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We report on magnetic structuring of ColPd multilayer films with strong perpendicular magnetic 
anisotropy by single-pUlse direct laser interference lithography technique. Multibeam laser 
interference generates patterns of various types. The intense laser irradiation at interference maxima 
causes chemical intermixing. at ColPd interfaces, leading to local changes in magnetic properties 
such as the creation of pinning centers and the reduction in the strength of magnetic anisotropy. We 
use magnetic force microscopy and Kerr microscopy to study the magnetization reversal processes 
in the patterned samples and find that the structures show three distinctly different behaviors 
depending on the intensity of the laser used for irradiation. 

I. INTRODUCTION 

Increasing demands for high-density information storage 
media have led to the development of many novel nanofab
rication techniques. They include lithographical methods us
ing electron beam l ,2 or focused ion beam,3,4 
nanoimprinting,2,5 ion-beam milling/mixing,6,7 various meth
ods making use of self-assembly processes,S-lO and many 
others, where one technique is sometimes applied in combi
nation with another. Among all these methods the direct laser 
interference lithographyll-IS (DUL) offers the advantage 
that a large area of a metal film can be homogeneously pat
terned directly without the need of resists, templates, prepat
terns, or large high-cost facilities. 

Alongside this development in fabrication of small-size 
lateral magnetic structures, there have also been a lot of re
search activities aimed to understand and take technological 
advantage of the properties of magnetic heterostructures.19 In 
particular, multilayer materials with perpendicular magnetic 
anisotropy (PMA) are of great technological interest because 
they promise high information density for magnetoelectronic 
devices.z~23 Especially, ColPd multilayers, which are the 
samples studied in the present work, are interesting not only 
from the technological point of view but also with respect to 
fundamental research. Although they have been investigated 
for more than 20 years, there are still debates about the mi
croscopic origin of the PMA in ColPd multilayers. The nalve 
assumption of the symmetry breaking at ColPd interfaces 
being the only cause for the PMA has been shown to be 
obsolete over the past years.z4-27 One important factor influ-
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encing the strength of the anisotropy is found to be of mag
netoelastic nature,2S where the strain at the interfaces can 
originate from many different sources such as layer deposi
tion process,27 lattice mismatch,29 the difference in thermal 
expansion coefficients of Co and Pd, and from the magne
toelasticity of CoPd alloys under stress at the interfaces.30,31 
Other reports show that the strong hybridization between Co 
3d and Pd 4d states at the interface directly correlates with 
the magnitude of the PMA.2S,32,33 

In any case, there is no doubt that the magnetic proper
ties of ColPd, such as the anisotropy, strongly depend on its 
interfacial properties, and therefore, it must be possible to 
tune the magnetic properties of ColPd by modifying the in
terfacial structure and chemistry. It has already been demon
strated that both the structure and chemistry at multilayer 
interfaces can be modified locally in a controlled way using 
either an ion beam6,34-36 or a laser beam. IS In the present 
work, the latter is used in form of single-pulse DLIL to mag
netically structure ColPd multilayer systems with strong 
PMA. It will be shown how their magnetic properties and 
magnetization reversal processes can be tuned locally by 
varying the laser intensity. 

Section II deals with the preparation of the ColPd 
samples, as well as the setup and parameters used for the 
single-pUlse DLIL process. In addition, the as-grown ColPd 
sample is characterized by superconducting quantum inter
ference device (SQUID) magnetometry, atomic force micros
copy (AFM), magnetic force microscopy (MFM), and Kerr 
microscopy. These results are used as reference data to be 
compared to the ones obtained for the structured samples in 
Sec. III where the measurement results are presented and 
discussed. 

11. SAMPLE PREPARATION AND CHARACTERIZATION 

Figure lea) shows the detailed structure of the ColPd 
multi layer samples. These multi layers were fabricated in the 
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FIG. 1. (Color online) (a) The composition and structure of the ColPd 
multilayer system. (b) Hysteresis loops measured for the easy axis (solid/ 
green; perpendicular to the sample plane) and for the hard axis (dotted/red; 
parallel to the sample plane) by SQUID magnetometry. In the inset a mag
nified view of the central part of the loops is shown to facilitate the estima
tion and comparison of the coercivities. 

magnetron sputtering system RACETRACK by OC Oerlikon 
Corporation in Balzers, Liechtenstein. The glass substrate 
was supplied by HOYA Corporation and is of the kind that 
has a very flat and smooth surface and is used in hard disk 
drives. The thin chromium layer works as adhesion promoter 
between the glass substrate and the 120-A-thick palladium 
seed-layer, on top of which 15 repetitions of the ColPd bi
layer are deposited. For protection against oxidation and me
chanical influences from outside, the multilayer is capped 
with a 50-A-thick layer of diamondlike carbon. The bilayer 
composition of Co(2.S A)lPd(S A) ensures the strong 
PMA 25,27 as confirmed by the hysteresis loops in Fig. I (b) 
measured by SQUID magnetometry. 

The MFM image in Fig. 2(a) shows that the as-grown 
sample exhibits an irregular stripe-domain pattern at rema
nence, which is characteristic of ferromagnetic multilayer 
systems with PMA.37-40 The magnetization reversal process 
was studied using Kerr microscopy, which revealed that the 
reversal occurs by domain wall propagation as shown in Fig. 

B 

1.47nm 
3.15 deg 

FIG. 2. (Color online) (a) The topography and domain structure of the 
as-grown sample imaged by AFM and MFM, respectively; the scale bar on 
the right of the AFM and MFM image represents the height contrast scale 
for AFM and magnetic contrast scale (phase shift) for MFM; the rrns
roughness measured by AFM was approximately I nm. (b) The growth of a 
domain by domain wall propagation recorded in three consecutive Kerr 
microscopy images at an external reversal field of -66.8 mT. 

2(b). If the sample is irradiated by a laser, the domain pattern 
at remanence as well as the reversal characteristics will be 
changed due to the alteration of magnetic properties resulting 
from the heat-induced chemical mixing at the interfaces. 
Schuppler et al. 10 demonstrated that such alteration can be 
realized for ColPt multilayers in a controlled way using a 
single-pulse laser. It was concluded that the chemical mixing 
at the interfaces causes an enhancement in saturation magne
tization and a reduction in the strength of PMA. For ColPd 
multilayers, however, we found out in experiments with ho
mogeneously irradiated samples that the irradiation by a 
single laser pulse leads to a small reduction (approximately 
5%) of saturation magnetization and a significant reduction 
in the strength of PMA (approximately 20%-30% ).41 Making 
use of this knowledge we apply single-pulse DLIL to fabri
cate lateral structures on ColPd multilayers and study their 
altered magnetic properties and reversal processes. As 
pointed out earlier, the main advantage of this structuring 
method is that it involves only one single processing step, 
which is the direct laser irradiation of the metal film. In fact, 
this requires a very short period of time (-10 ns) because 
exposure to only one single laser pulse is sufficient for the 
fabrication. 

DLIL was first introduced by Polushkin and 
co-workers." ,42 Later, Aktag et al. 18 applied an advanced 
four-beam interference patterning apparatus, which was used 
to structure ColPt multilayer systems. We use a similar setup 
with a frequency-doubled Q-switched neodymium-doped yt

trium aluminum gamet (Nd:YAG) laser, providing 10 ns 
pulses with a single-pulse energy of 200 mJ at the wave
length of 532 nm. An injection seeder ensures a long coher
ence length. Passing through beam splitters and reflecting off 
several mirrors, the laser beam is split into many beams with 
approximately equal intensities that are directed onto the 
sample surface where they interfere with each other. With 
such a setup, two-dimensional patterns of various types and 
shapes can be generated by changing the number of interfer
ing beams, the angle of incidence, ' and the polarization of 
each beam. For the fabrication of the structures studied here 
only two- and three-beam interference patterns have been 
used. 

Ill. RESULTS AND DISCUSSION 

Figures 3(a)- 3(d) show the simulated two-beam and 
three-beam interference patterns and the AFM images of the 
corresponding real structures on the ColPd multilayer 
samples. As the AFM images in Figs. 3(b) and 3(d) show, the 
localized high intensity at the interference maxima has pro
duced protrusions on the sample surface, which will hereaf
ter be referred to as "hillocks," whereas the surrounding 
lower lying regions will be referred to as "valleys." Figures 
3(b) and 3(d) show regions that were located in the center of 
the irradiated area, where the laser intensity was highest and 
therefore the height contrast is very distinct. We observed 
that the height contrast between the hillocks and the valleys 
gradually decreases from the center toward the rim. This is 
due to the Gaussian intensity profile of the incident laser 
beams used during the structuring process. For the peripheral 
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FIG. 3. (Color online) [(a) and (c)] Simulated two-beam and three-beam 
laser interference pattern, respectively. [(b) and (d)] Topography images 
(AFM) of the ColPd multilayer system structured with two-beam laser in
terference and with three-beam laser interference, respectively. 

regions, the topographical changes in the sample surface 
were much less pronounced, down to and below the detec
tion limit of AFM. However, it will be shown below that the 
magnetic patterning of the sample has still been possible 
even for regions where the topographical changes can hardly 
be seen. 

Using focused polar magneto-optic Kerr effect (MOKE), 
MFM, and Kerr microscopy we studied the magnetization 
reversal processes in regions that had been exposed to differ
ent laser intensities during the patterning process. Here, we 
first show the results from the measurements made for an 
area that was located in the central part of the Gaussian beam 
profile and therefore irradiated at the highest laser intensity 
(see Figs. 4 and 5). We refer to this area as "region I." Mea
suring the hysteresis loop by focused polar MOKE we found 
that the coercivity was greatly enhanced compared to the one 
of the as grown sample [see Fig. 4(a))]. 
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FIG. 4. (Color on line) (a) Focused polar MOKE hysteresis loop and (b) 
MFM micrographs recorded at different remanent magnetizations A-C. The 
measurements were .carried out in a region irradiated at high laser intensity 
(region I). 

FIG. 5. Kerr microscopy images of magnetization reversal in region I. [(a)
(c)] Sample patterned with two-beam interference. [(d)- (f)] Sample pat
terned with three-beam interference. 

Figure 4(b) shows MFM images recorded for different 
remanent states A, B, and C. Before monitoring each rema
nent state by MFM, the sample was first saturated in order to 
have a well-defined initial condition. Then a magnetic field 
of a given strength was applied in the direction opposite to 
the previous saturation field. Our interpretation of the these 
images is that the magnetization reversal is dominated by the 
nucleation of small domains separated and isolated from one 
another in great contrast to the case of the as-grown sample 
shown in Fig. 2(b). 

The MFM offers high resolution magnetic imaging. It 
probes, however, only static remanent states. To obtain 
complementary results, we also applied Kerr microscopy and 
recorded in-field live images of magnetization reversal pro
cesses. For fast image acquisition a lA megapixel charge
coupled device camera providing a maximum frame rate of 
30 fps was used. The Kerr microscopy images in Fig. 5 con
firm the interpretation of the MFM images and, in addition, 
show that the nucleation always starts on the hillocks or in 
the direct vicinity of the hillocks first, i.e., the places that 
were exposed to the interference maxima. The switching of 
the valleys follows hereafter. 

The areas irradiated at lower laser intensities (region II) 
exhibit a quite different switching behavior. The measure
ment results shown in Figs. 6 and 7 have been obtained for 
areas where topographical changes on the sample surface are 
minute. First, the focused polar MOKE hysteresis loops in 
Fig. 6(a) show that also here, the coercivity has increased 
with respect to the as-grown sample, however, to a much 
lower extent than in region I [cf. Fig. 4(a)J. Second, the 
hysteresis curve measured for region IT in Fig. 6(a) has 
abrupt changes in its path, in contrast to the one shown in 
Fig-. 4(a), which is rounder and smoother. This is due to the 
fact that the magnetization reversal in region II is dominated 
by rapid domain wall propagation, which starts abruptly 
when the external field exceeds a certain threshold, whereas 
in region I the number of small isolated domains increases 
rather gradually by many successive nucleation processes. 

The first abrupt change in MOKE signal in Fig. 6(a) is 
found at the nucleation field of approximately -80 mT. This 
initiates the domain wall propagation along the valleys. Fig-
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FIG. 6. (Color online) (a) Focused polar MOKE hysteresis loop and (b) 
MFM micrographs recorded at different remanent magnetizations. The mea
surements we~e carned out in a region irradiated at medium laser intensity 
(region II). The dotted red circles mark the field threshold above which the 
hillocks start to switch. 

ures 7(a)- 7(f) show that the hillocks in region II obstruct the 
domain wall propagation, forcing the domains to grow along 
the valleys. Therefore, compared to the magnetization rever
sal in the as-grown sample, shown in Fig. 2(b), the domains 
in region II grow in a more orderly manner. At approxi
mately -100 mT another abrupt change appears in the hys
teresis. The kink highlighted with a dotted red circle in Fig. 
6(a) results from the fact that the hillocks in region II are 
harder to switch than the valleys. Note that the switching 
order in region II is opposite to the case of region 1. To 
switch the hillocks, the magnitude of the external reversal 
field has to be further increased above another threshold of 
approximately 100 mT at which the domain walls start to 
propagate toward the hillocks, making the minority domains 
in the hillocks shrink and vanish. The MFM images A-C in 
Fig. 6(b) illustrate this process. 

There is another area that we refer to as "region Ill." 
This area was located at the outer rim of the Gaussian beam 

FIG. 7. Kerr microscopy images of magnetization reversal in region n. 
[(a)- Cc)] Sample prepared with two-beam interference. [(d)-(t)] Sample pat
terned with three-beam interference. The thin horizontal line in (a)-(c) is a 
scratch on the surface, which acts as a nucleation site. 
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FIG. 8. (Color online) (a) AFM and (b) MFM micrographs of region ill 
(region irradiated at very low intensity) on a sample patterned with three
beam interference. The flattened area in (b) was scanned twice and shows 
the magnetic contrast recorded at the second run. The first scan started from 
the middle line and ended approximately 2 p.m above. 

profile and therefore exposed to very low yet finite laser 
intensity. We actually studied this region by MFM immedi
ately after the patterning process without applying any exter
nal magnetic field to the sample. Figures 8(a) and 8(b) show 
that the laser irradiation did not cause any resolvable topo
graphical changes to the sample surface at all, yet there is a 
magnetic pattern observable by MFM. This magnetic pattern 
disappears, however, already under the influence of the stray 
field of an MFM tip, which was observed by scanning the 
same area twice with the MFM tip. The result is the flattened 
area in the middle of Fig. 8(b). The magnetic contrast of the 
twice scanned area does not show any regular pattern, 
whereas a pattern such as the ones observed in neighboring 
areas was clearly visible at the first run. This indicates that 
the laser intensity for region III was so weak that the irradia
tion did not cause any permanent changes to the magnetic 
structure of the sample but only thermal excitation of the 
magnetic moments. We could confirm by MFM and Kerr 
microscopy that the periodic magnetic pattern shown in Fig. 
8 disappeared after an external field had been applied to the 
s.ample. 

To explain the reason for the distinctly different switch
ing behaviors in the three regions, one has to think about the 
process of structural alteration of the sample by laser irradia
tion. The laser-induced hillock formation observed by AFM 
in Figs. 3(b) and 3(d) indicates that the intense laser heating 
of the sample at the interference maxima caused melt flow 
from the surrounding colder areas into the hot centers of 
interference maxima. Supposedly, both the surface tension 
gradient and the chemical concentration gradient are respon
sible for this material transport.43

,44 The former gradient re
sults from the temperature-dependence of surface tension, 
the temperature gradient given by the intensity profile of the 
beam and the heat capacity distribution in the sample. The 
latter results from the alteration of chemical composition due 
to the laser-induced intermixing between different layers (in
cluding the capping layer) and ab- or adsorption of other 
substances from the atmosphere (the laser irradiation was 
done in the normal atmosphere). A quantitative analysis of 
these material transport processes is quite complicated and 
beyond the scope of the present work. However in any case 
the observations done by AFM imply that there was melt 
flow during the laser irradiation, causing the intermixing be
tween Co and Pd atoms where the extent of intermixing 
should be positively correlated with the laser intensity. Based 
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FIG. 9. (Calor online) Schematic plots. (a) Coercivity Hc of laser irradiated 
ColPd multilayer vs laser intensity and (b) intensities of interference 
maxima and minima, Imax and Im;no respectively vs distance from the center 
of the laser spot. The inset on the right shows an MFM micrograph of a 
transition region between regions I and 11. Hc.o is the coercivity of the 
as-grown sample. The yellow and blue shaded areas represent the range of 
intensity with which 'a certain location within regions I and n, respectively, 
has been irradiated. Hn, c1(I) and Hn,c1(II) denote the smallest nucleation field 
at a certain location in regions I and IT, respectively. 11 and 12 are the. 
threshold intensities above which the laser irradiation starts to change Hc 
and domain wall motion along the valleys is entirely inhibited, respectively. 

on this idea, we now attempt to give a phenomenological 
explanation to the magnetization reversal processes observed 
here. 

For this purpose, two schematic diagrams are shown in 
Fig. 9. The diagram in Fig. 9(a) illustrates the change in 
coercivity in CofPd multilayers induced by laser irradiation. 
The diagram in Fig. 9(b) plots the beam intensity versus the 
distance from the center of the laser spot. The two Gaussian 
curves envelop the intensities of the interference maxima and 
minima. The latter is equal to zero only in the ideal case of 
perfect alignment of the beams, matching polarizations, and 
equality of intensities. Approaching the diagram in Fig. 9(b) 
from the far right side, one enters the rim of the irradiated 
area (region Ill) from the outer region, which remains unal
tered from the as-grown state. As shown in Fig. 8, the laser 
intensity in region III is not high enough to cause any per
manent changes, neither in the topography nor in the mag
netic properties. This is indicated by Fig. 9(a) where it shows 
no laser-induced change in coercivity at low intensities. The 
intensity needs to be increased above a certain threshold 1 I so 
that the material can start to melt and flow, leading to struc
tural changes in the multilayer system. This is where region 
11 begins. The laser-induced material transport causes inter
mixing between the Co atoms and the Pd atoms at the inter
faces, which increases the interfacial roughness.45 The sites 
with high interfacial roughness act as pinning centers ob
structing domain growth and propagation. Since the extent of 
atomic intermixing at the interfaces grows with increasing 
laser intensity, the enhancement in coercivity is much greater 
at the interference maxima than at the minima as illustrated 
by blue shaded area in Fig. 9. This explains the switching 
behavior of region IT shown in Figs. 6 and 7, where the 
magnetization in the valleys is reversed first and the switch
ing of the hillocks occurs much later. 

Moving closer to the center of the laser spot, the laser 
intensity traverses another threshold 12 entering region I. The 

inset of Fig. 9 is an MFM micrograph, which shows a sharp 
boundary between region I (left) and region 11 (right) . Be
yond this boundary, on the side of region I, domain wall 
motion is entirely inhibited. Above 12 the laser intensities 
must have been so high that even the valleys exhibit very 
high interfacial roughness and are also filled with pinning 
centers. As mentioned earlier, we have found in our previous 
studies41 that the laser-induced chemical mixing of Co and 
Pd atoms at the interfaces not only increases the interfacial 
roughness but also reduces the strength of PMA. The weak
ening of the anisotropy lowers the domain wall energy, 
which in turn reduces the activation volume for domain 
nucleation. At some point this effect will outweigh the effect 
of pinning centers created by laser-induced roughening of 
interfaces, leading to the decrease in coercivity as illustrated 
in Fig. 9(a). Since the interference maxima reduce the aniso
tropy to a larger extent than the interference minima, the 
hillocks in region I switch first before the valleys, in contrast 
to the case of region 11. The observations done in Figs. 4 and 
5 confirm this. 

IV. SUMMARY AND CONCLUSIONS 

We have used single-pulse DLIL to fabricate topo
graphic as well as magnetic patterns in CofPd multi layer 
systems where the intense laser heating at the interference 
maxima has altered the sample structure locally and gener
ated a two-dimensional lattice. Due to its capability of pat
terning a large area, the DLIL produces a multitude of 
submicron-sized lattice elements within a very short period 
of time. This provides numerous samples for the investiga
tions on the effect of highly localized laser irradiation. In 
addition, the inhomogeneous intensity distribution of the la
ser allows us to study the intensity-dependence of the pat
terning process and the resulting impact on the magnetic 
properties. 

Using MFM, focused polar MOKE, and Kerr micros
copy, we have found that the applied laser intensity has in
deed significant influence on the magnetic properties of the 
patterned samples. The magnetic switching behavior differs 
substantially between the region irradiated at high intensities 
(region I) and the one irradiated at medium intensities (re
gion 11). The former is dominated by nucleation, while the 
latter by domain wall motion. Besides, the switching order of 
the patterns in region I is the exact opposite of that in region 
11. Compared to the publication by Aktag et al. 18 who re
ported the formation of an anisotropy lattice of one single 
kind on CofPt multi layers, our studies show that for the 
CofPd multilayers two different kinds of coercivity lattices 
are generated by laser irradiation at two different intensity 
ranges. At very low intensities, there is further a region (re
gion Ill) exhibiting a different behavior where no permanent 
alteration is found to have occurred, neither to the topogra
phy nor to the magnetic properties. However, a volatile mag
netic pattern is observed, which vanishes when an external 
magnetic field is applied. 

We have developed a model that gives a phenomenologi
cal explanation for the observations made in these three re
gions. The model is based on the following considerations. 



First, the effects of laser irradiation of Co/Pd multilayer sys
tem can be categorized into three types: (1) thermal magnetic 
excitation, (2) the creation of pinning centers by laser
induced roughening of interfaces, and (3) the reduction in 
anisotropy by intermixing between the Co and Pd atoms at 
the interfaces. Second, depending on the intensity range, one 
of these three processes becomes most pronounced, dominat
ing the other two: process (1) is dominant in region rn, pro
cess (2) in region IT, and process (3) in region I. 

To provide better understanding of the microscopic 
mechanisms beyond this phenomenologica1 explanation, we 
are currently investigating the material dependence and for
mation dynamics of the topographical and structural alter
ation by DLIL in more detail. 
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