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1. Introduction

NanoMOKE2® is an ultra-high sensitivity magnetooptical magnetometer. It is sensitive to
the longitudinal, transverse and polar magnetooptical Kerr effects and is ideally suited to
measuring the magnetic properties of thin magnetic films and magnetic nanostructures.
Such measurements are commonly made during research and development into:

1 Magnetic nanotechnology Spintronics / magneto-electronics
GMR /TMR
Thin film magnetism

1 Magnetic Random Access Memory (MRAM)
9 Recording heads
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i Patterned magnetic media Magnetic field sensors

The key features of the NanoMOKE2® are:

I Ultra-high sensitivity and stability combined with very low noise: signal
changes as small as 0.001% can be detected with a measurement time of
just a few minutes. For comparison, a 5nm thick Permalloy film yields a
longitudinal Kerr signal of ~2%, i.e. 2000 times greater than the sensitivity.
Magnetic moments as low as 10™ emu can be detected.

1 Highly focused laser spot: depending on the objective lens selected, the
laser spot can be focused to as small as 3mm. This allows small numbers of
nanostructures to be selected out of a dense array or a high sensitivity to be
achieved to single isolated nanostructures.

1 Very advanced sample location features: an optical microscope is built into
the laser beam path so that the focused laser spot and the sample surface
can be viewed together. The sample sits on a robotic motion stage which
allows the focused laser spot to be placed to within < 1nm precision. A
unigue raster scanning feature allows magnetic features that are too small to
be seen under the optical microscope to be sharply identified. Add-on
options allow automatic mapping and analysis across 150mm wafers and
Scanning Kerr Microscopy to be performed.

1 Flexible and open design. All optical components are mounted on a
standard optical table, allowing you to make modifications to suit your own
research and development requirements.

1 Supplied with LX Pro, our easy to use and flexible control software. LX Pro
allows the sample to be moved so as to locate specific areas, allows complex
applied field patterns to be easily generated, records hysteresis loops and
allows post-processing of the loops to filter noise, remove artefacts and
calculate switching field distributions. LX Pro also creates over 150 different
object oriented properties and methods that can be used to interface
NanoMOKE?2 ® to other software routines that you may wish to write.



The NanoMOKE2 ® system (shown above) comes in three parts i the optical hardware,

the electronic control rack and LX Pro, the control software.

All of the optical hardware, including the robotic sample stage and the built-in optical
microscope are mounted on an optical table, which in turn is supported on active
pneumatic isolation legs to reduce mechanical vibration.

The electronic control rack is a 190 mounting cabi
supplies for the electromagnets, the analogue input i output electronics and the controller
unit for the robotic sample stage.

LX Pro runs on a PC, which is connected to the electronic control rack. Its keyboard,
mouse and monitor sit conveniently on top of the electronic control rack.

Samples, which must be optically reflective, are usually mounted on standard aluminium
microscopy stubs. The stub then fits into the end of a sample stick which is inserted into
the robotic sample stage.



2. Hardware technical specifications

Laser

Class 3R red solid state laser
diode with stabilisation system.
Effective single-shot laser
noise after stabilisation <0.1%
rms (0.07% typical). Multiple
averages of a hysteresis loop
can be taken (up to 32000)
and combined to further
reduce noise. The lowest
obtainable noise level is
0.001% rms.

Laser focusing

3 different objective lens are
supplied which give a focused
spot size of down to 3um
(minor axis full width half
maximum). Spot size and
shape is measured by
scanning over a 200nm wide
nanowire prepared by electron
beam lithography (sample
supplied with NanoMOKE2®).

Sample stage

The sample sits on an X-Y-q
motion stage which is under
computer control. Mation is by
DC motors with optical
encoding. The standard X and
Y stages have a total travel of
25mm with a repeatability of
1.0mm. Options are available
to increase this travel up to
150mm.

The rotation stage has a total
travel of 340". The resolution
is 0.001 and the repeatability
is 0.003".

Vibration isolation

Requires a 50 1 100 psi
compressed air source. An
optional compressor can be
supplied by DMO Ltd if such a
source is not available.

Electromagnet

The standard electromagnet is
of quadrupole design, allowing
fields to be applied in any
direction within the plane of the
sample. Two 100W bipolar
DC-coupled programmable
power supplies allow the X-
and Y- direction fields to be
controlled separately and
simultaneously. Arbitrary field
waveforms can be generated
under computer control. Up to
1 kG (0.1T) can be generated
by the electromagnet, although
highest magnetooptical
sensitivity is obtained in the
field range ° 300G (°30mT).

The pole gap is adjustable
between 8mm and 40mm. The
sample sits in this gap and so
the maximum sample size is
determined by the gap and by
how much lateral motion is
required. The recommended
sample sizeis 11 2.5 cm.

The electromagnet can be
degaussed under computer
control. Remanence after
degaussing is <1G (0.1mT).

An add-on option allows a
dipolar electromagnet to be
temporarily inserted in place of
the standard quadrupole. The
dipolar electromagnet can
apply fields of up to 0.5T in the
plane of incidence of the laser
beam. The minimum focused
laser spot size is 10pum when
using the dipolar
electromagnet. Maximum field
strength is obtained for loop
sweep rates of less than
0.2Hz, although a field
amplitude of 0.35T can be
achieved at a sweep rate of
1Hz.

Magnetooptical effects

With the standard
electromagnet, longitudinal and
transverse Kerr effects are
measured simultaneously.
Rotation or ellipticity can be
selected in the case of the
longitudinal Kerr effect. The
standard electromagnet can be
replaced by an optional polar
electromagnet and the polar
Kerr effect detected.

Field measurement

The applied magnetic field is
measured by two Hall probes
positioned close to the sample.
One probe measures the X-
component of field and the
other measures the Y-
component. The single-shot
noise on Hall probe
measurements is <1.5G
(0.15mT) rms; this decreases
as loop averages are built up.
Any offset on the Hall probes is
nulled by the computer
immediately after degaussing
of the electromagnet.

Field waveform generation
Arbitrary waveforms can be
generated on each of the X
and Y field channels
simultaneously, and
synchronised with the Kerr
acquisition. Waveforms can be
updated at 33 k-samples per
second, with a resolution of 12
bits.

Polar electromagnet

An optional polar
electromagnet allows up to
1kG of field to be applied
perpendicular to the sample
plane.



Sample location

A CCD camera allows the
sample to be viewed through a
built-in optical microscope
(typical field of view ~300nm).
A 2-dimensional susceptibility
or reflectivity map can then be
measured to locate structures
that are too small to be seen
under the microscope. The
field of view of the 2-D raster
map can be set between 10mm
and 80mm. The user then
clicks on the susceptibility /
reflectivity map with the mouse
cursor and the sample stage
moves to that place.

Markers can be stored in the
computer memory allowing
easy return to previously
visited positions.

A eucentric correction feature
in the software allows lateral
shifts of the sample to be
automatically performed during
rotation motion to compensate
misalignment of the optical and
rotation axes. This allows the
user to rotate a microstructure
about its own centre, even if it
does not lie in the middle of the
sample.

Temperature range

An add-on option provides a
cryogenic sample stage which
allows measurements to be
made in the temperature range
4.2K 7 500K. Requires the
dipolar electromagnet and
cannot be used with the
quadrupole electromagnet or
the wafer mapping option.

Equipment footprint

Optical table and legs: 1.3m 3
1.3m

Electronic control rack: 0.7m 3
0.7m.

It is recommended that enough
space be left for user access
on all sides of the system.

Auxiliary inputs and outputs
Two auxiliary analogue inputs
(16-bit resolution) and two
auxiliary analogue outputs (12-
bit resolution) are provided.
The inputs are logged
simultaneously with the
hysteresis loop and can be
used to measure other
parameters from your own
experimental set-up, such as
temperature, magneto-
resistance etc. The outputs
can have arbitrary waveforms
generated on them with 33 k-
samples per second update
rate and up to 3000 points per
cycle and can be used to
stimulate your sample during
measurement. In addition, 6
digital input/output lines are
available to interface to
external apparatus.

Benchmarking test samples
Supplied with two test
samples. The firstis a 5nm
thick Permalloy film. The
system is guaranteed to be
able to measure loops with
<2% rms noise (relative to
amplitude of loop) with 10
seconds of acquisition time.
The second test sample
contains a single 5nm thick,
200nm wide, 18mm long
Permalloy nanowire made by
electron beam lithography.
The system is guaranteed to
be able to measure a
hysteresis loop from this single
nanowire.

Power requirements

220-240 V 8A AC 50Hz single
phase or 110V AC 16A 60Hz
single phase (specify at time of
ordering)

Standards

All equipment is CE marked
and conforms to EMC
89/336/EC and Low Voltage
Directive 72/23/EC.

Loop acquisition

The recommended looping
frequency is 57 30 Hz. The
allowed range is 0.11 70 Hz
for full resolution. Up to 3000
points per loop can be
measured with 16-bit
resolution. If a reduction in the
number of points acquired per
loop and a reduction in the
maximum obtainable field can
be tolerated, then loops can be
swept at up to 1 kHz.

The number of points per loop
can be artificially reduced to
attenuate high frequency noise
when measuring very small
volumes of magnetic material.

Scanning Kerr Microscopy

An add-on option allows the
sample to be rastered while the
Kerr signals are recorded,
allowing physical reflectivity
and Kerr effect contrast
microscopy to be performed.
Image manipulation features
within LX Pro allows the
brightness and contrast of the
images to be adjusted and a
pre-recorded background to be
subtracted. Image sizes up to
1mm x 1mm can be recorded.
Minimum pixel size is 2um x
2um. Best optical resolution is
3um.

Wafer mapping

An add-on option allows wafers
of 200mm or 150mm to be
handled. Wafer mapping
software allows the origin of
the wafer to be precisely
determined from known marker
points, and then automatic
measurements to be made at
predetermined points across
the wafer surface. Hysteresis
loops can be automatically
analysed to determine
coercivity and switching field
distribution. These results can
then be plotted on a colour
map of the wafer.



Description of LX Pro

The NanoMOKE2® system is supplied with a software application called LX Pro, which
controls all functions of the system. L X Pr o comprises 5 major panel s: €
60l ocateb, o6fi el dslfahe apprgpriatethdrdware aptiodsm@ane puccleased, o .

LX Pro also shows 6Scanning Kerr Microscopyd and 6

Dashboard

This panel is visible at all times and shows numerical summaries of all of the key
parameters of the optical hardware, e.g. Kerr signal level, magnetic field strength, laser
noise etc. It also shows graphical plots of the most recently acquired fields and Kerr

signal.
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Locate

This panel is used to move the robotic sample stage. Movement can be described by
numerical coordinates (in one of three different frames of reference), by memory markers
to previously visited locations, or by clicking on a 2-dimensional raster map of
susceptibility or reflectivity. Two different graphical displays represent the current
position of the sample. This panel also shows a frame-grabbed view from the built-in
optical An
which automatically makes corrections to the X- and Y-position as the sample is rotated

mi croscope. advanced f eattaitrieore&i sts or

on the g-axis, so that a given part of the sample remains fixed under the laser spot during
rotation. This is particularly useful for measuring the angle-dependent switching
properties of nanostructures.

Graphical representations of the current
position of the laser beam help you to
navigate around samples.
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18nm Permalloy nanowire that
is invisible under the optical
microscope.
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Fields

This panel is used to generate the applied magnetic fields used to create the hysteresis
loop. In the simplest case, you can cause a sine wave of given field amplitude and
frequency to be applied to the sample. In more complex cases, you can change the
waveform shape from sine to triangle or square or an arbitrary waveform imported from a
spreadsheet. You can also modify the relative phases of the X and Y fields, allowing, for
example, fields that rotate to be generated. DC offsets can be added to waves to assist
in the measurement of switching astroids. Fields can be produced as a CW wave, or as

single cycles.
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Grab

Once you have located the correct position ofthes ampl e using the 6l ocated p

have set up the applied fields using the 6
using the o6grabé panel. The panel all ows
cycles to reduce noise. You can change the number of points in the loop, and hence its

field resolution and Kerr noise, on the fly.
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Process

Once you have acquired a hysteresis loop, you can filter it for noise, remove a

background sl ope or

of f setr ocneds srée rpaarnmed |.i s eY oiut

differentiate it to see the switching field distribution.
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3. Examples of measurements made by NanoMOKE2®
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Hysteresis loop measured from a 5nm thick Permalloy film. 30 seconds acquisition time, 27 Hz loop sweeping

frequency. Longitudinal Kerr ellipticity. The focused spot size was 3.3/m.
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Hysteresis loop measured from a single 5nm thick Permalloy nanowire, 200nm wide and 18/m long made by
electron beam lithography. 11 seconds acquisition time, 27 Hz loop sweeping frequency. Longitudinal Kerr

ellipticity. The focused spot size was 3.3/m.
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Switching field distribution measured from an array of MRAM soft layer elements. 1 minute acquisition time, 27

Hz loop sweeping frequency. Longitudinal Kerr ellipticity. The focused spot size was 3.3//m and the MRAM
elements were placed on a 3//m 2 3m pitch. Consequently, only 2 elements fell within the beam, as can be

seen by the two distinct spikes in the measured switching field distribution plot.
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The profile of the focused laser spot. The full width at half maximum size is 2.9m. The profile was obtained by

an automatic profiling function in LX Pro, which scans the laser over a nanostructure.
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A local measurement of the bilayer switching of a spin valve. The left hand panel shows the image seen
through the NanoMOKE2 ® microscope (laser spot in the centre). The precision motion stage allows the spot to
be placed on the magnetic element. The conductor bars are seen running vertically. The right hand panel
shows the clear 2-jump switching as first the free layer switches and then the pinned layer switched. Samples

and measurements courtesy of Dr. E. Quandt, Stiftung Caesar, Bonn, Germany.
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Scanning Kerr Microscopy images showing domain structure in a lithographically defined magnetic disk. The
left hand image shows the domain structure at remanence, while the right hand image shows the domain
structure under 15 Oe of applied field. Samples and measurements courtesy of Dr. E. Quandt, Stiftung Caesar,

Bonn, Germany.
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Automatic mapping of the local coercivity across a 100mm wafer of 30nm thick Permalloy. Hysteresis loops
were automatically measured at 1936 different points, and the coercivity automatically determined from each

loop.

Hysteresis loop (panel b) taken from a
structured array of CoFeB film low-moment
artificial ferrimagnets (panel a). The 0.5T
dipolar electromagnet option was used. Panel ¢
shows a switching asteroid measured by the
NanoMOKE2® from the same sample. Sample
and measurement courtesy of N.Wiese and
J.Wecker, Siemens Corporate Technology,

Erlangen, Germany.
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