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An advanced wide-field Kerr microscopy and magnetometry approach for the investigation of
magnetic anisotropy in magnetic films is demonstrated. We have analytically analysed the longitudinal Kerr contrast in a wide-field magneto-optical Kerr microscope, specifically its dependence
on the light polarisation direction and the plane of incidence and verified it experimentally. While
normally the sensitivity direction (i.e. the direction of maximum contrast for antiparallel domains
of the longitudinal Kerr effect is along the plane of incidence for both, p - and s-polarized light, we
found a deviation of the sensitivity direction from the incidence plane for p-polarised light. Based
on a multi-component Kerr imaging technique we have developed a fully automated procedure for
the measurement of magnetisation reversal loops along arbitrary in-plane field directions for magnetic films with in-plane anisotropy that does not require any mechanical adjustment of the system
or sample displacement. The method is applied to the investigation of the magnetic anisotropy
of a sputtered iron thin film. Additionally, a sample holder was introduced, which allows for the
application of mechanical stress onto magnetic films due to substrate bending, and its applicability
to the stress manipulation of the anisotropy direction was demonstrated for a nickel-iron film.

I.

INTRODUCTION

Among other properties of magnetic films, the evaluation of the magnetisation in response to changing external magnetic fields (magnetisation reversal loops) and
especially the dependence of the reversal on the magnetic
field angle, which reflects the anisotropy of the material,
is of particular interest for both fundamental and applied research. Measuring reversal loops at various field
angles by magnetometry requires that the sensitivity of
the magnetometer is aligned along the field direction for
all field angles. For the commonly applied vibrating sample magnetometry (VSM)1 or its more advanced variants
of vectorial VSM2–5 , this involves the complexity of a
mechanical rotation of the sample. The anisotropic magnetoresistance can also be utilised by electric transport
measurements6–8 , which requires, however, lithography
and sample patterning.
A powerful and extensively applied alternative
method is magneto-optical Kerr Effect (MOKE)
magnetometry9–13 . The magneto-optical Kerr effect

manifests itself in a rotation of the polarisation plane of
linearly polarised light upon reflection from a magnetic
and reflective sample14–16 . Depending on the mutual
orientations of magnetization, polarization of the light,
incident light angle and direction, three basic types of
Kerr geometries are distinguished: polar (magnetisation
of specimen is out-of-plane), longitudinal (magnetisation
is in-plane and along the plane of incidence) and transversal (magnetisation in-plane but transversal to the incidence plane)15 . In conventional MOKE magnetometers,
the sample is illuminated by a focused laser beam and
the Kerr signal of a selected sample spot is plotted as
a function of magnetic field. Apart from magnetometry, the Kerr effect is also employed in wide-field Kerr
microscopy, which is an effective tool for both magnetic
domain imaging15,17–19 and magnetometry20–23 . For the
latter, the Kerr intensity of a freely selectable image area
is chosen as the magnetometer signal.
Several approaches to realise vectorial MOKE magnetometry have been reported in literature9,24 , mostly
based on systems that apply the longitudinal Kerr ef-

2
fect. However, in most cases the angular dependence is
again achieved by mechanical adjustment like in VSM,
i.e. the specimen has to be physically rotated to achieve
alignment of the field and the sensitivity axis, possibly
resulting in experimental error and spurious signals. Furthermore, it is usually assumed that the axis of the longitudinal Kerr sensitivity (the direction of magnetisation
at the surface, which produces the maximum Kerr signal)
is precisely aligned along the plane of light incidence. As
we will show in this paper, this assumption is only valid
in limited cases while in general there may be transverse
Kerr contributions superimposed25,26 , leading to rotated
sensitivity directions. The mixing of the effects can be
avoided by using the pure transverse Kerr effect, which
results in a change of the reflected light amplitude rather
than in light rotation. Here the incident light is polarised
parallel to the incidence plane and the analyser is omitted. Then only magnetisation components transverse to
the plane of incidence will contribute to the Kerr signal12 .
But again, also for transverse MOKE magnetometry vectorial measurements are not possible without sample rotation.
The ability to influence the magnetic anisotropy is
of particular interest for modern magnetic sensors27 .
In the case of wire-sensors relying on the giant magnetoimpedance effect, for example, mechanical stress
present in the sensing element may lead to a preferential
anisotropy orientation (e.g. circumferential) which ultimately determines the performance of the microwire28 .
In magnetostrictive materials the anisotropy can be manipulated by mechanical stress application and wide-field
Kerr microscopy is an effective tool to address the local
properties of the material29,30 . However, the proximity
of the objective lens to the sample surface and the need
for an electromagnet around the specimen limit the available space for stress manipulation. Here a special sample
holder is introduced that allows to apply tensile stress to
magnetic films together with in-plane field application
and to observe the change in film anisotropy as a result
of the inverse magnetostrictive, or Villari, effect.
In this paper we present an advanced, automated
MOKE magnetometer based on a wide-field Kerr microscope with complimentary in-plane sensitivities and
vectorial quadrupole magnet. In our setup the magnetisation curves along any in-plane field direction can be
reconstructed, free of mechanical adjustment of sample
or magnet. The design of the magnetometer is described
in Sect. II, followed by Sect. III where we review the theoretical principle of contrast formation in Kerr microscopy
with emphasise on the sensitivity direction that is the key
element of the magnetometer. This section is supported
by some more detailed theoretical examinations in the
Appendix. The determination of the microscope’s sensitivity direction and experimental examples for the angular dependencies of hysteresis phenomena will finally
be presented in Sect. IV. The examples comprise the investigation of magnetic anisotropy in thin Fe/FeOx - and
FeNi films with uniaxial in-plane anisotropy.

II.

DESIGN OF THE SYSTEM

The experimental setup utilized in this work is
schematically shown in Fig.1. Our wide-field Kerr microscope is based on a Carl Zeiss microscope of the type
Axio Scope and is equipped with a special light source31 ,
in which the light of eight LEDs is guided independently
to the microscope by glass fibres with their ends being
physically arranged in a cross-like manner. In the scheme
of Fig.1(a) this fibre arrangement is indicated by circular insets that represent the view to the diffraction plane
of the microscope (conoscopic image). Such an arrangement allows for setting the incidence direction just by
turning ON the appropriate LEDs via computer control.
Pulsing opposite LEDs sequentially and subtracting the
corresponding images leads to a pure in-plane domain
contrast31 that is at the same time free of (polar) parasitic Faraday contributions induced in the microscope
lenses32 . Accordingly, driving the LEDs of orthogonal
cross arms (as indicated by the two conoscopic images
in Fig.1(a)) in the pulsed mode in synchronisation with
the video camera makes real-time, two-component imaging possible by applying the longitudinal Kerr effect at
orthogonal planes of incidence.
To illustrate this concept of vectorial sensitivity, let us
assume that the microscope axis (within the horizontal
part of the microscope) is along the y-axis of the coordinate system of Fig.1(a). By convention, the standard orientation of the polariser, typically denoted as
αpol = 0◦ in an optical polarisation reflection microscope
that applies the Köhler illumination technique, provides
plane-polarised light that vibrates transverse to the microscope axis. Consequently, the activation of fibres (1)
and (2) will lead to s-polarised light with the incidence
plane along the y-axis, whereas the activation of fibres
(5) and (6) will result in p-polarised light with incidence
along the x-axis. Both cases result in longitudinal Kerr
sensitivities15 with rotated sensitivity axes. Due to the
Kerr effect, upon the reflection from the sample surface,
the polarisation plane is rotated clockwise or counterclockwise, depending on the orientation of the magnetisation at the surface. A domain contrast is produced by
blocking the reflected light from one domain phase by
the analyser, which is set almost perpendicular to the
polariser, being opened by a small angle αan of some
degrees15 . In our setup, we use a motorised analyser22
that can be precisely opened while our polariser is adjusted by hand. If blocking should not be possible due
to elliptical light contributions appearing for specific materials, we can add a compensator to improve the Kerr
contrast, which, however, has no influence on the discussion presented below.
The sample, placed in the focal plane of the objective lens, is surrounded by a quadrupole electromagnet
[Fig.1(b)], which allows for magnetic fields at any direction in the xy-plane by superimposing the fields of the
two orthogonal solenoid pairs. Fields, µ0 H, up to 15 mT
can be achieved if no poles are employed, while field of
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III. SENSITIVITY DIRECTION IN
WIDE-FIELD KERR MICROSCOPY

The phenomenon of the Kerr effect can be understood
in the following way15,16 : upon the reflection of linearly
polarised light from the surface of a magnetic material, a
small Kerr amplitude AK is generated that vibrates perpendicularly to the (much larger) regularly reflected light
amplitude AN with polarisation along the same plane as
the incident light. Both amplitudes are interfering, leading to the total signal amplitude A = AN +AK . Depending on the mutual orientation of sample magnetisation
and plane of incidence, the plane of the total reflected
amplitude is either rotated relative to the incoming light
(longitudinal and polar Kerr effects) or its amplitude is
changed (transverse Kerr effect).
After passing the polariser (with the setting angle αpol
measured from the axis perpendicular to the incidence
plane), having been reflected from the sample surface,
and finally after passing the analyser (with the setting angle αan measured from the incidence plane, see Fig. 1(a)),
the resulting light amplitude can be written as16,25

screw

FIG. 1. (a) Coordinates used in this paper. Indicated are the
~ and the magnetic
directions of the magnetisation vector M
~ both measured from the x-axis, as well as the
field vector H,
opening angles of polariser and analyser, αpol and αan . By
convention, the polariser angle is always measured from the
axis transverse to the plane of incidence, whereas the analyser
angle is related to the axis parallel to the plane of incidence.
In the experiment, the incidence plane is defined by activating
proper LEDs as indicated by the circular insets that show
the ends of the glass fibre cross in the conoscopic imaging
mode. (b) Schematics of the quadrupole magnet, which can
generate fields in arbitrary directions in the xy-sample plane.
(c) Sample holder for stress application.

up to 100 mT are achievable with the presence of pole
shoes. Together with the possibility of manipulating the
sensitivity direction by computer control of the light incident direction, we consequently have a fully automated
magneto-optical Kerr system capable of in-plane magnetometry with complementary pure in-plane sensitivities
and free of mechanical adjustment. The applied field direction angle ϕ as well as the magnetisation direction θ
are measured from the x -axis.
To manipulate the anisotropy of magnetic films with
non-zero magnetostriction, we furthermore have developed a special sample holder, which consist of an asymmetrically cut copper block and wedge as shown in Fig.
1(c). The displacement of the lower block along the guiding screw bolt leads to a displacement of the wedge in an
upward direction, forcing the substrate to bend. This
bending introduces a tensile stress in the magnetic film
at the substrate surface as indicated by the red arrow in
the figure.

A = −N sin αpol cos αan + N cos αpol sin αan +
+mp Kp cos(αan − αpol ) + ml Kl cos(αan − αpol )
−2mt Kt sin αpol cos αan ),

(1)

where N represents the Fresnel coefficient for regular
reflection and Kl , Kt and Kp are the magneto-optical
Kerr coefficients for the longitudinal, transverse and polar Kerr effects, respectively. The saturation magnetisation, Ms , of the material enters the Kerr amplitudes via
the magneto-optical Voigt parameter15 (not shown) and
ml,t,p are the components of the magnetisation vector
at the sample surface along the plane of incidence (ml ),
transverse to the plane of incidence (mt ) and perpendicular to the sample surface (mp ). In polar coordinates,
the magnetisation vector can thus be expressed by m =
M/Ms = (mt , ml , mp ) = (cos θ sin η, sin θ sin η, cos η) for
the case of the incidence plane containing the y-axis
(ml ky) and by m = (sin θ sin η, cos θ sin η, cos η) for the
incidence plane along the x -axis (ml kx), with η being the
polar angle,counted from the out-of-plane direction.
Since experimentally the intensity rather than the amplitude is detected, one must also take into account that
the light amplitudes can have different phases, either
caused intrinsically by the Kerr effect or by some ellipticity that is induced when the polariser is not precisely
along or perpendicular to the plane of incidence. This can
be considered by introducing complex light amplitudes:
ν = ν 0 + iν 00 =
= −N sin αpol cos αan + N cos αpol sin αan ,
κp = κ0p + iκ00p = Kp cos(αan − αpol ) ,
κl = κ0l + iκ00l = Kl cos(αan + αpol ) ,
κt = κ0t + iκ00t = −2Kt sin αpol cos αan ) .

(2)
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The resulting amplitude can then be presented as A =
ν + κp mp + κl ml + κt mt and the intensity of the light as:
I = A · A∗ = |ν + κp mp + κl ml + κt mt |2 =
= A0 + A1 mp + B1 ml + C1 mt + A2 m2p + (3)

∆Is = Ism − Is−m = 2N Kl sin 2αan ml ;

+B2 m2l + C2 m2t + D2 mp ml + E2 mp mt + F2 ml mt
with A∗ denoting the complex conjugate amplitude. The
expression for the intensity consist of a constant term A0
and terms that are linearly (A1 , B1 , C1 ) and quadratically (A2 , B2 , C2 , D2 , E2 , and F2 ) proportional to the
components of the magnetisation vector, explicitely given
by:
A0 = ν 02 + ν 002 ; A1 = 2(ν 0 κ0p + ν 00 κ00p ) ;
B1 = 2(ν 0 κ0l + ν 00 κ00l ); C1 = 2(ν 0 κ0t + ν 00 κ00t ) ;
002
02
002
A2 = κ02
p + κp ; B2 = κl + κl ;
002
C2 = κ02
t + κt ;
E2 = 2(κ0p κ0t + κ00p κ00t );

D2 = 2(κ0p κ0l
F2 = 2(κ0l κ0t

+
+

(4)

κ00p κ00l ) ;
κ00l κ00t ) .

As shown in Sect. II, our wide field Kerr microscope31
simultaneously provides two complimentary in-plane sensitivity directions with light incident from two orthogonal
directions when activating orthogonally arranged LEDs
in the pulsed mode. The polariser angle, however, is fixed
in a typical experiment. With αpol = 0◦ [see Fig. 1(a)],
the light is consequently p-polarised for light incidence
along the x -direction, and s-polarised for incidence along
the y-axis. If, furthermore, we assume that the material does not produce significant ellipticity upon reflection (which is the case for iron thin films), or if ellipticity has been compensated by using a proper compensator in the reflection path16 , the imaginary parts of the
terms in Eq. (3) can be omitted. In addition let us
presume that the magnetisation of the sample is strictly
in-plane [m = (mt , ml , 0) = (cos θ, sin θ, 0), respectively
m = (sin θ, cos θ, 0) for our two standard cases]. Under
these assumptions, the coefficients in Eq. (4) for the detected intensity are simplified, leading to the following
expressions for s-polarised (αpol = 0°) and p-polarised
(αpol = 90°, αan → αan + 90°) light:
Is = N 2 sin2 αan + 2N Kl sin αan cos αan ml +
+Kl2 cos2 αan m2l ;
Ip = N 2 sin2 αan − 2N Kl sin αan cos αan ml +
2

+4N Kt sin αan mt +
2

+4Kt sin

αan m2t

Kl2

cos

2

largest difference in light intensity, ∆I, between two domains) is expected for domains with antiparallel magnetisation directions, one with (mt , ml , 0) and the other
with (−mt , −ml , 0)). In that case the maximum contrast
for s- and p-polarisation is expressed by

(5)

αan m2l +

− 4Kl Kt sin αan cos αan ml mt .

A domain contrast in the Kerr microscope is obtained
by blocking the light from one domain phase via the analyser as indicated in Fig. 1(a) and letting the light that
emerges from other domain phases more or less pass, resulting in differing, magnetisation-dependent intensities
in the obtained image. The strongest contrast (i.e. the

∆Ip = Ipm − Ip−m = −2N Kl sin 2αan ml +

(6)

2

+8N Kt sin αan mt .
The sensitivity direction is defined as the direction on
the sample surface with maximum contrast. From Eq. (6)
it is evident that for any analyser setting, ∆Is for spolarised light is proportional only to ml , i.e. the sensitivity direction is always within the incidence plane,
whereas ∆Ip for p-polarised light contains both the
ml - and mt components. Consequently, for p-polarised
light there is always a certain direction of magnetisation with maximum contrast (θmax ) that may deviate
from the plane of incidence. So, even though the light
in our microscope31 arrives on the sample with orthogonal planes of incidence by applying the above mentioned
illumination scheme, the resulting in-plane sensitivity directions will not be perpendicular to each other!
The direction of maximal sensitivity for p-polarised
light can be easily found by taking the derivative of ∆Ip
with respect to θ (using the mt and ml vs θ dependence)
and setting it equal to zero. This leads to the angle


2Kt
tan αan
(7)
∆θp = arctan −
Kl
by which the sensitivity direction deviates from the incidence plane. This angle only depends on the analyser
opening angle and the ratio between the transverse and
longitudinal Kerr material constants.
To verify the dependencies of Eq. (7) experimentally
and to determine the sensitivity directions in our Kerr
microscope, we have run the microscope in the described
multi-component mode and analysed the integral intensity of the captured images with incident light at two
orthogonal planes upon the rotation of an external inplane field for different settings of the analyser. As reference sample we have chosen a nominally 10 nm thick
Fe/FeO film prepared by DC magnetron sputtering on a
Au/Cr/SiO2/Si(100) substrate (for details see Ref. [33]).
The applied field of 15 mT was large enough to saturate
the sample and to align the magnetisation with the field
direction, thus the angles of the magnetisation and field
vectors relative to the x -axis are identical (θ = ϕ according to Fig. 1(a)).
The measured angle dependencies of the intensity are
presented in Fig. 2. For the plots in (a), oblique incidence
with s-polarised light along the y-axis and p-polarised
light along the x - axis was used, while for (b) the polarisation planes are rotated by 90◦ relative to the coordinate
axes. The analyser opening angle is 10◦ in both cases.
If one takes into account the fact that the Fresnel coefficient N is about 1000 larger than the magneto-optical
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FIG. 2. (a) Integral image intensity as a function of field angle with s-polarised light along the y-axis [which may be seen
as a ”standard configuration” of a typical Kerr microscope
as sketched in Fig. 1 (a)] and (b) with the polariser rotated
by 90◦ , resulting in s-polarised light along the x -axis. The
plots in (c) and (d) show the corresponding deviations of the
sensitivity direction from the incident plane. The measurements were done on a 10 nm thick iron film with some native
oxide on top. To suppress parasitic Faraday rotations in the
objective lens, the measurements were preformed in the pure
in-plane mode31

coefficients Kl and Kt 16 , the intensities for s- and ppolarised light in Eq. (5) can be approximated by sine
and cosine functions with some phase shift. This ensures
that the definition of the sensitivity direction as the direction of maximal contrast reflects the orientation of
the magnetisation that is set at the angle ϕ by the applied magnetic field, i.e. the maximum Kerr signal along
the sensitivity direction is observed when the magnetisation points along this direction. From Fig. 2(a) it is
seen that for s-polarised light along the y-axis the intensity directly follows a sinusoidal dependency (∆θ = 0◦ ),
whereas for p-polarised light along the x -axis it can be
approximated by a cosine function with a phase shift of
∆θ = −16◦ . Conversely, if s-polarised light comes along
the y-axis [Fig. 2(b)], a deviation of the y-sensitivity direction from the y-axis is found with ∆θx = −18◦ , while
the x -axis sensitivity with s-polarised light remains more
or less aligned with the x axis. Note that the sensitivity
curves in Fig. 2 seem not to be distorted by quadratic
contrast contributions neither for small analyser opening
angles nor for large, where contributions are actually not
to be even expected34 .
Performing the same analysis for different analyser
opening angles allows us to examine the deviation of sensitivity directions from the orthogonal x - and y- axes.
In Fig. 2(c,d) the deviation angles are plotted as a function of the analyser opening angle for the cases of (c)
s-polarised light along the y-axis and p-polarised light
along the x -axis, and (d) for s-polarised light along the

FIG. 3. Schematics of the vectors to reconstruct the magnetisation projection on the field direction based on the knowledge of the magnetisation projections on two complimentary
sensitivity directions (see text)

FIG. 4. Hysteresis loops, obtained with complimentary sensitivities during the field sweep at an angle of 40◦ to the
x -direction: (a) s-polarised light along the y-axis and (b)
p-polarised light along the x -axis. In (c) the magnetisation
along the field direction is plotted, reconstructed from (a)
and (b)

x -axis and p-polarised light along the y-axis. As expected
from Eq. (6), s-polarised light does not show any deviation of the sensitivity direction from the incidence plane,
while the orientation of the sensitivity direction for ppolarised light strongly depends on the opening angle of
the analyser and can deviate as large as tens of degrees
for typical analyser settings.
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FIG. 5. (a) Absolute difference of the image grey levels in oppositely saturated states (I+ − I− ) for orthogonal light incidences,
derived from hysteresis loops with the field being swept along fixed direction at angles from 0◦ to 180◦ (black and red crosses).
The data points in the range of 0 − 360◦ are obtained during the rotation of the external field of 15 mT (green and blue circles,
the solid lines are guides to the eye). (b) Magnetisation reversal loops reconstructed for selected field directions. Blue points
mark extracted coercivity field, grey - remanence.
(c) and (d) Angular dependencies of coercive field and remanent magnetisation, respectively (the black open
points are measured and the red closed points obtained after extrapolation from symmetry consideration by mirroring with respect to the y-axis, the solid lines are guides to the eye). Blue points correspond to
picked up field directions.The data is obtained on the Fe/FeO film with 10 nm thickness

By fitting this dependency with Eq. (7), the ratio between the transverse and longitudinal Kerr coefficients,
Kt / Kl , can be derived. For both incident directions
of p-polarised light [Fig. 2(c,d)] this ratio is found to be
around 1.

IV.

ANISOTROPY MEASUREMENT

The angle-dependencies of the image intensity, captured with complimentary sensitivities during external
field rotation as shown in Fig. 2(a,b), is normally used for
contrast calibration in quantitative Kerr microscopy35 ,
by which the magnetisation vector field on the surface
of soft magnetic specimens can be measured. In that
method, only saturated sample states are employed and
the above described deviation angles (Fig. 2) and phase
shifts different from 90◦ between the complimentary sensitivity curves does not play a role. Also the long-term

stability of the imaging system is not an issue in quantitative Kerr microscopy, where the meaningful sensitivity
curves can be obtained within times in the minutes range.
This is different for anisotropy measurements for which
complete hysteresis curves need to be recorded at various
field angles relative to the sample. Here, conventionally,
the field needs to be applied along a ”fixed” sensitivity
direction and the sample needs to be rotated stepwise to
obtain curves along a continuous range of sample directions. This is a time consuming process that requires a
high level of mechanical and long-term stability of the
MOKE setup. However, with the knowledge of the exact
orientations of the sensitivity directions, as described in
Sect. III, opens the path for the reconstruction of magnetisation loops along arbitrary in-plane field directions
(achieved in the quadrupole magnet) from just two loops
with complimentary sensitivities, leading to a fast and effective magnetometer setup for anisotropy measurements
in magnetic films.
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Let us assume that both sensitivity directions, Sy and
Sx , can deviate from the incidence planes, which are
oriented exactly along the x- and y principle axes as
sketched in Fig. 3. The grey level of the captured image is a measure of the average magnetisation vector
M projected on the correspondent sensitivity direction
MSy (projection on Sy ) and MSx (projection on Sx ).
As shown in the Appendix we can reconstruct the average magnetisation direction M and derive the value
of the magnetisation projection onto the field direction.
Figure 4(a,b) shows two such loops obtained simultaneously within a single field scan in the pure in-plane
mode, one with s-polarised light along the y-axis (a)
and the other with p-polarised light along the x -axis (b).
Both
loops
grey level in saturation
.  to thei
h
 are normalised
I+ −I−
I+ +I−
, where I+ and I− are
I(H) = I − 2
2
the image grey levels for positive and negative saturation.
With the help of the Eq. (A.7) applied to each measurement point and based on the two loops taken with
complimentary sensitivities [Fig 4(a,b)], we have retraced
the magnetisation loop along another field direction in
Fig. 4(c). Some intermediate intensities of the measured
loops can be larger than that observed in saturation
for current field direction, as with decreasing field the
magnetisation may relax towards one of the material
anisotropy axes. In turn, one of these axes may be
oriented close to the sensitivity direction resulting in a
higher Kerr signal than in saturation.
However, this procedure is only applicable if the orientations of the sensitivity axes are precisely known and
if the calibration curves like in Fig. 2 have been obtained
before. In case of multiple in-plane loops, measured with
the field been swept at different angles starting from 0◦
to 180◦ , the angle dependence of the absolute intensity
difference (I+ − I− ) between oppositely saturated states
can be conveniently used to derive the sensitivity directions for correspondent light incidence. In Fig. 5(a) such
dependencies for s- and p-polarised light, incident along
y- and x axes are presented for a series of loops, taken
during magnetic field sweeps at field angles ranging from
0◦ to 180◦ with a step size of 2◦ (black and red crosses).
Additionally, we have rotated the external field like for
Fig. 2 and traced the image intensity for correspondent
incident directions, covering the angle range from 0◦ to
360◦ (blue and green curves in Fig. 5). The derived sensitivity axes, Sy (s-polarised light) and Sx (p-polarised),
are at α = 89◦ and β = −22.3◦ , respectively. Employing Eq. (A.7), we can then reconstruct the magnetisation
loop for arbitrary field direction as exemplarily shown
in Fig. 5(b-f)). The anisotropy of the sample may be
evaluated by examination of the coercive fields and remanent magnetisations from the extracted, independent
loops and by plotting them as a function of the applied
field angle [Fig. 5(c,d)],
The plots in Fig. 5(c,d) reveal two broad peaks in the
Hc angular dependence and a characteristic shape in the
remanence diagram, allowing us to conclude that our iron
film has a uniaxial magnetic anisotropy in the film plane

FIG. 6. Angular dependence of the remanent magnetisation,
Mr /Ms , of a 100 nm thick NiFe film measured with no stress
(black squares) and under tensile stress (red circles)

with the easy axis at ϕ = 110◦ and the hard axis at
ϕ = 20◦ relative to the xy-coordinates. The large coercive fields around the hard axis direction are caused by
the formation of blocked domain states15 when decreasing the field from saturation, i.e. by systems of Néel-type
domain walls that are stabilised by dipolar interaction.
The blocking mechanism in this sample is discussed in
detail by Zehner et al. in Ref. [33], where the method, described here was utilised to explore the anisotropy change
upon the electro-chemical reduction of the surface oxide
in FeO/Fe thin films.
In addition to its many advantages when compared to
Vibrating Sample Magnetometry, our advanced MOKE
magnetometry technique to obtain Hc and Mr /Ms angular dependencies, has further benefits: While VSM is
an integral technique capturing the whole specimen at
once, in MOKE magnetometry local sample areas can
be addressed independently. If applied in a wide-field
Kerr microscope, like in our case, the size of the area of
interest can be chosen freely with ranges of centimetres
or micrometers20 , making it a very versatile and flexible
method. Furthermore, complex equipment for sample
manipulation can be easily added.
As an example we demonstrate the manipulation of the
easy axis direction in NiFe thick films by the application
of tensile stress. When nominally comprised of a 80%
nickel and 20% iron composition, this alloy, commonly
known as Permalloy, is notable for its high magnetic permeability and a rather low magnetostriction constant36 .
However, small deviations from the aforementioned stoichiometry, various annealing procedures, and even different film thicknesses can lead to much larger values
of magnetostriction37,38 . This in turn would make the
magnetic anisotropy direction more sensitive to applied
mechanical stresses.
A 100 nm thick Permalloy film was deposited onto a
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250 µm glass slide via DC magnetron sputtering and then
diced into a 2 cm x 0.5 cm rectangles and mounted onto
the sample holder shown in Fig. 1(c), such that the y-axis
coincides with the top edge of the copper wedge. Given
that the sample holder acted as a 3-point bending fixture, the area of interest was localized to the region of
the sample directly above the aforementioned moveable
copper wedge tip. Initially, no stress was applied and the
angle-dependence of remanence, Mr /Ms , was measured
(black squares in Fig. 6). This curve demonstrates a welldefined uniaxial anisotropy oriented at 70◦ with respect
to the x -axis. Then by moving the copper wedge upwards
[compare Fig. 1(c)] the substrate is forced to bow upward,
resulting in a tensile stress along the x -axis. The Mr /Ms
vs angle dependence was measured again (red circles in
Fig. 6) and it can be seen that the orientation of the
uniaxial anisotropy axis has changed following the tensile stress direction of the film. We can conclude that
the magnetostriction constant of our NiFe film is positive rather than zero. In principle it should be possible
from such stress measurements to derive the local size
of the magnetostriction constant15 , possibly caused by
composition fluctuations, which would not be possible
by integral magnetometry methods.

V.

CONCLUSION

In this work, we have theoretically analysed the contrast generated in a wide-field Kerr microscope, especially its dependence on the polarisation of light and the
plane of incidence, and verified it experimentally. An
analytical expression for the magnetisation reconstruction along the direction of an externally applied field was
derived. This allowed us to develop a fully automated
method for the measurement of magnetisation reversal
loops in magnetic films with in-plane anisotropy without any mechanical adjustment of the system or sample
displacement. The subsequent analysis of the angular dependencies of the coercive field and remanent magnetisation provides insights into the magnetic anisotropy of
the film. Although the method is experimentally not
restricted to magnetic films, it should be granted that
the magnetization does not change across the thickness
if bulk specimens are investigated. The applicability and
functionality of the technique was demonstrated on an
FeO/Fe thin magnetic film, which is dominated by a uniaxial anisotropy. Besides, we introduced a sample holder
that allows for the application of mechanical stress and
demonstrated its applicability to the stress manipulation
of the anisotropy direction using a NiFe thin film as an
example.
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APPENDIX
A.

Reconstruction of magnetisation projection on field direction

The reconstruction of the magnetisation projection on the field direction is based on Fig. 3. The sensitivity directions, Sx and Sy , close to the x- and y-coordinate axes are defined by the angles α and β, which are known from the
experiment. To remain general we allow both sensitivities to deviate from the plane of incidence. If the measured
magnetisation vector has the coordinates M(x0 , y0 ), the projections of the magnetisation vector on the sensitivity
directions are given by MSy (xL , yL ) = MSy (MSy cos β, MSy sin β) and MSx (xT , yT ) = MSx (MSx cos α, MSx sin α).
The goal is now to find the projection of the magnetisation vector M on the field direction, i.e. MH (xH , yH ). For the
first step, we have to reconstruct the magnetisation vector M(x0 , y0 ). The equations of straight lines perpendicular
to the directions of sensitivity at each passing point (xL , yL ) and (xT , yT ) are:
y⊥T (x) = −

1
L
(x − xT ) + yT and y⊥L (x) = −
(x − xL ) + yL .
tan α
tan β

(A.1)

9
These two lines are crossing each other in one point (x0 , y0 ), thus
1
xT
x0
xL
x0
1
(x0 − xT ) + yT = −
(x0 − xL ) + yL =
−
+ yT =
−
+ yL ⇒
y0 = −
tan α
tan β
tan α tan α
tan β
tan β


1
xl
xT
1
−
=
−
+ (yL − yT )
⇒ x0
tan β
tan α
tan β
tan α
Substituting the direct coordinates of MSy (xL , yL ) and MSx (xT , yT ) leads to:



MSy cos β
1
1
MSx cos α
x0
−
=
−
+ MSy sin β − MSx sin α ⇒
tan β
tan α
tan β
tan α

MSy cos2 β
sin α cos β − cos α sin β
MSx cos2 α
⇒ x0
=
−
+ MSy sin β − MSx sin α ⇒
sin α sin β
sinβ
sinα
sin(α − β)
1
⇒ x0
=
(MSy cos2 β sin α − MSx cos2 α sin β + MSy sin2 β sin α − MSx sin2 α cos β) ⇒
sin α sin β
sin α sin β
⇒ x0 sin(α − β) = MSy sin α(cos2 β + sin2 β) − MSx sin β(cos2 α + sin2 α) ⇒


MSy sin α − MSx sin β
⇒ x0 =
sin(α − β)

(A.2)

(A.3)

and
1
1
cos α
(x0 − xT ) + yT = −
(x0 − xT ) + yT =
(MSx cos α − x0) + MSx sin α =
tan α
tan α
sin α
1
1
=
(MSx cos2 α − x0 cos α + MSx sin2 α) =
(MSx (cos2 α + sin2 α) − x0 cos α) =
sin α
sin α
M sin α−MSx sin β
MSx − l sin(α−β)
cos α
MSx sin(α − β) − MSy sin α + MSx sin β cos α
− x0 cos α
=
=
=
sin α
sin α
sin αsin(α − β)


MSx sin α cos β + MSx cos α sin β − MSy sin α + MSx sin β cos α
MSx cos β − MSy cos α
=
=
sin αsin(α − β)
sin(α − β)

y0 = −

=

MSx

(A.4)

Finally, we need to derive the length of the projection of the magnetisation vector M(x0 , y0 ) on the field direction.
And again this can be achieved by writing down the expression for the straight line, perpendicular to field direction
and passing through the point M0 (x0 , y0 ):
1
y⊥H (x) = −
(x − x0 ) + y0 .
(A.5)
tan ϕ
This line, being projected to the field direction yH = x tan ϕ, crosses the field direction in the point MH (xH , yH ):
(
yH = − tan1 ϕ (xH − x0 ) + y0
xH
x0
−
+ y0 = xH tan ϕ ⇒
⇒
tan ϕ tan ϕ
yH = xH tan ϕ
(A.6)




x0 + y0 tan ϕ
x0 + y0 tan ϕ
xH =
tan ϕ .
and yH = xH tan ϕ =
tan2 ϕ + 1
tan2 ϕ + 1
p
2 . As in Kerr microscopy we
The searched magnetisation projection on the field direction is then |MH |= x2H + yH
rely on the relative magnetisation (m = M/Ms ), the magnetisation projections on the sensitivity directions should
be normalised to the saturation values in the applied field direction: MSy = ISy cos(β − ϕ) and MSx = ISx cos(ϕ − α),
where ISy and ISx are directly obtained from the image intensities along the loops for corresponding complimentary
sensitivities, normalised to 1. The final expression to derive the relative magnetisation along the field direction,
normalised to the saturation magnetisation, is then
q
|MH |
2
= x2H + yH
, with
MSat




x0 + y0 tan ϕ
x0 + y0 tan ϕ
xH =
and yH =
tan ϕ (A.7)
tan2 ϕ + 1
tan2 ϕ + 1




ISx cos(ϕ − α) cos β − ISy cos(β − ϕ) cos α
ISy cos(β − ϕ) sin α − ISx cos(ϕ − α) sin β
x0 =
and y0 =
.
sin(α − β)
sin(α − β)
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