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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 1 and A. The measurement, based on null ellipsometry and zone averaging, gives high signal typical for modulation technigues 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/j€0s.2006.06017]
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1 Introduction

Magneto-optical (MO) methods have been established as com-
monly used nondestructive techniques for study of thin-film
and surface magnetism. Particularly magneto-optic vector
magnetometry is widely used for monitoring of magnetisa-
tion reversal and magnetic anisotropy. Three components of
the magnetisation vector are usually distinguished: the polar
component Mp (perpendicular to film interfaces), the longi-
tudinal Mp, (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 elliptic-
ity 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 graz-
ing 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. More-
over, the method of rotation of the magnetic field and a sam-
ple [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 combina-
tion 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-Sample-
PEM-Analyzer system to detect the real part of the transverse
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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.

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 ellipsomet-
ric angles ¢ and A. Then we propose transverse MO effect
measurement using a Polariser-PEM-Sample-Compensator-
Analyser (PMSCA) system based on nulling ellipsometry de-
scribed 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 TRANSVERSE
EFFECT

KERR

The optical and linear magneto-optical response of the sample
can be described using the Jones reflection matrix

R — ( Tss rps(MP/ML) >
rsp(Mp, ML) rpp(Mr)

consisting of the amplitude reflection coefficients. The polar
and longitudinal MO effects are observed using the conver-
sion reflection coefficients rs, and rps, which relates to the Kerr
rotation 6 and ellipticity € for s- and p-polarised incident beam
by the relations 05 + ies = r5p/75s and 0 + i€y = —7ps/1pp,
respectively. However, the transverse Kerr effect can be ex-
pressed as a change of the coefficient r,,(M) = r,,(0) +
Arpp(Mr). Figure 1 shows typical configuration, which uses
differential reflectivity of p-polarised light.

)

Mr Sample
Polarizer
Analyzer
Reference Signal
Light source detector detector

FIG. 1 Standard differential intensity configuration for transverse Kerr effect (Mr is
perpendicular to the plane of incidence). Polariser and analyser are adjusted to p-
direction (parallel to the plane of incidence). Difference between intensities at the

signal and reference detectors is proportional to Mr.

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

Al |7’pp(MT)|2 - |7’pp(0)|2 — Arpp(Mr)
W () @

Iy [rpp(0) 2
where we have made use the relation \rm,|2 = rpprpp- The

second order term |Arp,(Mr)/rp,(0)[? is neglected. The re-
flection coefficients are generally complex quantities. Figure 2

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

Al,03/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 infor-
mation in MO ellipsometry: (i) in some cases, the signal mea-
sured 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 dif-
ferent sensitivity to linear and quadratic transverse Kerr ef-
fects, 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 el-
lipsometric angles ¢ = o + ¢ and A = Ay + 5A where
tan 1 exp(iA) = rpp/7ss. Assuming 59 < 1pp and 6A < Ay,
the approximate formulae become

expli (A +6A)]
tan(¢ + 5y)

(1+16A) exp(iA), 3)
tany + (1 + tan y) 5p. 4

Q

Q

The transverse effect is obtained in the form:

Arpp(Mr) 2
rpp(0)  sin2qy

Equation (5) shows that the real R[Ar,,(Mr)/7,,(0)] and the
imaginary part 3[Arp,(Mr)/1pp(0)] of the complex trans-
verse MO effect are immediately related to the small changes
of the ellipsometric angles i and A, respectively.

5 +i6A. ®)
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CONFIGURATION WITH

Figure 3 schematically shows basic components of the
proposed null PMSCA (Polariser-Modulator-Sample—
Compensator—Analyser) ellipsometric system.

Sample

y
PEM Analyser 3

Detector

Light source

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 con-
stant 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 quarter-
wave compensator (retardation angle ¢ = 90° and azimuth
C = £45°) and an analyser with the adjustable azimuth angle
A. The retardation angle of PEM is a time-harmonic function

@ = @4sin wt, (6)

where w = 27tf is the angular frequency of the PEM phase
oscillation and ¢4 denotes the modulation amplitude. The in-
tensity at the detector can be expressed as

I =1Iy+ Is sing + Ic cos ¢. )

In terms of the Bessel functions of first kind J,, the terms
sin @ and cos ¢ can be expanded using Eq. (6) into the se-
ries sin ¢ = 2J1(¢a) sinwt+ --- and cos ¢ = Jo(¢a) +
2J2(@a) cos 2wt + - - -. Consequently, Eq. (7) can be rewritten
in the form:

[ = Ij+ Iy sin wt + I, cos 2wt, (8)

where Iy = Io + Jo(¢a)lc, lv = 2Ji(pa)ls, and L, =
2J2(¢a) Ic. For an easy calibration, we propose to adjust the
modulation amplitude ¢4 = 137.79° for which Jo =0, [} =
0.51915, and J, = 0.43175.

The complex transverse Kerr effect measurement is per-
formed 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 simul-
taneously (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 $(Arp,/7pp) and the imaginary part
S(Arpp/1pp) of the complex transverse Kerr effect is propor-
tional to change of the second I, and first harmonic signal
I, respectively.

An important aspect of this technique is it’s insensitivity to the
polar Mp and longitudinal M; magnetisation components.
These are eliminated by averaging the signal from two differ-
ent zones. Using Jones matrix calculus the signals measured at
first and second harmonic frequency are obtained in the form:

S~ (e ()4 sin2go %{Ar”” } + )
IO rpp
+sin 2y [(6s — 0,) sin Ag — (€5 + €p) cos Ao
Ie () (d)p (£)4 sin 24 R { Ar?”’} (10)
IO }’pp

(F)p sin 24 [(6s + 0;) cos Ag + (€5 — €p) sin Ag]

The signs (£)c¢ correspond to different azimuths of compen-
sator C = £45°. Similarly, (£)4 and (£)p describe nulls in
different zones of Analyser and Polariser-PEM system. From
Egs. (9) and (10) it is clear that the polar and longitudinal
Kerr rotations 65, and ellipticities €5, can be easily subtracted
from the transverse Kerr effect using averaging of signals
from two zones obtained for different compensator or anal-
yser azimuths. An important aspect of the method is its in-
sensitivity to azimuth errors of polariser-PEM system, anal-
yser, which, after zone averaging, eliminates the azimuth er-
ror of the compensator. In quantitative measurements the sys-
tem can be calibrated using a standard way [6] and the ellip-
sometric angle ¢y is obtained from the azimuth of Polariser-
PEM system [20]. We note that the polarising components in
the incident and reflected arms can be exchanged. Therefore,
the Polariser-Compensator-Sample-Modulator-Analyser (PC-
SMA) 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
Al,O3/Mo(20 nm)/Co(10 nm)/Au(8 nm). The Co film epitax-
ially 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 proper-
ties was reported in Ref [24]. The magnetic field was applied
close to the hard (magnetic) axis which results in coherent ro-
tation of magnetisation during reversal (magnetization) pro-
cess. Figure 4 shows the technique of averaging of the hystere-
sis 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.
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FIG. 4 Measurement of the complex transverse Kerr effect using the proposed method
is demonstrated on the structure Al,03/Mo(20 nm)/Co(10 nm)/Au(8 nm). Upper and
lower subplot correspond to measurement of R{Arp,/rpp} and S{Ary,/7pp}, re-
spectively. Averaging in different zones obtained for C = +45° eliminates the longi-
tudinal contribution. Obtained loops show mainly coherent rotation of the magnetisa-
tion. For high field the magnetisation vector is forced into the field direction and the
measured transverse component vanish. However, in remanent state (for zero field)

the magnetisation rotates to the easy axis and the transverse Kerr effect is maximal.

In the present case, a more important manifestation of the
longitudinal Kerr effect is observed in R(Arp,/rpp) than in
S (Arpp/7pp) - Clearly, the shapes of the averaged loops mea-
sured as a field dependence of R(Ar, /1pp) and S(Arpy/1pp)
are the same. We note that the quadratic transverse effect (pro-
portional to M%) was eliminated from the measurement.

5 CONCLUSION

In conclusion, we summarise the advantages of the proposed
technique: (i) a complete information on the transverse Kerr
effect in terms of the complex quantities #{Arp,/rpp} and
S{Arp,/rpp} can be obtained, (i) due to the phase modula-
tion, the signal is reasonably strong with a high signal-to-noise
ratio, (iii) the zone averaging enables elimination of the longi-
tudinal and polar Kerr effect contributions, and (iv) the pro-
posed method is insensitive to the initial azimuth error of the
analyser, compensator, and polariser-PEM system. The tech-
nique can be applied in both the MO vector magnetometer
and MO spectroscopy.
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