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ABSTRACT: Magneto-optical Kerr effect (MOKE) microscopy is a powerful imaging technique that can be
employed to study the magnetization reversal of thin films and nanoscale structures. In this work, we describe the
MOKE microscopy which is used to observe nanomagnetic domain structures of Co/Pt multilayers (MLs) and plot
hysteresis loops. We were able to image sub-micrometer size magnetic domains and trace their evolution in a us time
scale with a lateral spatial resolution down to 300 nm. The magnetization reversal for Co/Pt MLs is described by the
expansion of the domains in all directions as dendritic domain wall propagation. For a fixed applied magnetic field, the
evolution with time of magnetic domains started from many centers, then expanded without the appearance of new
nucleated centers. When the applied magnetic field was applied perpendicular to the film plane, a square hysteresis
loop was observed indicating that the film exhibits a perpendicular magnetic anisotropy. For the same material, the
magnetic field needed to nucleate magnetic domains in sub-micrometer size wire is much larger compared to the thin
films. The magnetization decay becomes faster as the applied field is closer to the coercivity of the sample for the thin
films MLs. The domain wall (DW) could be manipulated and pinned in a precise location in a stepped nanowire of
Co/Pt MLs induced by a consistent magnetic field.
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1. Introduction

maging and modeling magnetic micro- and nanostructures are highly desirable due to the large number of

applications in many areas. Most of the techniques used for analyzing lateral magnetic nanostructures are powerful
and highly advanced, and may have special requirements for sample conditions and thus have limitations. The tools
available for imaging magnetic domains are Lorentz microscopy, magnetic force microscopy (MFM), X-ray
photoelectron emission microscopy (PEEM), magnetic transmission X-ray microscopy (MTXM) and Kerr microscopy
to quote only few of them. On the other hand, for sample characterization and signal detection/measurements, a
superconducting quantum interference device (SQUID), the Hall effect, the Bragg-magneto-optic Kerr effect, and
polarized neutron reflectivity (PNR) are commonly used [1-2]. Some of these have limitations and are not compatible
with the study of magnetic response or reversal of magnetization. For instance, the magnetic force microscopy (MFM)
is a high spatial resolution technique to image magnetic nanostructures. However, its main drawbacks are the slow scan
speed, the existence of undesirable tip-sample interaction and limitation to the strength of the applied magnetic field as
the magnetic tip could be affected by the same applied field. Magneto-optical Kerr effect (MOKE) microscopy is an
efficient technique to get detailed and direct insight into the magnetic switching mechanism, as it combines fast
measurements, flexibility, high-sensitivity and non-destruction of the sample [1], [3-5]. An additional advantage of this
technique is mapping the evolution of the magnetization configuration at any magnetic field or electric current. Hence
the idea of building and developing it locally has attracted considerable interest [6]. Its resolution could be enhanced
using a short wavelength, oil immersion objective lens and high-resolution camera.

Magnetic materials based on Co/Pt multilayers (MLs) with perpendicular magnetic anisotropy (PMA) are
promising candidates for ultrahigh density perpendicular recording [7-15] and magnetic random access memory [14-
16] due to their thermal stability in nano-scale devices. It is also easy to adjust these materials intrinsic properties. The
coercivity H., magnetic anisotropy K,, and domain size could be tuned either by varying the bilayer repetitions number
N or the thicknesses of the sublayers. Submicron sized magnetic domains in thin films and nanowires may play an
important role in advanced magnetic storage schemes and thus, their dynamic magnetic properties are being studied
experimentally and theoretically. For instance, the magnetic anisotropy, exchange stiffness and the saturation
magnetization have an essential effect in defining the nature and stability of domain structure. For magnetic memory
applications, as high storage densities are required, it is essential to have the capability to study small magnetic
domains and have an insight into their dynamical behavior.

In the present article, a high-resolution MOKE microscope devoted to studying the magnetization reversal
induced by a magnetic field and magnetic properties for Co/Pt MLs thin films is described. The unique performances
of our set up will be illustrated and demonstrated by studying the domain motion of Co/Pt thin film and nanowire.
Then, and for the same material, we show the possibility of moving and pinning DW by a magnetic field for a stepped
wire, which could open an avenue for high magnetic memory.

2. Experimental

The samples were deposited by direct current (DC)-sputtering in a high vacuum chamber on a thermally oxidized
silicon (SiO2) substrate. The multilayers consisted of [Co (0.3 nm)/Pt(0.8 nm)]. The seed layer was made of Ta (5 nm)
and Pt (3nm) and the capping layer made of 3 nm Pt followed by 5 nm Ta to prevent oxidation. Twelve bilayers
(Co/Pt) were included. The magnetic measurements were carried out using the magneto-optic Kerr effect microscope at
room temperature and indicated that the sample had an easy perpendicular axis. The micro-sized wires were fabricated
by electron-beam lithography (EBL) and direct-write laser (DWL) lithography with a width of 1 um. The wire was
patterned to be a stepped device with six nano-constrictions created by an off-set in x and y directions as described
previously [15]. The wires were connected to a nucleation pad at one end (Figure 4 (a-b)). Figure 1 displays a
schematic diagram of the MOKE microscope set up. The uniform red light is emitted by a high-intensity light-emitting
diode LED (670 nm, 700 mW). The output from the LED is collimated and passes through an aperture to modulate the
size of the light spot. The light is then linearly polarized by a polarizer and passes through a beam splitter to be focused
on the objective lens by using a convex lens (f =12 cm). The light interacts and is reflected by the metallic surface to be
captured again by the objective lens and then passes through the beam splitter. The beam splitter directs the light
through an analyzer to be collected towards a charge-coupled-device (CCD) camera (if the imaging function is
required) by a convex lens. The sample is placed on a holder attached to a high precision mounting stage that enables
shifting the sample with a precision of 0.1 pum. A red laser could replace the LED if hysteresis loop plotting is required
and the light passes in the same path as described above. In the latter case, an optical chopper and a photodiode instead
of the CCD camera are used. In the present polar geometry, the set-up is equipped with an electromagnet under the
sample, which is controlled by a bipolar power supply and provides a magnetic field of up to 300 mT with typical
increment steps of 0.001 mT. The CCD camera, the lock-amplifier and the power supply are controlled by computer.
This configuration allows us to induce the magnetic field whether in-plane or in a perpendicular direction to the sample
surface. Mechanical stability and elimination of vibration are accomplished by using a vibration-free optical table. The
polarizer and analyzer are aligned almost perpendicular to each other.
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Figure 1. A schematic drawing of the MOKE microscope set up.

This configuration yields to a very weak light intensity, hence the 12-bit and highly sensitive charge coupled
device (CCD) camera was used. The direct domain observation was possible for thin film materials without applying
any image process technique.

3. Results and discussion

Magnetization reversal versus external magnetic field (M-H) curves of Co/Pt were measured and magnetic
domains were imaged by MOKE microscopy at room temperature. Figure 2 shows the M-H curves for the film under
in-plane and out-of-plane magnetic fields. When the applied field is in the out-of-plane direction, a clear square
hysteresis loop can be observed. On the other an almost S-like shape of the magnetization versus the applied field is
revealed for the in-plane applied field case. These two curves indicate that the material exhibits a perpendicular
magnetic anisotropy. The magnetization reversal takes place by domain nucleation at a few sites, and is followed by a
fast domain wall motion, as shown in Figure 2(a) from the hysteresis loop and inset Kerr images. From the out-of-
plane M-H curve, the value of the coercive field and the saturation magnetization extracted from magnetometry
measurements are H, = 41 mT and M = 491 emu/cm®, respectively. The perpendicular anisotropy K, = 2.73x10°
erg/cm? for the film was calculated from M-H loops out-of-plane and in-plane using Eq. (1).

M M
Ky, = fo * Uo Hyy am - fo * Uo Hypyp dM (1)

where H;, and H,,. are the in-plane and the out-of-plane magnetic fields, respectively, and u, is the permeability
constant in a vacuum. The domains’ evolution under an applied magnetic field perpendicular-to-plane with different
strengths and their time dependence under a constant magnetic field was performed at room temperature by MOKE
microscopy using high magnification lenses and the images were recorded by a high-resolution camera with a speed of
65 frames/s. The sample was first fully saturated by a large perpendicular-to-plane magnetic field, then retained at the
remanence state (no applied magnetic field) and followed by a reverse magnetic field. The selection of domain images
is presented in Figure 2(c) and Figure 3(a), in which the bright and dark regions correspond to up and down
magnetization states, respectively. It can be seen from Figure 2(c) and Figure 3(a) that the magnetization distribution is
dominated by domain wall propagation as a dendritic structure starting from one small nucleation center, of less than
one micrometer. Both reversals, due to an incremented applied magnetic field or being time-dependent, look similar,
i.e., the domain structures are irregular and the extension of the magnetic domain is along a preferred direction.
Moreover, the nucleation was observed in one center only when the lens magnification is more than 40x, which
suggests that there are relatively few nucleation centers as described above.

From one saturation state to the opposite saturation state, the reversed area was calculated (difference of contrasts). The
magnetization decay from -M; to +Ms was then measured as a function of time. This was repeated for several values of
the applied magnetic field, giving relaxation times less than 300 s. As expected, by increasing the strength of the

126



MAGNETO-OPTICAL KERR MICROSCOPY

applied magnetic field, the magnetization reversal is much faster, but no new nucleation centers were observed Figure
3(b). The change in the magnetization due to the rapid domain wall motion is linked to the quality of interfaces
between Co and Pt sub-layers and the partial spin-polarization of non-magnetic Pt. This behavior is similar to that
observed previously in the Pt(3.4 nm)/Co(1.5 nm)/Pt(6.5 nm) [10].
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Figure 2. (a) Hysteresis loops of (Co/Pt);, MLs in the out-of-plane direction. The 300 pm x 300 pum using x 4
objective lens MOKE images (insert) of the magnetic domains’ nucleation were taken in the beginning of the evolution
(b) Hysteresis loops of (Co/Pt);, MLs in the plane to the surface of the film. (c) MOKE images of magnetic domains’
evolution with the magnetic field using x 40 objective lens; the field was increased in steps of 0.01 mT/s.
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Figure 3. Time-dependent magnetization (a) MOKE images of 10 um x 11 um captured after applying a magnetic
field of 33 mT. (b) Reversed area of the magnetic domains versus time curves plotted after the application of various
reverse magnetic fields.

In the second part of the study, we used the home-built MOKE microscope to image DW position in a stepped
wire. The wire was made of the same material as discussed in the first part of this study Figure 4. The constricted
(stepped) area is very effective in pinning DW in precise positions as reported theoretically [14] and experimentally for
both in-plane and perpendicular anisotropic materials [15-16]. The wire, made of (Co/Pt).;,, was patterned in 50 pm
length and 1 pm width. Along the wire, six nano-constrictions with off-set in x and y directions, represented by A and
d, were created, as can be seen in Figure 4(b), (c). The DW motion could not be observed in the wire under the
application of a magnetic field until the wire was annealed at 300 °C for 30 minutes. The annealing process reduces the
magnetic anisotropic energy for the wire which leads to a low magnetic field, as required to move the domain wall. The
wire was first saturated at 100 mT in the direction perpendicular to the wire plane then a reversal field in continuous
steps of 1 mT was applied in the opposite direction. As described in Figure 4(d), it was possible to stabilize the DW at
each step by a magnetic field in the stepped wire with d = 600 nm and A4 = 0 nm. The positions of DW in the wire were
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captured using the MOKE microscopy described in Figure 1 and the images presented in Figure 4(c) were obtained by
subtracting the actual image from a saturated one (no magnetic domain). To study the movement of DW in the wire by
the magnetic field, we started by first applying -60 mT in the out-of-plane direction, which corresponds to the
nucleation of magnetic domains in the pad. It is important to note that the nucleation magnetic field for the thin film
was 28.4 mT Figure 2(c), which is much smaller than within the pad in the wire. The DW could be moved to the first
step by applying -65 mT. The strong pinning field of DW in the first step requires an applied field of -76 mT to de-pin
it toward the second step. Consequently, the positioning of DW to the third, the fourth and the fifth steps was achieved
by applying magnetic fields of -84, -88 and -90 mT, respectively. Finally, an applied field of -96 mT was needed to
align all the domains in one direction (saturation). Again, it was more than double that required for saturation in the
case of the thin film. This way of controlling DW in the nano-wire could be used for multiple-bit-per-cell memory, as
shown in Figure 4(c). In this example, the device shows eight different states based on nano-constrictions.
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Figure 4. (a) Ilustration of the staggered region with the x and y off-sets represented by A= 0 and d = 600 nm,
respectively. (b) The design of a staggered micro-wire with multi-steps is proposed to control the position of DW. The
length and width of wire were fixed at 50 um and 1 pum, respectively. (¢) MOKE images of a fabricated device with six
pinning regions. The polar MOKE images of different magnetic states at different applied perpendicular magnetic
fields. The device was first saturated using a perpendicular magnetic field of 100 mT, then a reversed field was applied
in the opposite direction to move the DW from one step to another.

4. Conclusion

We have demonstrated the magneto-optical Kerr effect method for visualization of magnetic domain dynamics in
thin films and nanowire of (Co/Pt) multilayers with 12 repeats. This method was used to image and plot the
magnetization reversal process with polar geometry. This study shows that, as the sample size is reduced, there is a
need for a higher magnetic field to nucleate magnetic domains and saturate the magnetization of the sample. From
MOKE images, the magnetization reversal in (Co/Pt).;, multilayers is initiated by small domains randomly distributed
in all directions and evolves with time or magnetic field. We have studied the domain-wall motion using MOKE
microscopy for a stepped nanowire. It is possible to move and block the domain-wall at a precise position within the
(Co/Pt)«1, nanowire for a certain period of time.
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