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The unmet demand for data privacy and brand protection in anti-counterfeiting has urged heavyweight industries to develop
new nanomaterials for barcoding. Here, we tailor the remanence spectra of magnetic nanowires (MNWs) to make 23 new unique
magnetic nanobarcodes signatures. Using arrays of 30 and 100 nm diameter MNWs, composed of FeCo, Ni, or Co, we establish
design rules for generating diverse codes followed by the description of a simple decoding algorithm. When used together, remanence
spectra and our decoding algorithm enabled unambiguous identification of 14 of 15 combinations of two nanobarcodes. When three
nanobarcodes were present at the readout simultaneously, our algorithm was able to successfully identify 9 of 20 combinations. Our
approach opens a promising path toward expandable encoding and reliable decoding of MNWs.

Index Terms— Magnetic nanowires (MNWs), nanobarcoding, reliable decoding, remanence spectra.

I. INTRODUCTION

LONGATED magnetic nanoparticles, called magnetic

nanowires (MNWSs), have aroused much attention in
diverse fields because of their outperformance functionalities
in biomedical and technological applications, particularly,
in biolabeling and nanobarcoding applications [1]-[4]. The
three essential merits of nanobarcodes are 1) expandable
encoding, 2) secure sensing, and 3) reliable decoding.
The elongated morphology of MNWs grants them
directional-dependent magnetic properties, also known
as magnetic anisotropy. Magnetic anisotropy is a measure
of how hard or easy the magnetization can be switched
by applying an external field, called coercivity (H.). As a
result, the H, became the central focus in many studies as an
encoding parameter to encode MNWs suitable for biolabeling
and nanobarcodes [5]-[9].

The easiest way to tune H,. in MNWs is to vary the
diameter and composition [10], [11]. H, can also be tuned
by modulating the MNWSs diameter (i.e., multi-diameter
MNWs) [12], [13] and/or modulating the MNWs composition
(i.e., multi-segmented MNWs) [14], [15]. Numerous MNW
barcodes can be generated by combining the aforementioned
approaches. However, the main bottleneck for implementing
the MNWSs in nanobarcoding applications is the lack of
reliable decoding of H, values as the identification signature,
especially when there are more than one barcode at the read-
out [6], [16], [17]. The reason is that techniques for measuring
H,, such as hysteresis loop measurements, only provide a sin-
gle value for H. which is not sufficient for decoding [6], [18].
What is worse, the measured H, values can be significantly
different from the real values due to the interaction fields
(H,) among the MNWs. Methods such as first-order reversal
curves (FORC) have been proposed to measure the H, and H,
distributions as decoding signatures [19]. However, the FORC
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method is significantly slower than other methods [20], which
makes it impractical for decoding compared with other types
of nanobarcode methods, such as traditional radio frequency
identification (RFID) tags [21].

To bring MNW barcodes closer to practical applications,
we recently proposed to utilize irreversible switching fields
at zero applied field, which is also called remanence mag-
netization, as the encoding signature [16], [17], [22], [23].
Three merits make remanence spectrum particularly useful for
nanobarcoding. First, since remanence spectra are measured
at zero field after applying a predefined field, background
noise is minimized. That is because the other materials, such
as food products, are paramagnetic and diamagnetic which
do not produce any magnetic signal at zero field. Second,
remanence spectra can be measured significantly faster than
FORC because remanence methods require significantly fewer
data points. Considering the required data points, a remanence
spectrum can be measured at the same time as a hysteresis
loop, but it provides substantially more information. Third,
the remanence spectra are a function of both H. and H,
distributions, which enable not only an expansion of the
number of codes, but also make the decoding of unknown
remanence spectra plausible.

II. EXPERIMENTAL APPROACH

Several types of MNWs were electrodeposited into poly-
carbonate membranes using a three-electrode electrodeposi-
tion setup, and the details can be found in our previous
works [4], [10]. The polycarbonate membranes were used in
this study because polycarbonate is a biocompatible polymer
that is used daily, including cellphone and tablet covers,
personal wallets, and eyeglasses [24]. Fig. 1(a) shows the
procedure for electrodepositing MNWs inside the polycarbon-
ate membranes. For the sake of simplicity, we engineered
the remanence spectra of MNWs using the coercivity (H.),
which was tuned by the MNWs diameter (30 and 100 nm)
and composition (Ni, Co, and Fe65Co035). The composition
determines the crystal anisotropy and saturation magnetization,
the ratio of which contributes to H,. engineering. Note that
these MNWs had large aspect ratios, that is, length (=2 xm)
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Fig. 1. (a) MNWs fabrication process: (1) evaporating back-contacts onto one side of the template, (2) electrodepositing MNWs, and (3) removing the

back-contacts. (b) SEM images of MNWs, (1) 30 nm MNWs and (2) 100 nm MNWs. (c) Schematic of the decoding algorithm.

to diameter ratios; thus, the shape anisotropy contribution on
H,. was the same for all cases [see Fig. 1(b)]. We chose
diameters of 30 nm for large H. and 100 nm for small H.,.
It is well known that H. of MNWs decreases as the diameter
increases [25].

The remanence spectra were measured using the standard
protocol of the backward remanence magnetization (BRM)
method explained in [22]. The only difference between the
BRM and other remanence measurements, such as isothermal
and dc demagnetization methods, is that the BRM method sat-
urates the MNWs at each step before applying and removing
a field (H). This strictly controls the MNWs switching which
results in a more reproducible readout that is suitable for reli-
able decoding. To decode an unknown remanence spectrum,
it is necessary to determine the number and types of nano-
barcodes in the readout. To do so, we propose an automated
algorithm that uses the variation of the root-mean-square (rms)
error as an indicator for decoding [26], [27]. Theoretically,
any remanence spectra can be written as a summation of the
integral of N Gaussian functions, defined as follows:

. i 2
2 o! 2 o
()

where My, o, and H;, are the saturation remanence, dispersion
parameter, and inflection point, respectively.

The first step to decode a readout remanence spectrum is
to determine whether it is composed of one nanobarcodes or
several nanobarcodes—simply, what is N? Needless to say,
as N increases, the rms error decreases because the fit quality
improves. However, the rms error becomes constant when the
readout remanence spectrum is overfitted, and the rms error
will not be significantly reduced. Considering this fact, we first
assume that there is only one nanobarcode (N = 1) at the
readout, and the measured remanence spectrum is fit to (1) to
find the parameters (My:, o, and Hj,) by optimizing RMSI,
where superscript 1 indicates N = 1. Next, N is increased
to 2 and the new optimum rms error, RMS2, is calculated.
Then, RMS2 is compared with RMSI1 to determine how much
the rms error decreased by increasing N from 1 to 2. If the
reduction meets the cutoff, which was found to be 55% for our
MNWs sets, then there are at least two nanobarcodes at the
readout (N > 2). Then, it is necessary to increase N to 3 and
repeat the same procedure to determine whether or not there
are more nanobarcodes present. However, if the reduction in
RMS2 compared with RMS1 was not sufficient, the decoding
process can be terminated because it would appear that only
one nanobarcode was present at readout (N = 1). Note that
this procedure is scalable so that it can be used to decode
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(a) BRM spectra for all 6 MNW arrays. (b) Derivative of the remanence spectra with respect to the applied field (IBRM). In both subfigures, the red

curves are for the Co MNWs, the green curves are for the Ni MNWs, and the black curves are for the FeCo MNWs.

TABLE I
INFLECTION FIELD (Hj,), COERCIVITY (H,.), AND SATURATION REMANENCE (M) OF THE MNWS IN THIS STUDY

D=30nm D=100nm D=30nm D=100nm D=30nm D=100nm

Hin [kOe] 0.931 0.345 2.019 0.889 0.696 0.366
Hc [kOe] 0.930 0.344 2.019 0.878 0.685 0.370
Msr [memu] 1.34 4.497 2.382 11.86 1.273 10.05

any unknown remanence spectra composed of multiple nano-
barcodes with remanence spectra. In Section III, results and
discussion, we discuss this procedure to decode unknown
remanence spectra composed of two and three nanobarcodes,
and we provide insights on how to engineer more codes.

III. RESULTS AND DISCUSSION

Fig. 2(a) and (b) shows the normalized remanence spec-
tra and their derivatives with respect to a predefined field
(H), abbreviated as BRM and dBRM, respectively, because
they were measured using the backward remanence method.
We utilized the dBRM distribution because it is a good fit to
a Gaussian curve, the derivative of (1). The peak of dBRM
determines the inflection field (Hj,) of the BRM. The BRM
spectrum of each nanobarcode has at least one distinct feature,
either its dispersion parameter (o) or Hj,. We skipped the
discussion of ¢ because we previously showed that it is not
as effective as Hj, for reliable decoding [17], [28]. For small
interaction fields (H,), the absolute value of the difference
between Hj, and MNWs coercivity (H,) is equal to H,. For
our nanobarcodes, since the average interwire distance is large
(~600 nm), H, among the MNWs is negligible which results
H;, to be similar to H..

The H;, values are given in Table I, where it can be
seen that H,, decreases as the diameter of the MNWs inside

the nanobarcode increases as mentioned above. Furthermore,
since Co has a larger crystal anisotropy compared with both
Ni and FeCo, its Hj, values are larger for all diameters.
It is also well known that H. of MNWs is a function of
the crystal anisotropy to saturation magnetization ratio. As a
result, even though Ni has a quite similar crystal anisotropy
as FeCo, the 30 nm Ni has a larger Hj, compared with the
30 nm Fe65Co035 due to its smaller saturation magnetization
(485 versus 1880 emu/cc). Note that the situation is differ-
ent for 100 nm MNWSs because, in addition to the crystal
anisotropy to saturation magnetization ratio, the exchange
coefficient also impacts Hj, because larger MNWs are not
single domain [11], [25]. Generally speaking, MNWs with
larger crystal anisotropy are magnetically more stable that
means their magnetization direction does not change after
applying and removing a field (H) along their easy axis.
Simply, they have a higher saturation remanence (M), given
in Table I, where Co nanobarcodes have higher M owing
to their larger crystal anisotropy. In summary, to expand the
encoding capability of MNWs using their remanence spectra,
it is essential to tailor their Hj,, which is a strong function
of the MNWs composition (crystal anisotropy and saturation
magnetization and diameter). Note, here the MNWs had a
uniform cylindrical geometry with a large aspect ratio (length
to diameter ratio) leading to the same shape anisotropy. Inter-
estingly, shape anisotropy has been adjusted by modulating the
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Fig. 3. Example of decoding an unknown remanence spectrum (here its derivative, dBRM, is shown) which is being decoded using our algorithm, (a) is for
N =11in (1) and (b) is for N =2 in (1). As can be seen, N = 1 leads to underfit (large rms) and N = 2 fits the data very well, where further increasing N

causes overfit.
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Fig. 4. Convergence curves of the decoding algorithm for (a) and (b) unknown remanence spectra composed of two nanobarcodes and (c) and (d) unknown
remanence spectra of three nanobarcodes. The cutoff for the rms error is 45%, shown by solid black lines, and the unsuccessful decodings are listed (Ni =
green, Co = red, FeCo = black, capital X = 100 nm diameter, small x = 30 nm diameter) at box (e). In both subfigures, the stared curves indicate an

example of the failed decoding.

composition during electrodeposition [29], [30] and this could
be used with our design rules for expanding MNW encoding
capabilities.

As mentioned earlier, being able to generate numerous
nanobarcodes with distinct codes is valuable only if the nano-
barcodes can be reliably decoded. Therefore, after establishing

the basic rules for expanding the encoding capability of
MNWs using remanence spectra, it is vital to explore how
reliably they can be decoded. Here, we employ our automated
algorithm, which was described in Section II. For the sake of
simplicity, we only focused on unknown remanence spectra,
composed of two or three remanence spectra, even though this
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algorithm can be easily adapted for unknown combinations
with more nanobarcodes (N).

Fig. 3 shows an example of decoding of an unknown
spectrum, shown by dots. Distinct codes are essential to have
distinct peaks which lead to a large variation of rms for reliable
decoding. For example, in Fig. 3, the decoding algorithm
fits (1) to the data with N = 1 and calculates the rms.
Then, it increases N to 2 and repeats the procedure to find
the new rms. In this example, it can be clearly seen that the
N = 2 fits the data very well, while N = 1 has a very poor
fitting quality. The revolution of the rms values is shown and
discussed in Fig. 4. As can be seen in Fig. 4, as N is increased
during the decoding procedure, the rms error decreases till it
becomes fairly constant, which means the readout remanence
spectrum is being overfitted. Since the remanence spectrum of
each nanobarcode may not be a perfect Gaussian distribution,
reaching an exact constant rms error is not a good criterion
for determining N because it overestimates N. Therefore, it
is essential to establish a cutoff to indicate the line between
overfit and underfit. Here, we chose the cutoff based on the
ratio of the rms at each N compared with its previous rms
(N — 1), also called RMSN/RMSN-1. For this set of nanobar-
codes, we found that the best decoding can be achieved if the
rms at each step reduces at least by 55% (i.e., RMSN/RMSN-1
< 45%). Note that this cutoff value was found by try-and-error.
For example, if RMS2 (fitting for N = 2) to RMSI1 (fitting
for N = 1) ratio is less than 45%, then there are at least two
nanobarcodes and the decoding procedure must be done for
N = 3. However, if the RMS2/RMSI is larger than 45%, then
there was only one nanobarcode at the readout.

According to Fig. 4(a), the RMS2 to RMSI ratio
(RMS2/RMS1) for all cases is less than 45% (solid black
line), which indicates that all unknown remanence spectra
contain at least two nanobarcodes. Thus, N must be increased
to 3, where the RMS3/RMS?2 for all cases except one [labeled
by a star in Fig. 4(b) determining the combination of Co
100 nm (X) and FeCo 30 nm (x)] is larger than 45% that
means it is very unlikely that the samples measured had three
nanobarcodes. Therefore, the algorithm decided that there
were only two nanobarcodes present, which was correct. With
this method, 14 new combinations have been engineered that
can be used as nanobarcodes; a high number given there was
only 15 possible combinations of two nanobarcodes using our
six nanobarcodes. Performing the same procedure for decoding
the unknown remanence spectra composed of three nanobar-
codes, the decoding was successful for another nine combina-
tions (out of 20 possible combinations of three nanobarcodes
using our six nanobarcodes). In future works, the reliability
can be improved by further tailoring the remanence spectra
(e.g., by making multi-segmented MNWs) or developing more
solid decoding algorithms based on artificial intelligence or
machine learning approaches. Our results show that using
remanence spectra (measured with BRM method) of MNWs
as an encoding signature not only enables an expansion in the
number of generated codes, but also provides a route toward
decoding unknown nanobarcodes at the readout. This decoding
is something that cannot be done using a single value, such as
saturation magnetization or coercivity, as proposed by previous
studies.

2300906

IV. CONCLUSION

In this study, we focused on expanding the encoding capa-
bility of MNWs for nanobarcoding applications and decoding
them when there was no information about the nanobarcodes
at the readout. Our findings show that tailoring remanence
spectra of MNWs (measured using the BRM method) is a
very promising approach to generate numerous codes and has
the capability to decode them. The key to decoding is the
derivative of the BRM spectra ({(BRM), which provides a
Gaussian distribution, similar to emission spectra of optical
nanoparticles. This enables a reliable decoding scheme that
cannot be done using single values, such as saturation mag-
netization or coercivity, as proposed previously. Furthermore,
the remanence spectra peak can be readily tailored by the
MNWs composition and dimensions leading to the generation
of diverse codes suitable for nanobarcoding applications.
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