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Abstract

A modified scanning Kerr microscope has been used as a static Kerr magnetometer to acquire in-plane vector hysteresis loops from
square Si/Ta(50 A)/CogoFeao(40 A)/NiggFe»(108 A)/Ta(100 A) elements with size ranging from 123 nm to 10 pm. The nanoscale elements
were arranged in square arrays of 4 um size. The laser beam was focused to a sub-micron spot, while polarization changes were recorded
with an optical bridge detector containing a beam-splitting polarizer and two quadrant photodiodes. The coercive field exhibited a non-
monotonic increase from 11 Oe in the 10 um element to 170 Oe in the 123 nm elements. Loops acquired with the field applied parallel to
the easy and hard in-plane uniaxial anisotropy axes were observed to become more similar in shape as the element size decreased.
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Nanoscale ferromagnetic elements are required to
achieve increased storage densities within magnetic data
storage technologies [1]. Magnetometry measurements
provide the most direct means by which to quantify their
magnetic parameters and investigate their micromagnetic
state. Indeed knowledge of the magnetic ground state is a
prerequisite for understanding the spin wave spectrum [2]
and hence dynamic properties such as precessional switch-
ing [3] that may lead to higher data rates. Magnetometry
studies of nanoscale elements have been performed with a
superconducting quantum interference device [4] and an
alternating gradient magnetometer [5]. However, arrays of
size ~1 cmz, consisting of ~10° elements of length ~100 nm
and film thickness ~50nm, were required to produce
adequate signal. The magneto-optical Kerr effect (MOKE)
[6] has been used to investigate the effect of configurational
anisotropy [7,8], inter-element separation [9,10] and ex-
change bias effects within arrays of nanoscale elements [11]
that are typically tens of microns in size. However, isolated
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microscale samples fabricated by e-beam lithography and
samples integrated with microscale waveguides require a
microscale probe. In this work we demonstrate static,
focused Kerr magnetometry measurements that allow
hysteresis loops for both components of magnetization
within the sample plane to be measured simultaneously.
We have performed measurements upon micro-arrays of
nano-magnets, which require high sensitivity, due to the
low areal density of the nano-magnets within the arrays.
Excellent mechanical stability is also necessary so that the
spot remains focused at the center of the array as the
magnetic field is ramped up and down.

In this study measurements have been made using a
scanning Kerr microscope [12] of sub-micron spatial
resolution that is equipped with a compact optical
quadrant bridge polarimeter. While quadrant optical
bridge detectors have been used previously to image
domain structures [12] and study precessional switching
within microscale elements [3], measurements of in-plane
vector hysteresis loops were not routinely reported.

Measurements were made upon single microscale ele-
ments and arrays of nanoscale elements. The arrays were
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square, with length ~4pum, and consisted of square
elements of length(separation) 124(30), 234(77), 428(17)
and 637(25)nm, while the single square elements had
lengths of 2, 4, 6 and 10 um. The elements were formed
from a Ta(50 A)/CogoFeo(40 A)/NigsFe;2(108 A)/Ta(100 A)
film sputtered onto a Si wafer and patterned by electron
beam lithography and ion milling. A uniaxial anisotropy
was induced in the sheet material by field annealing prior to
fabrication of the elements.

MOKE measurements were performed with a mode-
locked Ti:sapphire laser of 785 nm wavelength attenuated
to an average power of about 10 mW. The plane polarized
laser beam was expanded by a factor of ten to reduce the
beam divergence and focused to a diffraction limited spot
diameter ~0.8 pm with a microscope objective of numerical
aperture 0.65 as shown in Fig. la. The measured Kerr
signal yields the average response of the material within the
area of the spot. An electromagnet was used to apply an in-
plane magnetic field while a scanning translation stage was
used to center the sample array beneath the focused laser
spot. The reflected beam was collected and re-collimated by
the microscope objective, and sampled using a non-
polarizing beam-splitting cube. The Kerr rotation resulting
from two in-plane components of the sample magnetiza-
tion was measured with a vector bridge containing a
Glan-Thompson polarizing beam-splitter and two quad-
rant photodiode detectors.

The polarizing beam-splitter is initially oriented so as to
output beams of equal intensity. The Kerr rotation induced
by the sample generally leads to a difference in intensity of
the two beams that may be measured using the photo-
diodes. However in the present geometry the Kerr rotation
varies across the area of the beam. The cone of rays
focused onto the sample was therefore divided into four
parts, enabling the longitudinal Kerr rotation from two in-
plane components of the magnetization, parallel (M) and
perpendicular (M) to the applied magnetic field H, to be
measured as shown in Fig. 1b. For a particular magnetiza-
tion component, the Kerr rotations induced on two
particular halves of the reflected beam must be separately
sampled and combined since they are opposite in sign and
cancel if the full beam is sampled. Segmented detectors are
required to isolate the signals from the different halves of
the beam. By taking appropriate sums and differences of
the signal outputs from the two quadrant photodiode
detectors, the longitudinal Kerr rotation associated with
M, and M, may be recovered. In order to sense M| beam
halves (a+d)—(b+c¢) and (b+c)—(a+d) are used, while
M, is sensed using beam halves (a+b)—(c+d) and
(ctd)—(a+b), as shown in Fig. 1b.

In order to demonstrate the vector capability of the
bridge, hysteresis loops acquired from the continuous
reference film (coupon) are shown in Fig. 2. The magnetic
field was applied parallel to the hard axis for which the
sample magnetization exhibits a coherent rotation. The M,
loop (Fig. 2a), sensed with the halves of the beam (a+ b)—
(ctd) and (ctd)—(a+b), and the M, loop (Fig. 2b),
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Fig. 1. (a) Schematic of the scanning Kerr microscope and optical
quadrant bridge polarimeter. (b) Schematic of the laser focused upon the
sample.

sensed with the halves of the beam (a+d)—(b+c¢) and
(b+c)—(a+d), have the form predicted by the Stone-
r—Wohlfarth model [13]. When the sample and applied field
are rotated through 90°, M, is instead sensed by (a+d)—
(b+ ), while M is sensed by (¢+b)—(c+d). Figs. 2c and
d show that the hysteresis loops obtained with the
orthogonal halves of the beam are now swapped over,
conclusively demonstrating that the bridge measures the
vector magnetization. The M|, loops were also found to be
in good agreement with those obtained from inductive
looper measurements made upon a 1” diameter reference
coupon.

Fig. 3 shows M| and M, hysteresis loops acquired
simultaneously from the 10pum single element with the
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Fig. 2. Hard axis M, (a) and M (b) hysteresis loops are shown for sheet
material. M|, (c) and M, (d) sensed by orthogonal halves of the focused
laser beam when the sample and H are rotated through 90°.
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Fig. 3. Easy and hard axis M| and M hysteresis loops are shown for a
10 um single square element.

magnetic field applied parallel to the easy and hard axis
directions. The easy axis M loop is sensed by the half
(a+d)—(b+c) and has square shape (Fig. 3b). The M,
loops sensed by the half (a+d)—(b+c) reveal spikes
that are correlated with the switching field in the M) loop
(Fig. 3a). When the field is applied parallel to the hard axis,
hysteresis loops with shape similar to those in Figs. 2¢ and
d are obtained. However the hard axis loops for the 10 um
element have larger saturation and coercive field. This may
be attributed to dipolar fields and pinning sites associated
with the edges of the element. Discrete jumps (indicated by
arrows) are well correlated between the M| and M, loops
and suggest the occurrence of domain wall motion.

Fig. 4 shows easy and hard axis M|, hysteresis loops
acquired from the single elements and element arrays.
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Fig. 4. M) easy (a) and hard (b) axis loops for all elements.
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Fig. 5. Evolution of the measured coercive field of easy axis M|, loops as
the element size is reduced.

Measurable M, signals were obtained from the three
largest single elements only (shown only for the 10pum
element in Figs. 3a and c). The loops in Fig. 4 were
obtained in the same manner as the M, loops of the 10 pm
element. The loops shown in Fig. 4a reveal a non-
monotonic increase in coercive field from 110e in the
10 pm single element to 170 Oe in the 123 nm element array.
A change from a higher coercive field in the 2 um single
element to a lower coercive field in the 637nm element
array is observed, as shown for the easy axis loops in
Fig. 5. A similar change is observed for the hard axis loops
(Fig. 4b). One striking feature of the loops obtained from
the nanoscale elements in arrays is that the shapes of the
easy and hard axis loops are very similar, while for the
single elements there remain significant differences between
the loop shapes. For example, the easy and hard axis
remanent magnetization for the 10 um element is ~100%
and ~60%, respectively, while the remanence for the
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124nm element is ~60% for both anisotropy axes.
Furthermore, asymmetric switching events are seen for
the hard axis loops obtained from the three largest
elements, while the five smallest elements exhibit a
symmetric hysteresis loop shape. In addition the loops
obtained for the easy axis are symmetric for all elements
measured, further demonstrating a greater similarity
between easy and hard axis loops shape for the smaller
elements than for the larger elements. The sudden
reduction in coercive field between 2 pum and 637 nm, and
the similarity of the easy and hard axis loop shapes for the
nanoscale elements in arrays, may indicate a transition
from domain wall motion to incoherent rotation.

There are many factors that may affect the hysteresis
loop shape. Inter-element dipolar interactions within
arrays may significantly modify the hysteresis loop shape
with respect to the single element, e.g. by reducing the
coercive field. Loops for 637 nm elements with an edge-to-
edge separation of 234 nm are also shown in Fig. 4a (open
circles) and show that the coercive field increases with
increased element separation. We ascribe the similarity of
easy and hard axis hysteresis loops shape to the increased
non-uniformity of the magnetization reversal process in the
four smallest elements. This is in contrast to the coherent
rotation mechanism observed in the hysteresis loops of the
continuous film and largest elements. The non-uniform
reversal process occurs when the dipolar energy becomes
more significant than the exchange energy. The difference
between the easy and hard axis behavior is reduced further
due to pinning at edge defects that occurs irrespective of
the applied field direction. The latter effect is again more
significant in the smallest elements. The random occurrence
of defects leads to slanting of the hysteresis loops as the
element length is decreased due to the distribution of
switching fields present in the ensemble of eclements.
Further measurements are required to isolate the effects
of these different mechanisms.

In summary, vector magnetic hysteresis loops have been
obtained from continuous sheet material, individual
microscale square elements and 4 um arrays of nanoscale
square elements using a scanning Kerr microscope of sub-
micron spatial resolution. Measurements on sheet material

have demonstrated that the vector magnetization may be
sensed. Comparison of hysteresis loops obtained from
different element sizes have revealed an increase in the
coercive field as the element size is reduced, which has been
discussed in terms of the modified dipolar fields and
additional pinning sites within the elements. This work
demonstrates that a scanning Kerr microscope equipped
with a quadrant polarization bridge detector is a powerful
tool for the characterization of nano-magnet arrays of very
small area.
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