The magnetic reversal characteristics of 32-
bit composite element magnetic barcodes

Cite as: Appl. Phys. Lett. 115, 162404 (2019); https://doi.org/10.1063/1.5119075
Submitted: 08 July 2019 . Accepted: 04 October 2019 . Published Online: 15 October 2019

P. 3. Newton ), L. De Los Santos Valladares , R. Celis Rojas, and C. H. W. Barnes ®

& é @

View Online Export Citation CrossMark

7))
G
()
ajd
i
()
—d
(7))
.2
7))
)
L
al
O
.9
e
Q
<

Challenge us.

What are your needs for periodic
signal detection?

N # Zurich
N\ Instruments =)

Appl. Phys. Lett. 115, 162404 (2019); https://doi.org/10.1063/1.5119075 15, 162404

© 2019 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1006954&uid=@UID@&setID=378288&channelID=0&CID=325912&banID=519757255&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7b77d7a0588f01438b6815777d9cbe7d53151a93&location=
https://doi.org/10.1063/1.5119075
https://doi.org/10.1063/1.5119075
https://aip.scitation.org/author/Newton%2C+P+J
https://orcid.org/0000-0002-4581-8581
https://aip.scitation.org/author/de+Los+Santos+Valladares%2C+L
https://orcid.org/0000-0001-5930-9916
https://aip.scitation.org/author/Celis+Rojas%2C+R
https://aip.scitation.org/author/Barnes%2C+C+H+W
https://orcid.org/0000-0001-7337-7245
https://doi.org/10.1063/1.5119075
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5119075
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5119075&domain=aip.scitation.org&date_stamp=2019-10-15

ARTICLE

Applied Physics Letters

scitation.org/journal/apl

The magnetic reversal characteristics of 32-bit
composite element magnetic barcodes

Cite as: Appl. Phys. Lett. 115, 162404 (2019); doi: 10.1063/1.5119075 @
Submitted: 8 July 2019 - Accepted: 4 October 2019 -
Published Online: 15 October 2019

()

View Online Export Citatior CrossMark

P.J. Newton,"® (%) L. De Los Santos Valladares, > () R. Celis Rojas,*” and C. H. W. Barnes'

AFFILIATIONS

'Department of Physics, Cavendish Laboratory, University of Cambridge, J. 3. Thomson Avenue, Cambridge CB3 OHE,
United Kingdom

2School of Materials Science and Engineering, Northeastern University, No 11, Lane 3, Wenhua Road, Heping District,
Shenyang 110819, People’s Republic of China

*Laboratorio de Superconductividad, Facultad de Ciencias Fisicas, Universidad Nacional Mayor de San Marcos, Ap. Postal 14-0149,
Lima 15081, Peru

“Laboratorio de Celdas Solares, Universidad Nacional de Barranca, Av. Toribio de Luzuriaga N°376, Mz J, Urbanizacién La Florida,
Distrito y Provincia de Barranca 15169, Peru

Laboratorio de Ciencias, Universidad Nacional Auténoma de Tayacaja “Daniel Hernandez Morillo,” Ir., Bolognesi 418, Pampas 09156,
Huancavelica, Peru

2 Author to whom correspondence should be addressed: pjn32@cam.ac.uk

ABSTRACT

Magnetic barcodes containing 32 composite element bits have been produced and measured in order to optimize the design of magnetic
microcarriers. Focused magneto-optic Kerr effect measurements allow the determination of the change in magnetic hysteresis when the
width of magnetic elements is varied between bits, and the electron beam lithography used in production is confirmed to be accurate to
~6nm using scanning electron microscopy. The sharp magnetic switching observed, an important prerequisite for a functioning device, is
attributed to the expected dipolar interactions between magnetic elements and the use of magnetically soft Permalloy. A crossover between
two magnetic reversal behaviors is discovered when the magnetic elements are ~200 nm wide. From these measurements, 12 bits were
selected on which data can be written with a low probability of error, with the prospect of the other 20 bits being employed for error correc-

tion. We have therefore developed a nonvolatile magnetic memory on which 4096 unique codes can be programmed.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119075

Composite element magnetic barcodes are versatile, nonvolatile
magnetic memories that exploit dipolar interactions between,' and the
shape anisotropy of,” narrow magnetic strips to allow a binary code to
be written under the application of an appropriate global magnetic
field.” " These barcodes make magnetically encoded microcarriers rel-
evant for rapid and noninvasive detection, identification, and sorting
of compounds in biomolecular libraries, e.g., in microfluidic split-and-
mix processes.”

Batches of microcarriers have been produced with surfaces func-
tionalized with two different probe molecules on their top and bottom
faces, respectively.”'’ By functionalizing the surface of the tags with an
appropriate receptor, with a quantifiable fluorescence when in the
presence of a target heavy metal anion, this scheme could find applica-
tions in water quality testing. When the barcodes fluoresce in this way,
the stray fields of the microcarriers can be measured, in flow, using a
tunneling magnetoresistance (TMR) sensor,’' to identify the heavy

metal that is measured. From this, it should be possible to obtain a
quantifiable measure of a heavy metal concentration.

Recent work has focused on the development of the composite
element bit design, where the magnetic elements are composed of par-
allel, rectangular strips with very large aspect ratios that are coupled by
dipolar interactions." This design overcomes the limitations of using
barcodes where bits are simply composed of individual, high aspect
ratio rectangles: individual, small elements cannot be detected at large
distances in flow and switching occurs over a large magnetic field
range, resulting in the unintentional switching of many bits when
attempting to write onto the barcode.””

The ability to design bits such that they exhibit a sharp magnetic
switching at more equally spaced magnetic fields will allow for an opti-
mal ease of programming. However, previous composite element bar-
code studies have been limited to the investigation of only a small
number of possible bit designs, many of which have very similar
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switching fields." This makes extrapolation of designs for working
devices difficult. We have made numerous unsuccessful attempts to
fabricate barcodes containing bits with equally spaced coercivities by
treating coercivity as having a single power law dependence on the
strip width. An analysis of devices containing many more bits is vital,
therefore, either as a functional device in its own right or as a basis for
future designs. In this work, we investigate 32 possible magnetic bits
with strip widths in the range of 100-3200 nm. By analyzing the mag-
netic properties of these bits, we are able to suggest 12 bits on which
data could be reliably written with a small probability of error.

Figure 1(a) shows a schematic of a typical 5-bit tag design. The
device here is illustrated as being encapsulated in SU8. The SU8 layer
was left out of the devices in this work in order to maximize signal-to-
noise ratios during magnetic measurements. Figure 1(b) shows a magni-
fied image of the design for bit 2. This also defines the terms used in the
description of the bits and barcodes. Individual bits are separated by
comparatively large distances, ensuring that magnetostatic interactions
between bits are vanishingly small."* Bits therefore have only a very
weak influence on the switching of neighboring bits in this design."”

Throughout this work, magnetically soft Permalloy (NigyFe) is used
as the ferromagnetic material in the bits. Previous work has shown that this
material gives a sharp magnetic switching upon application of an appropri-
ate magnetic field—a feature that is essential for the operation of magnetic
barcodes." All magnetic elements have a length of 15 um—sufficiently
long to ensure that magnetic behavior is dominated by shape anisot-
ropy and dipole-dipole interactions and that there is a good signal-to-
noise ratio in magneto-optic Kerr effect (MOKE) measurements.

To produce the devices measured in this work, electron-beam pat-
terning of a single layer of 950 K polymethyl-methacrylate (PMMA) A4
was performed on a Si substrate coated with a capped Al release layer to
mimic the conditions required for production of magnetic microcar-
riers. These samples were then developed in a 5:15:1 ratio of methyl-
isobutyl-ketone:isopropanol:methyl-ethyl-ketone (MIBK:IPA:MEK). A
thin Cr adhesion layer, NigoFe; (15nm), and a Au (10nm) capping
layer were grown by thermal evaporation in an Edwards Auto 306
evaporator at a base pressure of less than 3 x 10”7 mbar. Finally, lift-
off was performed in acetone in order to form the separated magnetic
bits on the surface.
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FIG. 1. A schematic diagram (not to scale) of the magnetic barcode design. (a) A
complete 5-bit barcode design, shown encapsulated in SU8. The layer structure of
the magnetic element is also shown. (b) An individual bit (bit 2 in this case) illustrat-
ing the terms used in descriptions.
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In order to characterize the accuracy of the electron beam lithog-
raphy used to define the magnetic strips, scanning electron microscopy
(SEM) images were obtained. These data, made using an FEI Phillips
XL30 FEG ESEM and a 5 kV accelerating voltage, are displayed in
Fig. 2. An SEM image of a single device is shown in Fig. 2(a), along
with a more magnified image of a portion of bit 32 (with designed strip
widths and spacing of 100 nm) in Fig. 2(b). The bright regions corre-
spond to the strips themselves (containing the magnetic material), and
the darker regions are the troughs between them. Here, the accuracy
of the lithography can be clearly seen. An average discrepancy of only
about 6nm is observed between the designed and measured strip
widths, with the width of the strips in bit 32 being 94 = 7 nm, with
this standard deviation largely attributable to edge roughness of the
strips. This is a clear indication of the precise control of strip dimen-
sions, which is essential to obtain the desired magnetic properties of
the bits.

Hysteresis loops were obtained by measuring the longitudinal
magneto-optic Kerr effect (MOKE) using a nanoMOKE 2 magnetom-
eter, produced by Durham Magneto Optics Ltd. A scanning MOKE
image of a 32-bit device was used to locate individual bits, alongside
reference to live optical images. The laser spot was focused to a full-
width-half-maximum diameter of 5 um. Very precise alignment of the
laser spot to the center of each bit was required to obtain symmetric
hysteresis loops. The MOKE data used for this analysis are the result
of normalizing the average of 50 loops measured in quick succession
on a single bit.

Sharp switching behavior is seen in the hysteresis of the bits.
From these MOKE data, the coercivity is extracted using the Level
Crossing tool on Origin. From the over 1000 barcodes produced in
this 5mmx5mm total area, five were chosen at random and all 32
bits measured. Figure 3 shows the mean coercivity of each bit against
its width as blue diamonds, along with data points for each individual
measurement as pink stars. The error bars show the standard devia-
tion of the coercivity at each strip width. Looking at this plot, there
appear to be two distinct regions with different functional dependen-
ces on the coercivity. Power law fits to these regions are shown in Fig.
3(b) with functions of He = Ayw™ 132 for widths 100-152nm and
He = A;w % for widths 200-3200 nm, where A; and A, are the fit-
ting prefactors. The points between are ignored for the purposes of fit-
ting, since they are best modeled as being a crossover of the two
regimes explored below. These results are consistent with our previous

— 200nm

f—— s50um

FIG. 2. SEM images of a 32-bit device showing (a) the entirety of a whole device
and (b) a highly magnified image of an area of bit 32, where strip widths are
designed to equal 100 nm.
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FIG. 3. The variation of magnetic coercivity of composite element bits with a
change in the strip width. Blue diamonds are averages of all measurements, and
error bars display the standard deviation of the coercivity for each width. Trendlines
shown are power law fits to these data.

unsuccessful attempts to construct barcodes containing bits with
equally spaced coercivities by treating this relationship as a single
power law.

Being a thermally evaporated film, there is no lattice anisotropy
associated with a crystal lattice. The magnetic easy axis is entirely
determined by the shape anisotropy created during lithography. The
difference in the power law relationship of magnetic coercivity to the
strip width can be explained by a change in the switching mechanism,
and remnant magnetization, as strips get wider.

The narrowest strips undergo a single domain switching—the
shape anisotropy here preventing multidomain structures from form-
ing."* In this mechanism, the exact field at which individual strips
switch is quite dependent on their particular individual shape, and var-
iation in the shape along their length [as can be seen in the SEM image
of Fig. 2(b)] and at their corners, although these structures are suffi-
ciently narrow that the coercivity should be independent of edge
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roughness from lift-off."'® The single domain switching is thought to
nucleate at defects, which will again clearly vary from strip to strip.

In contrast, wider strips can support multiple domains at rema-
nence. Specifically, there will be partial flux closure domains at the cor-
ners of wider magnetic strips.'” Being wider, there is also less impact
of edge roughness and the small variations in shape along the length
of the strip. This, alongside the presence of dipolar interactions
between strips, ensures a very sharp switching behavior.

Previous measurements on a number of polycrystalline materials
have shown that there should be a reciprocal relationship between the
width and magnetic coercivity of a single, multidomain magnetic ele-
ment."® * There are a number of possible explanations for the expo-
nent of —0.82 measured in this work. Dipolar interactions are known
to be have more influence over wider magnetic elements.'” This leads
to an enhancement of coercivity for wider magnetic strips, as stray
fields from neighboring elements result in an effectively smaller local
field being experienced and hence a reduction in the power-law expo-
nent. In addition, edge roughness is expected to enhance the coercivity
of wide magnetic rectangles but have little impact on those with widths
as small as 200 nm.">'® Again, this would effectively enhance the coer-
civity of wider strips and reduce the power-law exponent.

With careful consideration of the need to incorporate equal
amounts of magnetic material in each bit, it should be possible to
reach even larger coercivities by modifying the shapes of the ends of
each magnetic strip. Having a pointed end with a length of twice the
width of each strip could double the switching field, allowing the
exploration of a much larger parameter space.”'

This device could not be used to store 32-bit codes in its current
form. Some of the bits appear to be functionally identical in MOKE
measurements—c.f. bits 16, 17, and 18 in Fig. 3. It should, however, be
possible to use this 32-bit barcode to store shorter binary codes by
selecting an appropriate routine. For example, Fig. 4 gives the parame-
ters for a scheme where 12 bits are used to store up to 2'2 = 4096
unique binary codes. A table showing the parameters involved in this
potential scheme is shown in Fig. 4(a), along with the magnetic prop-
erties of these 12 bits in Fig. 4(b), here showing the magnetic hysteresis
of the element with median coercivity for each bit.

There is no overlap in the standard deviation of the coercivity of
these 12 bits, meaning that only a small number of barcodes would
need to be read out, in flow, in a potential assay, to have a high

FIG. 4. (a) The average coercivity of the
bits to be programmed in the 12-bit
scheme. Errors are the standard devia-
tions in measurements of the coercivity of
each bit. (b) The magnetic hysteresis of
each magnetic element with the median
coercivity of the sample set.
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confidence of the code that was written onto the barcode. There is, how-
ever, some overlap in the switching of the bits with the narrower strip
widths. There is less influence of dipolar interactions on narrower mag-
netic elements."” This results in each element in a bit switching at a
slightly different field, dependent on its exact width, and giving the broad
switching that is observed. This can be seen quite clearly in Fig. 4(b)
with the presence of shoulders in the hysteresis of bit 23, for example. In
a barcode device, this broad switching could result in these bits not being
fully magnetized after a code is programmed and a smaller signal upon
readout. Further development into devices with a smaller strip spacing
would mitigate these effects by increasing the dipolar interaction
between narrow strips and promote a sharper switching behavior.

Additionally, neighboring bits to the ones primarily used to store
the sequence could be used as error correction for individual bit flips
or variations in properties of an individual barcode that may have led
to incorrect writing of a bit. Alternatively, increasing the number of
barcodes used in an individual assay could lead to a corresponding
increase in the number of bits that could be utilized to store data. The
utility of the presence of error correction bits is compensated for by
the increased averaging of barcodes.

Codes can be written to these barcodes by the application of
appropriate magnetic field sweeps. For example, to program code
000000000011, the device is initially saturated to the 0 state with a 700
Oe in-plane field. A sweep back to —65 Oe reverses the magnetization
state of only bits 1 and 2 and results in the code 000000000011. The
writing of this code can be verified by magnetic force microscopy mea-
surements. More complicated codes can be built up in a similar way
using alternating field sweeps (for instance, 000000001100 is written
with sweeps of 700 Oe to —138 Oe to 65 Oe). These fields must be
very precisely obtained during the sweep to minimize the partial mag-
netic reversal of neighboring bits, particularly when considering the
bits with the narrowest widths.

In conclusion, the production of a 32-bit barcode and its mea-
surement using MOKE has allowed the development of a scheme to
write a 12-bit binary sequence, with other bits being used for error cor-
rection. The coercivity of composite element magnetic bits is found to
be a binary, power-law function of strip width. The crossover between
the two regimes at ~200nm is attributed to a change in magnetic
reversal behavior.

See the supplementary material for magnetic force microscopy
measurements of a device after encoding.
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