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Abstract

A new combination of different vectorial magnetometry techniques using magnetooptic Kerr ef-

fect is described. The processing of the experimental data contains the separation of linear and

quadratic parts of the magnetization curves and determination of all three components of the

magnetization vector in units of Kerr rotation without any normalization to the saturation values.

The experimental procedure includes measurements with parallel and perpendicular polarized in-

cident light and an external magnetic field parallel and perpendicular to the plane of incidence of

light. The determination of the complex Kerr amplitude and the theoretic description of the data

processing in assumption of small angles of incidence and also for larger angles of incidence using

adequate scaling to the mean saturation value validate this vectorial magnetometry method. In

case of an absent out-of-plane component of the magnetization vector, the complete reversal pro-

cess can easily be reconstructed and interpreted by mono domain states and domain splitting. The

measurement procedure and the processing of the data is demonstrated for an ultra thin epitaxial

Fe film on MgO(001).
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I. INTRODUCTION

The magnetooptic Kerr effect (MOKE) discovered by John Kerr1 and reported in 1877

is a powerful tool for analysis of magnetic properties of ferromagnetic samples. Incident

linear polarized light is reflected from a surface of a magnetized sample. The reflected light

is elliptically polarized and its main axis is rotated with respect to the incident polarization.

The angle of rotation and the amount of ellipticity depend on the magnetization of the

sample. Thus, after analyzing the reflected light, sample properties like magnetic anisotropy,

magnetic domains and the magnetization reversal process can be determined. The first

MOKE investigations on thin magnetic films were reported in 1985 by Moog and Bader2.

Henceforward, MOKE has become an important analysis tool for investigations on thin

magnetic films.

One interesting application for MOKE is vectorial magnetometry, abbreviated vector

MOKE. The different components of the magnetization vector can be separately determined

by this MOKE technique. There have been several possibilities used to realize this. Either

the alignment of the external magnetic field was kept constant and the adjustment of the

optical components had to be changed3,4 or the optical components were not modified and

the direction of the external magnetic field had to be varied5,6. In this work both methods

are combined to have some advantages described below. For a review of the methods used

so far some vectorial magnetometry experiments are shortly described.

Florczak and Dahlberg reported on measurements of the in-plane magnetization compo-

nents with longitudinal MOKE (LMOKE) and transversal MOKE (TMOKE)3. LMOKE is

generated by the in-plane component of the magnetization parallel to the plane of incidence

of light and TMOKE is caused by the in-plane component of the magnetization perpendicular

to the plane of incidence of light. The last magnetization component (out-of-plane) generates

polar MOKE (PMOKE). Both LMOKE and PMOKE cause a change of polarization of the

incident light, while TMOKE changes the intensity of incident parallel polarized light, but

no change of polarization.

Usually, the magnetization in thin films is energetically preferred to be in-plane due to

the magnetic shape anisotropy. Therefore, an additional signal of the PMOKE can often

be neglected. Although the determined Kerr signal for each magnetization component is

proportional to its generating magnetization component, the proportionality factors between
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Kerr signals and magnetization components are different. Therefore, the two Kerr signals

of the in-plane components (change of polarization for LMOKE, change of intensity for

TMOKE) can only be compared qualitatively, but not quantitatively. For example, an

exact in-plane magnetization vector cannot directly be reconstructed from the measured

data.

A possible solution to determine the relation between the separate components of the

magnetization vector is to normalize the Kerr signals to their saturation values as reported

by Vavassori7. Therefore, either an external magnetic field in the direction of each measured

component is needed to saturate the magnetization signal or the saturation value has to

be estimated by other measurements and calculations. Vavassori combined both methods:

The external magnetic field is applied for both in-plane components and the calculation

is done for the out-of-plane component to reconstruct the complete magnetization vector

in dependence of the external magnetic field7. Although this technique is very successful

to determine the magnetization for one specific sample, it has the drawback that different

samples can only be compared qualitatively due to the normalization to the saturation

magnetization.

Another method to obtain the in-plane magnetization components is described by Daboo

et al.5. Both components are determined with LMOKE. For one of them the external

magnetic field is parallel to the plane of incidence of light. For the other one the sample

and the external magnetic field is rotated by 90◦. Thus in the latter case, the magnetization

component perpendicular to the external magnetic field generates the LMOKE (change of

polarization). So, the signals of both in-plane components are obtained with LMOKE and

therefore, they are directly comparable without any normalization. Thus, the complete

reversal process of the magnetization can be reconstructed and different samples can be

compared quantitatively in units of Kerr rotation, only if the out-of-plane magnetization

component can be neglected.

If the latter assumption cannot be applied, the out-of-plane component also contributes

to the polarization of the detected light and the experimental data may be misinterpreted.

The in-plane and out-of-plane components of magnetization, however, can be separated

combining signals from parallel (p) and perpendicular (s) polarized incident light. The sum

of the signals delivers the out-of plane component and the difference provides the in-plane-

component parallel to the incidence plane of light7.
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In this work, we built up a vector MOKE setup to determine all three components of the

magnetization vector without normalization to the saturation values and with quantitative

comparability in units of Kerr rotation. Therefore, we use a combination of both vector

MOKE techniques described above. The components of the magnetization vector, which

cause both the LMOKE and the PMOKE are measured with s- and p-polarized light7. The

third component is measured by a 90◦ rotation of the sample and of the external magnetic

field5. If the out-of-plane component cannot be neglected, the PMOKE is also detected

in this case. In order to separate these two components, again measurements with s- and

p-polarized light are performed.

In addition, MOKE of the second order in magnetization is detected and included into the

analysis. The first theory due to this quadratic MOKE (QMOKE) was proposed in 1965 by

Metzger et al.8 and the first measured magnetization curve including QMOKE was reported

in 1990 by Zhong et al.9,10 for Ni-Fe bilayers without the knowledge that it was a quadratic

effect in magnetization. Further investigations on QMOKE are reported for Fe films on

MgO11, Mo/Al2O3
4, Au/Fe/GaAs12 and Ag/Au/GaAs/Ag13. Also the magnetization curves

of Co films4,14 and Co-based Heusler alloys15,16 are influenced by QMOKE.

Since vector MOKE is based on linear MOKE, quadratic contributions to the measured

MOKE data have to be separated to determine the magnetization vector from the linear

part of the MOKE curves. Exemplary vector MOKE studies on a 7 nm Fe film deposited

on MgO(001) are reported in this work. The separating of the linear and quadratic part of

the magnetization curves is shown and the analysis of the curves including domain splitting

and reconstruction of the magnetization vector is demonstrated. A theoretic description of

the data processing for cubic and tetragonal crystal structures is added to show that this

vectorial magnetometry method is valid even for films with tetragonal distorted unit cells.

II. EXPERIMENTAL MOKE SETUP AND DATA PROCESSING

The used MOKE setup pictured in Fig. 1 contains a He-Ne Laser with a wavelength of

λ = 632.8 nm, a polarizer at 0/90◦ (p/s-polarized) and a photoelastic modulator (PEM)

with a modulation frequency of f = 50 kHz. After converting the polarization signal into an

intensity signal by an analyzer (polarizer at 45◦), the signal was detected by a photo diode.

The measured intensity of the 2f -signal (sensitive to the Kerr rotation) was obtained using
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the lock-in technique with the modulation frequency as reference signal. The magnetization

curves were measured by varying the external magnetic field µ0H between -130 mT and

+130 mT with bigger intervals for higher magnetic field values close to the saturation mag-

netization and smaller intervals for a lower magnetic field to detect the reversal process of

the magnetization in more detail. Thus, the characteristic steps during the reversal process

of the hysteresis can be better identified. The applied magnetic field was determined by a

Hall probe.

The measured intensity signal was calibrated to the Kerr angle by small simultaneous

rotation of modulator and analyzer. The rotation angle of the optic components is similar

to the rotation angle of the polarization of the reflected light induced by the Kerr effect.

Thus, this angle can be related to the change of intensity. The external magnetic field is

kept constant during calibration to saturate the magnetization.

Two coordinate systems are defined in Fig. 1. The laboratory frame of reference is

denoted x1, x2, x3 with x1 and x2 in-plane aligned perpendicular and parallel to the plane

of incidence of light, respectively. The x3-axis is out-of-plane and parallel to the plane of

incidence of light pointing into the sample. The components of the magnetization vector

can here be described by M1, M2, and M3. The crystal frame of reference is defined as x′
1,

x′
2, x′

3 with x′
1=Fe[100], x′

2=Fe[010] and x3=x′
3=Fe[001] of the Fe crystal lattice. Here, the

magnetization vector is described by M
′

1, M
′

2, and M
′

3. This coordinate system is used in

the Appendix A to present the validity of the processing. The azimuthal sample angle α

is the angle between x2 and x′
2 (rotation angle of the sample with respect to the plane of

incidence of light). The positive s-direction of the linear polarized light is aligned in the

x1-direction. The positive p-direction is defined so that s, p, and direction of propagation

of light are right-handed.

In Fig. 2 the measurement procedure and the processing of the data are demonstrated.

A theoretical description of this processing is presented in the appendices. The complex

amplitude of the Kerr rotation including the second order in magnetization is calculated in

Appendix A. In Appendix B it is shown that the processing of the measured data is valid also

for non-vanishing out-of-plane magnetization component and second order contributions.

Magnetization hysteresis curves for one complete sample rotation denoted by the az-

imuthal sample angle α are measured with different orientation of the external magnetic

field (parallel and perpendicular to the plane of incidence of light) and with different po-
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larization of the incident light (s and p). The achieved four data sets are indicated with

rectangles in Fig. 2. The further data processing (rhombi) include separation of odd and

even parts of the curves to extract the linear and quadratic parts of the magnetic process.

The different intermediary results are indicated with ellipses. The different steps are labeled

with the numbers of the figures in this article and with the equations in Appendix B.

In order to obtain a sufficient large LMOKE signal, the angle of incidence of 45◦ was

chosen. For smaller angles of incidence the LMOKE signal decreases and the PMOKE signal

increases. Because of the different reflection coefficients for s- and p-polarized light at an

angle of incidence of 45◦ the measured Kerr effect signals are of slightly different magnitude.

Therefore, the linear parts of the hysteresis curves are scaled to the mean saturation value

between s- and p-polarized light using the scaling factors kp and ks (cf. Fig. 2). A detailed

definition of kp and ks can be found in Appendix B. These factors are determined from the

mean saturation value of the curves obtained with external magnetic field parallel to the

plane of incidence of light. The difference and the sum of the scaled linear curves result

in the components of the magnetization vector M1, M2 and M3. Thus, the comparability

of different samples is verified because the hystereses are not normalized to the saturation

values.

In case of M3 = 0 (no out-of-plane component), the magnitude of the magnetization

vector and its azimuthal rotation angle with respect to the direction of the positive external

magnetic field can easily be determined. Thus, the complete reversal process can be pictured

directly in a polar plot of the magnetization vector. The complete calculation of the mag-

netization vector from the experimental data including the separation of the linear MOKE

and the quadratic part of the magnetization curves is performed by an in-house developed

analysis software named MOKE Analyzer17.

III. SAMPLE PREPARATION AND STRUCTURAL PROPERTIES

The Fe film used for exemplary studies was assembled by molecular beam epitaxy (MBE)

in a high vacuum chamber at room temperature. Using electron beam bombardment Fe was

sublimated from a rod by heating (applied voltage 1 kV). The Fe deposition rate amounted to

1 nm/min at normal incidence. During evaporation the pressure in the preparation chamber

was p = 10−7 mbar (base pressure 10−8 mbar).
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Before film preparation, the MgO substrate was annealed up to 1000 K for 12 h to ob-

tain a clean and well ordered surface. X-ray photoelectron spectroscopy (XPS) was used to

check for contamination. After cooling down the substrate with a cooling rate of 5 K/min

the quality of the MgO(001) surface structure was tested with low energy electron diffrac-

tion (LEED). The quality of the deposited Fe film was also approved by LEED and XPS.

Thereafter, the Fe film was capped by amorphous Si to avoid oxidation after transfer to

ambient conditions to perform the MOKE studies.

The film thickness and structure were also determined ex-situ by X-ray reflectivity (XRR),

X-ray diffraction (XRD) and grazing incidence X-ray diffraction (GIXRD). The measure-

ments were performed at HASYLAB (DESY, Hamburg, Germany) by synchrotron radi-

ation in ϑ − 2ϑ scattering geometry at beamline W1 with a photon energy of 10.5 keV

(λ = 1.18 nm).

These structural techniques confirm the well-known epitaxial properties of Fe on MgO(001)18.

Fe grows in the bcc structure and the cubic Fe unit cell is 45◦ rotated in-plane to the cubic

rock salt unit cell of the MgO(001) substrate, so Fe[100] ‖ MgO[110] and Fe[001] ‖ MgO[001].

The thickness of the Fe film studied here is 7 nm and its vertical lattice constant a⊥ amounts

to 2.83 Å, which is 1.4% less than the bulk value of 2.87 Å. This is caused by a tetragonal

distortion of the Fe film due to its lateral expansion of 1.0% (a‖ = 2.90 Å). Although this

tetragonal distortion is relatively small, we probed the validity of the presented data process-

ing for cubic and tetragonal crystal structure in the appendices. At the end of Appendix B

it is proved that a tetragonal crystal structure can be analyzed the same way as a cubic

one. So, the introduced data processing is valid in both cases. Additional structural details

of the exemplary Fe/MgO sample will be published elsewhere.

IV. VECTOR MOKE RESULTS

An exemplary measured magnetization curve of the Fe film is shown in Fig. 3. The mea-

surement was performed with s-polarized incident light and external magnetic field parallel

to the plane of incidence of light. The curve is separated into an even and an odd part.

The even part includes an offset, originating from two sources, the offset coming from the

experimental setup and the offset from the contributing QMOKE itself. The offset coming

from the experimental setup is generated e.g. by small movement of the laser spot on the

7



photo diode after rotating the sample. In principle, it can be separated from the QMOKE

offset by sets of measurements, applying an external magnetic saturation field in eight dif-

ferent directions while the sample position is fixed15,19. Since only the linear part of the

magnetization curve is important for vectorial magnetometry, we concentrate on the odd

part of the magnetization curve which equates this linear part in case of no exchange bias

effects. The curve represents the typical hysteretic behavior as shown in the inset of Fig. 3

which focuses on small magnetic field strength.

Using Eq. (B3) for the linear part of the magnetization curves for s- and p-polarized

light the in-plane components of the magnetization vector can be determined. In case of

the external magnetic field parallel to the plane of incidence of light and to a magnetic hard

in-plane axis of the sample magnetization curves for s- and p-polarized light are shown in

Fig. 4(a). The difference and the sum of both signals with different polarizations result in

M2 and M3 as pictured in Fig. 4(b). Since the out-of-plane component M3 does not exist

during the entire reversal process, we can describe the complete reversal process using only

the in-plane components M1 and M2.

To check the validity of this calculation with a present out-of-plane component, the

external magnetic field is rotated by 28◦ with respect to the sample surface to induce a non-

vanishing component M3. The incident angle is reduced to 0.2◦ off the normal of the sample

surface to get a larger PMOKE signal and to decrease simultaneously the LMOKE signal. In

Fig. 5(a) the magnetization curves for s- and p-polarized light are pictured. Small hysteresis

shapes are still present combined with a linear slope due to a part of the external magnetic

field in out-of-plane direction. The curve of the resulting M2 component (Fig. 5(b)) shows

a typical hysteresis, but the amount of Kerr rotation is reduced due to the small incident

angle. The M3 component does not vanish as it is the case for the set-up with only in-plane

external magnetic field (compare Fig. 4(b)). This behavior points to the existence of a forced

out-of-plane component M3. Going back to the first set-up and the measurements of Fig. 4,

thus, we proved that the M3 component is negligible.

Magnetization curves of different azimuthal directions α are measured, too. After sepa-

rating linear and quadratic part M1 and M2 are obtained from s- and p-polarized signal. In

Fig. 6 curves are shown for (a) magnetic easy axis, (b) 5◦ off the magnetic hard axis and

(c) magnetic hard axis of the sample. Please, note there is still a small difference (< 1◦)

between the measured direction indicated ’magnetic hard axis’ and the real magnetic hard
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axis due to small misalignment of the sample.

All curves for M2 have the same Kerr rotation for the magnetic saturation of about

72 mdeg, but they differ in the shape of the hysteresis loop. They also vary in the number

of magnetization steps for each branch during the reversal process and in the magnitude of

the magnetic remanence (magnetization for zero external magnetic field). On the one hand,

for the magnetic easy and hard axis only one step in the magnetization curve is observed.

On the other hand, for the direction 5◦ off the magnetic hard axis two steps are obtained

as shown in the inset of Fig. 6(b). The magnetic remanence of the magnetization curves is

large in a magnetic easy axis and small in a magnetic hard axis.

Also, the shape of the curves for M1 in Fig. 6 varies for the different directions. In

magnetic easy direction nearly no M1 component is detectable during the entire reversal

process as shown in Fig. 6(a). In magnetic hard direction and 5◦ off the magnetic hard

axis a M1 component is obtained, but the shape of theses magnetization curves differs for

both crystallographic directions. For example, the coercive field is much smaller for the

magnetic hard direction compared to the direction 5◦ off the magnetic hard axis. The Kerr

rotation for the magnetic saturation vanishes for the magnetic easy as well as hard axis,

but for the direction 5◦ off the magnetic hard axis a Kerr rotation is still present. Effects

like unsaturated magnetization vector or linear background from optical components due to

stray field is ruled out as the loops in Fig. 6(a) and (c) do not have this offset.

Magnetization hystereses for many different crystallographic directions (azimuthal sam-

ple angle α) have been recorded to obtain more detailed information. In Fig. 7 the magnetic

remanence of several in-plane directions for the M1 component (circles) and the M2 com-

ponent (squares) is plotted against the azimuthal sample angle α. The observed fourfold

magnetic anisotropy originates in the cubic crystal structure of the Fe bcc lattice20. Com-

bining both curves in Fig. 7 one can detect four nearly perfect circles. This nice indication

of the fourfold magnetic structure is due to sine and cosine characteristic for the projection

of ~M in magnetic remanence to the direction perpendicular and parallel to the plane of

incidence of light, respectively. The directions with low magnetic remanence for M1 and

large magnetic remanence for M2 are due to the magnetic easy axes, which equate to the

[100], [010], [1̄00], and [01̄0] directions of the Fe bcc lattice. The magnetic hard axes (low

magnetic remanence for M2 and large magnetic remanence for M1) equate to the [110], [1̄10],

[1̄1̄0], and [11̄0] directions, respectively.
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For the reconstruction of the reversal process the magnitude | ~M | =
√

M2
1 + M2

2 and the

azimuthal rotation angle γ = arctan (M1/M2) of the in-plane magnetization vector ~M are

calculated with respect to the positive external magnetic field, since the out-of-plane M3

component is absent due to the magnetic shape anisotropy as proved by our analysis.

In Fig. 8 the dependence of the magnitude | ~M | on the external magnetic field is shown for

the three crystallographic directions introduced above. The numbers in the curves denote

the sequence of the reversal process. The saturation values of all curves amounts to 72 mdeg

(sequences no. 1, 3, 4 and 6 in Fig. 8). This is in agreement to the saturation value of the M2

component, because in magnetic saturation the magnetization vector should be parallel to

the external magnetic field. Notice, that the magnitude for the direction 5◦ off the magnetic

hard axis exhibits the same saturation value as in case of the other loops, although in this

case the M1 component is not saturated.

During the reversal process | ~M | is nearly constant for stronger magnetic fields. For lower

magnetic fields, however, sharp decreases are observed (sequences no. 2 and 5 in Fig. 8(a)-

(c)). For the magnetic easy axis one sharp drop for each branch at ±1.0 mT with nearly

vanishing magnetization is obtained (inset in Fig. 8(a)). The curve for the direction 5◦

off the magnetic hard axis contains two drops for each branch at ±0.8 mT and ±3.5 mT.

Here, the minimum magnetization is approximately 1/
√

2 times the saturation value (inset

in Fig. 8(b)). In magnetic hard direction one drop for each branch occurs. The critical

magnetic fields of ±0.8 mT for these sharp decreases of the magnetization are comparable

to the one in magnetic easy direction. The minimal value of the magnetization, however,

is higher than for the easy direction (inset in Fig. 8(c)). Additional to the drops slowly

decreasing magnetization is observed between -50 mT and +50 mT for the magnetic hard axis

(sequences no. 1b, 3a, 4b and 6a in Fig. 8(c)). This behavior is related to the transition from

magnetic mono domain state into magnetic multi domain state with different magnetization

orientations. Therefore, the resulting averaged magnetization vector is smaller in this case.

The azimuthal rotation angle γ of the magnetization vector ~M , which is defined as the

angle between sample magnetization and positive external magnetic field direction, is pre-

sented in Fig. 9(a)-(c) during the reversal process for all three crystallographic directions

described above. The labeling of the curves is equivalent to the labeling in Fig. 8(a)-(c).

By definition, the reversal process starts in saturation at γ = 0◦ (sequence no. 1 in Fig. 9)

with magnetization parallel to the external magnetic field except for the direction 5◦ off the
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magnetic hard axis (Fig. 9(b)). Here, the magnetization is initially tilted by γ = 9◦ with

respect to the applied external magnetic field due to the offset in saturation for the M1

component in Fig. 6(b).

During the switching of polarity of the external magnetic field the magnetization rotates

by 180◦ with a steep step for the curves of the magnetic easy and hard axis (sequence no. 2

in Fig. 9(a) and Fig. 9(c)). Decreasing the external magnetic field for the 5◦ off direction,

first the magnetization slips to the direction of one magnetic easy axis (dashed line for 45◦).

This rotation is followed by two steep 90◦ steps to other magnetic easy directions (sequences

no. 2a and 2b in Fig. 9(b)), before the magnetization rotates towards the direction of the

external magnetic field for large strength of the reversed magnetic field (sequence no. 3 in

Fig. 9(b)). Similar shallow steps occur in the curve of the magnetic hard axis (sequence no.

1b, 3a, 4b and 6a in Fig. 9(c)). Switching back the polarity of the external magnetic field,

the behavior of the magnetization repeats for all magnetic directions until the magnetization

reaches the initial orientation.

Fig. 10 presents a polar plot of the magnetization | ~M(γ)|, in order to illustrate the

complete behavior of the magnetization vector. For comparison to the previous diagrams

the numbers of the sequence of the reversal process are included into the polar graphs, too.

The direction of the rotation is clockwise both for the magnetic easy axis and the hard

axis following the sequence numbers of the reversal process. For the direction 5◦ off the

magnetic hard axis the sense of the rotation is counterclockwise except for the parts where

the magnetization rotates backwards into the direction of the external magnetic field. These

backwards rotating parts are indicated by sequences no. 3 and 6 in Fig. 10(b). If the

external magnetic field is not applied exactly in easy or hard axis the magnetization rotates

towards the closest magnetic easy axis with respect to the direction of the external magnetic

field. Thus, the magnetization in Fig. 10(a) rotates clockwise because the magnetic easy

axis is initially slightly below the direction of the external field. In Fig. 10(b) the magnetic

easy axis at about 42.5◦ is obviously the next one compared with the magnetic easy axis

at −47.5◦. Thus, the magnetization rotates counterclockwise. In Fig. 10(c) the external

magnetic field is in the direction of the magnetic hard axis and so approximately between

two magnetic easy axes. The one at about −45◦ seams to be slightly closer to the direction

of the external magnetic field than the one at 45◦, so the magnetization turns clockwise.
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V. DISCUSSION

The reversal process of the magnetization vector can be interpreted using mono domain

states during maximal magnitude of the magnetization vector and domain splitting if the

magnitude of the magnetization vector decreases. During domain splitting phase in most

cases the magnetic moments of the individual domains are parallel to magnetic easy axes.

In Fig. 11, 12 and 13 the interpretation for the three discussed magnetic directions of the

Fe film is presented. The labeling of the pictures equates the sequence numbers in Fig. 10.

Only the first half of the reversal process is shown, the second half is equivalent due to

two-fold symmetry of the process.

In magnetic easy direction a mono domain state exists until the external magnetic field

vanishes (sequence no. 1 in Fig. 11). After switching polarity of the external magnetic field

and reaching coercive field, two 180◦ domain states with antiparallel magnetization exist

resulting in a vanishing magnetization vector (sequence no. 2 in Fig. 11). During increase

of the reversed external magnetic field, again a mono domain state is generated (sequence

no. 3 in Fig. 11).

If the external magnetic saturation field is 5◦ off the magnetic hard axis a mono domain

state exists initially again. Decreasing the strength of the external magnetic field the mag-

netization rotates towards the closest easy axis (sequence no. 1 in Fig. 12), which is followed

by two 90◦ domain states with magnetization perpendicular to each other caused by the

negative external magnetic field (sequence no. 2a in Fig. 12). The magnitude of the magne-

tization vector is in minimum 1/
√

2 times the saturation value, since half of the magnetic

moments are aligned in one magnetic easy direction and the other half is oriented parallel

to the other closest magnetic easy direction. This magnetization jump is characterized by

a straight line in the polar plot due to simultaneous decrease of magnetic moments in one

magnetic easy direction and increase of magnetic moments in the other magnetic easy di-

rection. Here, the magnetic domains flip sequentially from the first magnetic easy direction

into the second. Thus, the resulting magnetization vector follows a straight line and cannot

be smaller than 1/
√

2 of the saturation value.

Small increase of the external magnetic field generates a second domain splitting into two

90◦ domain states. But in this case the magnetic moments of the domains point to different

easy axes as it is the case for the first domain splitting. The result is the second jump of
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the magnetization vector (sequence no. 2b in Fig. 12). Here again, the characteristic of the

magnetization jump is a straight line in the polar plot due to sequential domain flip. After

further increase of the external magnetic field, mono domain state is again formed (sequence

no. 3 in Fig. 12).

This reversal process is comparable to that one described qualitatively in the literature,

e.g. Daboo et al.21,22 studied one- and two-jump reversal processes and their occurrence

in dependence of azimuthal sample angle and strength of uniaxial anisotropy contributions

for Fe on GaAs(001). In Ref.23 a similar reversal process is shown for FeNi films on glass.

However, in contrast to our measurements there is no straight line characteristic in the polar

plot observed during the switch of the magnetization. This is due to coherent rotation of

the magnetization vector instead of domain splitting. The investigated FeNi films, however,

have a two-fold uniaxial magnetic anisotropy compared to the four-fold magnetocrystalline

anisotropy for Fe on MgO studied here.

In magnetic hard direction the mono domain state is only existing at the start of the

reversal process applying the external magnetic saturation field (sequence no. 1a in Fig. 13).

Domain splitting already occurs, if the external magnetic field is slightly decreased, so that

in magnetic remanence the magnetization vector is composed by magnetic moments parallel

to two different magnetic easy axes (sequence no. 1b in Fig. 13).

Applying negative external magnetic field the magnetic moments of most domains jump

clockwise 90◦ further into the next magnetic easy direction. This jump is again characterized

by a straight line in the polar plot comparable to the case for the direction 5◦ off the magnetic

hard axis. But now there are two simultaneous switching processes. One of them is the flip

of a bigger amount of magnetic domains clockwise from the 315◦ magnetic easy axis to the

225◦ axis, which is schematically shown in the lower part of the polar plot. The second

flip is performed by a smaller amount of magnetic domains counterclockwise from the third

magnetic easy axis (45◦) to the fourth (135◦). This is shown in the upper part of the polar

plot. Summing up the magnetic moments of all domains during this double switch the

resulting minimum of | ~M | is smaller than 1/
√

2 of the saturation value. Here, domains exist

in all magnetic easy directions with four 90◦ domain states (sequence no. 2 in Fig. 13).

Increasing the external magnetic field, only two 90◦ domain states remain (sequence no. 3a

in Fig. 13) and with maximal external magnetic field the mono domain state is reached again

(sequence no. 3b in Fig. 13).
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Compared to the vectorial magnetometry techniques described in the introduction, the

presented technique has some advantages. Since Florczak and Dahlberg3 measured LMOKE

and TMOKE signal, they were not able to set the obtained magnetization components in

relation due to different characteristics of the measured signals (change of polarization for

LMOKE, change of intensity for TMOKE). So the reversal process could only be described

qualitatively. Furthermore, the measurement is restricted to in-plane magnetization. Daboo

et al.5 used LMOKE for measuring both in-plane magnetization components by rotating

both sample and external magnetic field by 90◦. Thus, an in-plane reversal process can

completely be described, but again the method is restricted to in-plane magnetization, while

the technique presented here is also sensitive to the out-of-plane magnetization.

Using different polarizations (s and p) for the incident light the in-plane and out-of-plane

magnetization component can be separated like Vavassori7 reported. Combing the different

directions of the external field and the different polarizations of the incident light one can

separate all three components of the magnetization vector as shown in this article. In most

cases in the literature (e.g. report of Vavassori7) the magnetization curves are normalized to

the saturation magnetization. Here, we present a technique to keep the saturation value in

units of Kerr rotation by scaling the curves to the mean saturation magnetization of s- and

p-polarized signal. Thus, the comparability persists for different samples. Furthermore, this

scaling makes it possible to use larger angles of incidence and the processing is still valid

as shown in the appendices. Even if there are quadratic contributions of the Kerr effect or

tetragonal distortion in the investigated film, the presented method is able to separate the

components of the magnetization vector.

VI. CONCLUSION

In this work a combined vectorial magnetometry technique is presented, which reveals

the complete reversal process of the magnetization vector in units of Kerr rotation. The

method includes separation of linear and quadratic contributions, as well as determination

of all three magnetization components. For this purpose s- and p-polarized incident light

and an external magnetic field parallel and perpendicular to the plane of incidence of light

are used. The curves for s- and p-polarized light are scaled to the mean saturation value

in order to separate the in-plane and out-of-plane components of the magnetization vector,
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even for larger angles of incidence. In comparison to previous vectorial magnetometry tech-

niques the magnetization curves are not normalized to the saturation value. Thus, different

samples can be compared quantitatively in units of Kerr rotation. The reversal processes

are advantageously visualized as polar plots of ~M . For an exemplary thin Fe film of 7 nm

thickness and three typical crystallographic directions the reversal process is reconstructed.

Multi domain states can easily be identified as parts of the reversal process with reduced

magnitude of the magnetization vector. While in magnetic easy direction only 180◦ domain

states occur, in magnetic hard direction and 5◦ off the magnetic hard axis different 90◦

domain states exist. Furthermore, in magnetic hard direction domain splitting proceeds

before the magnetic remanence is reached. The flip process of the magnetization vector

has a straight line characteristic in the polar plot due to sequential flipping of domains

from one magnetic easy axis to the next one. In case of the magnetic hard direction two

simultaneous switching processes occur for different easy axes. This results again in a straight

line characteristic for the magnetization vector, but the minimum magnitude is reduced

compared to the 5◦ off direction.

Therefore, this careful analysis can be used to obtain the reversal process even for more

complex film structures including a present out-of-plane component of the magnetization

vector. Since the proportionality factor in-plane (between complex Kerr amplitude and

in-plane component of magnetization vector) and the proportionality factor out-of-plane

(between complex Kerr amplitude and out-of-plane component of magnetization vector) are

not equal, the reversal process can only be reconstructed in units of Kerr rotation. Up to

now, the method is restricted to cubic and tetragonal crystal structures and exchange bias

effects have to be excluded. Based on the present study, however, experimental methods for

analysis of different crystal structures can be investigated.
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Appendix A: Complex Kerr amplitude including second order effects for cubic and

tetragonal crystal structure

In the following the magnetooptic Kerr effect is calculated using the permittivity tensor

up to second order in magnetization. Furthermore, the complete magnetization vector ~M is

considered including its out-of-plane component.

The magnetooptic Kerr effect for s- and p-polarized incident light can be described by a

complex Kerr amplitude Φs/p which consists of the Kerr rotation Θs/p and the Kerr elliptic-

ity es/p. This complex Kerr amplitude Φs/p = Θs/p− ies/p depends on the complex reflection

coefficients (rss, rsp, rpp, rps) and therefore on the components of the permittivity tensor ǫij.

For magnetic thin films the complex Kerr amplitude for s- and p-polarized incident light is15

Φs = − rps

rss

= As

(

ǫ21 −
ǫ23ǫ31

ǫd

)

+ Bsǫ31 ,

Φp =
rsp

rpp

= −Ap

(

ǫ12 −
ǫ32ǫ13

ǫd

)

+ Bpǫ13 . (A1)

Although this relation was originally derived for film thickness t ≪ λ/(4πN) with the

wavelength λ of the incident light and the refractive index N of the magnetic film, it is also

valid for a general film thickness24. The permittivity of zeroth order of the magnetic film

is ǫd and the complex weighting coefficients As/p and Bs/p depend on the angle of incidence

of light and on the optical surroundings (overlayers, underlayers) of the magnetic film.

The components of the permittivity tensor ǫij depend on the magnetization vector ~M =

(M1,M2,M3). The exact dependence is related to the crystal structure of the magnetic

material in the film. The Kerr amplitude Φs/p was calculated in Ref.15 for cubic crystal

structure, in-plane rotation of the sample and the assumption M3 = 0. Here, we calculate

Φs/p without the assumption of M3 = 0 to show that our data processing can be performed

for each possible orientation of ~M including second order effects. Furthermore, we study

the Kerr effect of tetragonal crystal structure to include films with tetragonal distorted unit

cells. Afterwards, the results are compared with the calculations for cubic crystal structure.

We use the cartesian coordinate system x1, x2, x3 pictured in Fig. 1 which is the laboratory

frame of reference. The x1- and x2-axes are in-plane aligned with respect to the sample

surface and the x3-axis corresponds to the surface normal (out-of-plane) pointing into the

film. The x1-direction is perpendicular and the x2-direction parallel to the plane of incidence

of light. The components M1, M2 and M3 are denoted with respect to the x1-, x2- and x3-
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directions, respectively. Furthermore, a second coordinate system is defined as the crystal

frame of reference which is independent of the position of the sample in the setup. Here, the

Fe[100], Fe[010] and Fe[001] direction of the crystal are parallel to the x′
1-, x′

2- and x′
3-axis of

the cartesian coordinate system of the crystal frame of reference, respectively. The x′
3-axis

is parallel to the x3-axis.

In the laboratory frame of reference each element ǫij of the permittivity tensor ǫ̂ can be

expressed as

ǫij = ǫ
(0)
ij + KijkMk + GijklMkMl + · · · (A2)

using the constant permittivity term of zeroth order ǫ
(0)
ij , the elements Kijk of the linear

magnetooptic tensor K̂, the elements Gijkl of the quadratic magnetooptic tensor Ĝ and the

Einstein summation convention. Furthermore, some general symmetry arguments are valid

which are25

ǫ
(0)
ij =ǫ

(0)
ji ,

Kijk = − Kjik , Kiik = 0 , i 6= j 6= k ,

Gijkl =Gjikl = Gjilk = Gijlk . (A3)

The expressions concerning the crystal frame of reference are now defined as ǫ
(0)′

ij , K
′

ijk

and G
′

ijkl. Eq. (A2) and (A3) are also fulfilled here. Furthermore, for a tetragonal crystal

structure the number of independent tensor elements up to second order in magnetization

is reduced to

ǫ
(0)′

11 = ǫ
(0)′

22 : = ǫd , ǫ
(0)′

33 := ǫd33
,

ǫ
(0)′

ij = 0 , i 6= j ,

K
′

231 = K
′

312 : = K31 , K
′

123 := K12 ,

G
′

1111 = G
′

2222 : = G11 , G
′

3333 := G33 ,

G
′

1122 = G
′

2211 : = G12 , G
′

1133 = G
′

2233 := G13 ,

G
′

3311 = G
′

3322 : = G31 ,

G
′

2323 = G
′

3131 : = G44 , G
′

1212 := G66 . (A4)

Consider that the permutation rules of Eq. (A3) are still valid. This yields to a permittivity

tensor for tetragonal crystal structure of

17



ǫ̂ =

















G11M
′
2

1
+ G12M

′
2

2
+ G13M

′
2

3
+ ǫd 2G66M

′

1
M

′

2
+ K12M

′

3
2G44M

′

3
M

′

1
− K31M

′

2

2G66M
′

1
M

′

2
− K12M

′

3
G12M

′
2

1
+ G11M

′
2

2
+ G13M

′
2

3
+ ǫd 2G44M

′

2
M

′

3
+ K31M

′

1

2G44M
′

3
M

′

1
+ K31M

′

2
2G44M

′

2
M

′

3
− K31M

′

1
G31

(

M
′
2

1
+ M

′
2

2

)

+ G33M
′
2

3
+ ǫd33

















(A5)

where M
′

i denote the components of the magnetization in the crystal frame of reference.

For the azimuthal sample angle α = 0 this matrix is also valid in the laboratory frame of

reference. In order to determine the dependence of the elements of the permittivity tensor

regarding α, the permittivity tensor of the crystal structure has to be transformed using the

rotation matrix

R̂ =













cos(α) − sin(α) 0

sin(α) cos(α) 0

0 0 1













(A6)

keeping the magnetization vector ~M fixed with respect to the laboratory frame of reference.

This is done by rotating the permittivity tensor of zeroth order ǫ̂(0) and both magnetooptic

tensors K̂ and Ĝ independent of ~M using again the Einstein convention and the equations

ǫ
(0)
ij =RimRjnǫ

(0)′

mn ,

Kijk =RimRjnRkoK
′

mno ,

Gijkl =RimRjnRkoRlpG
′

mnop . (A7)

After this rotation ǫ̂(0) and K̂ do not change for tetragonal symmetry. However, the quadratic

magnetooptic tensor Ĝ changes. Only off-diagonal elements of the permittivity tensor are

taken into account for determination of the Kerr effect (cf. Eq. (A1)). Thus, we focus on

the off-diagonal elements of the rotated permittivity tensor up to second order. The result
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using Eq. (A2) for the rotated tensors yields to

ǫ12/21 =

[

2G66 +
∆G

2
(1 − cos (4α))

]

M1M2

− ∆G

4
sin (4α)

(

M2
2 − M2

1

)

± K12M3 ,

ǫ23/32 =2G44M2M3 ± K31M1 ,

ǫ31/13 =2G44M3M1 ± K31M2 . (A8)

Here, the magnetooptic anisotropy parameter ∆G = G11 −G12 − 2G66 is introduced. These

off-diagonal elements are inserted into Eq. (A1) for the complex Kerr amplitude to obtain

the complex Kerr amplitude up to second order in magnetization which is

Φs/p = ± As/p

[

2G66 +
∆G

2
(1 − cos (4α)) − K2

31

ǫd

]

M1M2

∓ As/p
∆G

4
sin (4α)

(

M2
2 − M2

1

)

+ Bs/pG44M3M1

± Bs/pK31M2 − As/pK12M3 . (A9)

So the Kerr amplitude depends on linear terms (which are proportional to M2 and M3,

corresponding to longitudinal and polar MOKE), and second order terms proportional to

M1M2, M2
2 − M2

1 , and M3M1. For cubic crystal structure the number of independent

coefficients is reduced using K12 = K31, G12 = G13 = G31 and G44 = G66 in Eq. (A9).

Appendix B: Theoretic description of the experimental processing

Here, from theoretical point of view, we present the validity of the processing, namely

the separation of linear and quadratic part of the curves as well as the determination of the

separate components of the magnetization vector.

Following the processing of the experimental data in Fig. 2 the odd and even part of the

magnetization curve is separated. For systems without exchange bias it is assumed that the

magnetic reversal can be described by ~Minc

(

~H
)

= − ~Mdec

(

− ~H
)

with the magnetization

vector ~Minc for increasing external magnetic field and ~Mdec for decreasing external magnetic

field. Thus, symmetrization and antisymmetrization of the Kerr amplitude (odd and even

part) result in the linear and quadratic MOKE using15

Φlin/quad =
[

Φinc

(

~H
)

∓ Φdec

(

− ~H
)]

/2 . (B1)
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The Kerr amplitude for increasing and decreasing external magnetic field is denoted by Φinc

and Φdec, respectively. Symmetrization and antisymmetrization of Eq. (A9) neglecting the

terms of higher order mentioned above yields to

Φquad
s/p = ± As/p

[

2G66 +
∆G

2
(1 − cos (4α)) − K2

31

ǫd

]

M1M2

∓ As/p
∆G

4
sin (4α)

(

M2
2 − M2

1

)

+ Bs/pG44M3M1

Φlin
s/p = ± Bs/pK31M2 − As/pK12M3 . (B2)

For small angles of incidence no scaling of the curves is necessary, since the Kerr amplitude for

s- and p-polarized light are of the same values. In that case, As = Ap ≡ A and Bs = Bp ≡ B

can be assumed. Thus, Φlin
s/p can easily be used to obtain the magnetization curves Φ+(M3)

and Φ−(M2) since they are proportional to the components M3 and M2 of the magnetization

vector, respectively7. The result is

Φ+ = −
Φlin

s + Φlin
p

2
= AK12M3

Φ− =
Φlin

s − Φlin
p

2
= BK31M2 . (B3)

In order to determine such curves for larger angles of incidence (as it is the case in this study)

the latter assumption is not valid any more. Nevertheless, scaling the magnetization curves

Φlin
s/p to the mean saturation value Φ+(M3) and Φ−(M2) are still proportional to M3 and M2,

respectively. Applying the external magnetic saturation field Φlin,sat
s/p = ±Bs/pK31M2 is valid

since it is M3 = 0 in magnetic saturation. Thus, the scaling factor ks/p can be described by

ks/p = ±
Φlin,sat

s − Φlin,sat
p

2Φlin,sat
s/p

=
Bs + Bp

2Bs/p

(B4)

where Φlin,sat
s/p are linear Kerr effects in saturation for s- and p-polarized incident light.

Using again Eq. (B3) for the scaled curves ks/pΦ
lin
s/p we obtain

Φ+ = −
ksΦ

lin
s + kpΦ

lin
p

2
=

Bs + Bp

4

(

As

Bs

+
Ap

Bp

)

K12M3 =
Bs + Bp

2
CK12M3

Φ− =
ksΦ

lin
s − kpΦ

lin
p

2
=

Bs + Bp

4

[

2K31M2 +

(

Ap

Bp

− As

Bs

)

K12M3

]

=
Bs + Bp

2
K31M2 .

(B5)
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Thus, Φ+ is proportional to M3 independent of As/p and Bs/p, while Φ− is proportional to

M2 because As/Bs = Ap/Bp = C. This comes directly from the definition of the Kerr effect

as the polar component is Φpol
s/p = As/pK12M3 = ∓rpol

ps/sp/rss/pp, whereas the longitudinal

one writes Φlon
s/p = ±Bs/pK31M2 = ∓rlon

ps/sp/rss/pp. As follows from symmetry arguments and

when s- and p-directions are defined as in Fig. 1, rpol
sp = rpol

ps and rlon
sp = −rlon

ps . Hence,

As/Bs = rpol
ps /rlon

ps = C, Ap/Bp = −rpol
sp /rlon

sp = rpol
ps /rlon

ps = C. All those assumption are

valid independent of the angle of incidence24. Thus, there is no dependence on M3 for Φ−

in Eq. (B5) any more. Hence, it allows to separate polar and longitudinal direction, using

only one scaling, in direction, where it is easier to saturate the sample (in our case here for

in-plane magnetization, but it can be easily generalized for scaling in out-of-plane direction).

However, this is valid in case if complex description of As/p, Bs/p etc. is kept for the

analysis. Hence, to determine the pure M2 signal, one would need to measure the full

complex Kerr effect (both Kerr rotation and Kerr ellipticity). However, in our case here,

we have measured only Kerr rotation, providing Θpol,lon
s/p = ℜ(Φpol,lon

s/p ) = ±ℜ(Bs/pK31)M2 −
ℜ(As/pK12)M3 with the real part ℜ(z) of z. As in general ℜ(As/p/Bs/p) 6= ℜ(As/p)/ℜ(Bs/p),

the relation used for Φ− in Eq. (B5), As/Bs = Ap/Bp, is valid only approximately. For

example, if only Kerr rotation is measured, and if M2 is expressed, then for incidence angle

of 30◦ and 45◦, the ’cross talk’ of M3 to the separated M2 is 18% and 30%, respectively.

This example is numerically calculated for the case of our investigated system Fe(7nm)/MgO,

using the light description inside a multilayer structure26. Although this cross talk may look

large on first sight, one has to keep in mind that the value of the longitudinal Kerr rotation

is about 20% to 30% of the polar one, respectively, as calculated for this particular case.

For determination of the signal proportional to the third component of the magnetization

vector M1 the external magnetic field and the sample have to be in-plane rotated 90◦ clock-

wise. Thus, the coordinate system pictured in Fig. 1 also rotates and the x2-axis becomes

the x1-axis and the x1-axis becomes the negative x2-axis. The whole theoretic description in

this appendix is now valid using M1 instead of M2 and −M2 instead of M1. For the scaling

of the measured curves in this case again the factors ks/p determined for the setup with ex-

ternal magnetic field parallel to the plane of incidence of light are used. The scaling factors

ks/p are the same for the two different alignments of the external field because in both cases

the same Kerr effects occur (LMOKE for the in-plane components M1 and M2, PMOKE for

the out-of-plane component M3). In conclusion, all components of the magnetization vector
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can be determined in units of Kerr rotation.

This separation method is also valid for cubic crystal structure. Here, the number of

independent coefficients is reduced using K12 = K31 in Eq. (B5). So, independent of the

amount of tetragonal distortion, the separation of the signals proportional to M2 and M3

is possible (and separation of M1 and M3 for 90◦ rotated magnet and sample). Only the

proportionality factor between the complex Kerr amplitude and the components of the

magnetization vector changes compared to the case of tetragonal crystal structure. So, all

conclusions are valid for tetragonal and for cubic crystal structure.
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FIG. 1. MOKE setup for the different measurements with s- and p-polarized incident light and

external magnetic field parallel and perpendicular to the plane of incidence of light, respectively.

Furthermore, the definition of the coordinate systems is shown. The laboratory frame of reference

is defined as x1, x2, x3 with x1 and x2 in-plane aligned (perpendicular and parallel to plane

of incidence of light, respectively). The crystal frame of reference is defined as x′
1, x′

2, x′
3 with

x′1 = [100], x′2 = [010] and x3 = x′3 = [001]. The azimuthal sample angle α is the angle between x2

and x′
2.
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FIG. 2. Schematic drawing of the processing (rhombi) of the experimental data (rectangles). The

results (ellipses) are labeled with the numbers of the figures in this article and the equations of the

Appendix B. ‖ , ⊥ denotes parallel, perpendicular to plane of incidence of light, respectively. The

two lower dashed-lined boxes are only valid in case of M3 = 0.
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FIG. 3. Separation of the linear and quadratic part of the measured MOKE signal for a magneti-

zation curve in one of the magnetic hard axes. The measurement was performed with s-polarized

incident light and an external magnetic field parallel to the plane of incidence of light. The inset

is a close-up of the region between -5 mT and +5 mT.
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FIG. 4. (a) The linear part of the magnetization curves measured with incident s- and p-polarized

light for a magnetic hard axis. (b) Determination of M2 and M3 from the magnetization curves in

(a). The out-of-plane component M3 of the magnetization vector does not exist during the reversal

process. The insets are close-ups of the regions between -5 mT and +5mT.
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FIG. 5. MOKE measurement with an induced out-of-plane component of the magnetization vector

due to a rotated external magnetic field by 28◦ with respect to the sample surface and an incident

angle of 0.2◦ off the normal of the sample surface. (a) The linear part of the magnetization curves

measured with incident s- and p-polarized light for a magnetic easy axis. (b) Determination of M2

and M3 from the magnetization curves in (a). The out-of-plane component M3 depends linearly

on the external magnetic field. The insets are close-ups of the regions between -5 mT and +5 mT.
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easy axis

5° off hard axis

hard axis

FIG. 6. Magnetization curves for M1 and M2 for (a) magnetic easy axis, (b) 5◦ off the magnetic

hard axis, (c) magnetic hard axis. The insets are close-ups of the regions between -5 mT and

+5 mT.
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FIG. 7. Magnetic remanence of the M1 component (circles) and of the M2 component (squares)

of the magnetization vector plotted against the azimuthal sample angle α. The yellow dashed

lines denote the magnetic easy axes. Please, note that the third crystallographic direction Fe(001)

points away from the observer.
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FIG. 8. Magnitude of the magnetization vector | ~M | during the reversal process calculated from

the magnetization curves for M1 and M2 shown in Fig. 6 for (a) magnetic easy axis, (b) 5◦ off the

magnetic hard axis, (c) magnetic hard axis. The numbers in the curves denote the sequence of the

reversal process. The insets are close-ups of the regions between -5 mT and +5 mT.
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FIG. 9. Rotation angle γ of the magnetization vector ~M during the reversal process calculated

from the magnetization curves for M1 and M2 shown in Fig. 6 for (a) magnetic easy axis, (b) 5◦ off

the magnetic hard axis, (c) magnetic hard axis. The external magnetic field is aligned in γ = 0◦

and γ = 180◦ direction, respectively (blue dots). The yellow dashed lines denote the magnetic easy

axes of the Fe film. The numbers in the curves denote the sequence of the reversal process.
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FIG. 10. Reversal process of the magnetization vector for (a) magnetic easy axis, (b) 5◦ off the

magnetic hard axis, (c) magnetic hard axis. The magnitude of the magnetization vector | ~M | in

Fig. 8 is plotted against the rotation angle γ of the magnetization vector ~M in Fig. 9. The external

magnetic field is aligned in γ = 0◦ and γ = 180◦ direction, respectively (blue dots). The yellow

dashed lines denote the magnetic easy axes of the Fe film. The numbers in the curves denote the

sequence of the reversal process.
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FIG. 11. Analysis of the reversal process of the magnetization vector with an external magnetic

field parallel to the magnetic easy axis. Lower left corner: Strength of the external magnetic field.

Lower right corner: Possible domain structure. The indication of sequence numbers and lines

equate the labeling in Fig. 10(a).
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FIG. 12. Analysis of the reversal process of the magnetization vector with an external magnetic

field 5◦ off the magnetic hard axis. Lower left corner: Strength of the external magnetic field.

Lower right corner: Possible domain structure. The indication of sequence numbers and lines

equate the labeling in Fig. 10(b).
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FIG. 13. Analysis of the reversal process of the magnetization vector with an external magnetic

field parallel to the magnetic hard axis. Lower left corner: Strength of the external magnetic field.

Lower right corner: Possible domain structure. The indication of sequence numbers and lines

equate the labeling in Fig. 10(c).
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