein, “Combined three-axis surface
magneto-optical Kerr effects in the study of surface and ultrathinfilm magnetism” J. Appl. Phys. 74, 6810–6823 (1993).

−0.1

0

−0.2

−0.2
−1

I

ω

0
H (kOe)

−1

1

−0.5

0

0.5

1

[2] C. Daboo, J. A. C. Bland, R. J. Hicken, A. J. R. Ives, M. J. Baird, and
M. J. Walker, “Vectorial magnetometry with the magneto-optic Kerr
effect applied to Co/Cu/Co trilayer structures” Phys. Rev. B 47,
11852–11859 (1993).

o

Zone 1: C=+45

Im{∆ r

x 10−3

pp

/r

pp

}

mrad

1

1
0

I

ω

o

Zone 2: C=−45

1
mrad

[3] J. M. Florczak and E. Dan Dahlberg, “Detecting two magnetization
components by the magneto-optical Kerr effect” J. Appl. Phys. 67,
7520–7525 (1990).

0.5

−1

0

[4] H. Ohldag, N. B. Weber, F. U. Hillebrecht, and E. Kisker, “Observation of in plane magnetization reversal using polarization dependent magneto-optic Kerr effect” J. Appl. Phys. 91, 2228–2231
(2002).

−0.5

0

−1

−1
−1

0
H (kOe)

1

−1

−0.5
0
0.5
Magnetic field (kOe)

1
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