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Memory Effect in Magnetic Nanowire Arrays

Xiaoming Kou, Xin Fan, Randy K. Dumas, Qi Lu, Yaping Zhang, Hao Zhu,

Xiaokai Zhang, Kai Liu, and John Q. Xiao*

Magnetic materials are widely used for information storage
because of their large capacity and low cost.l!! Storage medium
technologies have evolved from analog recording with mag-
netic tapes to high fidelity digital recording with magnetic hard
disks. Nevertheless, both techniques use a magnetic medium
consisting of magnetic particles, whose sizes have also evolved
from micrometers in magnetic tapes to nanometers in modern
hard disks. In analog recording, signals are converted into mag-
netic fields which change the magnetization of a group of mag-
netic particles (bit). The magnetization variations represent the
stored information which can subsequently be read out. The
magnetization, and therefore the stored information, could be
changed by an external magnetic field and/or thermal effects.
In digital recording, the bit magnetization can be aligned either
left or right in parallel recording or up and down in perpen-
dicular recording.’! The information is stable as long as the
medium is not subjected to a magnetic field higher than the
coercivity, or a temperature higher than the superparamagnetic
limit, of the constituent magnetic particles. In order to clearly
distinguish one bit from another it is advantageous to minimize
the dipolar interaction among magnetic particles, which is typi-
cally achieved by creating boundaries between particles. Since
the magnetic dipolar interaction is particularly pronounced in a
collection of magnetic entities, such as magnetic particles and
nanowires, it is scientifically interesting to question whether
such a degree of freedom can be exploited in order to create
additional memory functions. To answer this question, one
needs a magnetic system with a sizable and preferably control-
lable dipolar interaction. The magnetic nanowire array is an
ideal system for this purpose.

Magnetic nanowire arrays embedded in an insulating Al,0,
matrix have been intensively studied.>'2 When the magnetoc-
rystalline anisotropy is negligible, the magnetization direction
of the nanowires is preferably aligned along the length of the
nanowire because of the shape anisotropy. When nanowires are
very close to each other, dipolar interactions play a significant
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role in the magnetic behavior of the nanowire array, leading to
rich physical phenomena and great application potentials.’%
Recently, it was demonstrated that the dipolar interaction among
magnetic nanowires could provide zero field ferromagnetic res-
onance (FMR) tunability, which has potential applications in a
variety of microwave devices. A double FMR feature caused by
the dipolar interaction in a magnetic nanowire array was also
predicted!® and verified.'"*"7! In this manuscript, we demon-
strate how dipolar interactions can induce an analog memory
effect in magnetic nanowire arrays. Through this effect, the
magnetic nanowire array has the ability to ‘memorize’ the
maximum magnetic field that the array has been exposed to.
A novel, low cost, and robust electromagnetic pulse detecting
method is proposed based on this memory effect.

Nanowire arrays of Nig,Fe;, and Ni were synthesized by elec-
trodeposition into anodized alumina templates. The diameter,
center-to-center interpore distance, and length of the nanowires
are 35 nm, 60 nm, and 30 um, respectively. Figure 1a shows
the hysteresis loop, with a coercivity of 1080 Oe, of a NigyFe;,
nanowire array with a magnetic field parallel to the wire (open
squares). The loop with the field perpendicular to the wire is
shown in the inset. Clearly, a well defined easy axis exists along
the wire axis because of the dominant shape anisotropy.

The memory effect was demonstrated using a vibrating
sample magnetometer. The Nig,Fe;, nanowire array was satu-
rated along the wire prior to the measurement. The magnetic
moment of the array was monitored as a series of magnetic
field pulses were applied parallel to the nanowires. Figure 1b
displays the series of magnetic pulses with different magni-
tudes and directions. The corresponding change of the mag-
netic moment is illustrated in Figure 1c. We find that the
magnetic moment decreases monotonically as the magnitude
of the negative pulses increases, while the moment remains
the same after the positive pulses. This demonstrates that the
maximum negative magnetic field can be recorded into the
nanowire array. However, this is violated for the 800 and
900 Oe field pulses, and this discrepancy will be explained
later. The result is also plotted in the magnetic moment verses
applied field (M—H) graph, displayed in Figure 1d. Similar prop-
erties are also observed in Ni nanowire arrays.

This phenomenon is attributed to the dipolar interactions
among the nanowires. Previously, using a theoretical model, two
assumptions were proposed.'®! First, each nanowire is a single
domain cylinder with a uniform magnetization pointing up or
down parallel to the wire. The second assumption is that the
number of nanowires with up magnetizations (NT) and down
magnetizations (NJ) is determined by the total magnetization
M(H),ie. (NT-N{)/(NT+ Ni) = M(H)/M,, where M, is the
saturation magnetization. According to these assumptions, the
dipolar field among the nanowires can be written as!?!
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Figure 1. a) Measured (open square) and calculated (solid line) hysteresis loops of a NiggFe;q nanowire array with magnetic field along the wire. The
change of the magnetization can only follow the direction of the arrows on the loop. When the field is removed at point B, the magnetization returns

to B'. If a positive field smaller than 2H_ is applied at A, the magnetization

moves between A and A’ reversibly. The insert depicts the measured hyster-

esis loop with magnetic field perpendicular to the wires (solid circle). b) A series of magnetic pulses applied parallel to the NigFe;o nanowires. c) The

magnetic moment of the nanowire array was measured during the pulses

. The negative pulses lower the magnetic remanent monotonically, while the

positive ones do not change the moment except the 800 and 900 Oe pulses. The arrows are guides for the eyes. d) M-H plot of the magnetic moment

changes under the pulses (solid line). The major loop is also included for

Hdipole(H) = _M(H) X ﬁ (1)

where Hgipole and H are the dipolar field among the nanowires
and the applied field, respectively. f is a geometric factor, which
depends only on the geometry of the nanowires including their
diameter, length, and separation.

Based on this model, when the positive applied field is
reduced from the saturation state, the first switching happens
when Hgipe + H exceeds the switching field of a single wire,
Hg,. Subsequently, the magnetization M(H) decreases by a
small amount, and so does the dipole field Hgippe, according to
Equation (1). The switching stops when Hgjy,le + H is decreased
below Hg,. A stable state is reached at the following condition

Hdipole+ H= Hg, (2)

The hysteresis loop can be reconstructed from Equation (2)
after substituting the Hg, by the coercivity H,, shown in
Figure 1la (solid line). It can be inferred from this argument
that the magnetic moment of the nanowire array remains
unchanged as long as

|Hdipole + H| < Hgy (3)

is satisfied. Hence, the change of the magnetization on the hys-
teresis loop is irreversible at descending field directions below
the saturation field, as indicated with arrows in Figure la. For
example, if the sample is at state A, the magnetization will

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

comparison (open spare).

change to B in a negative field and return to state B’ once the
field is removed. On the other hand, if the sample is at state A
and subject to a positive field (along the AA’ line), the sample
will return to state A upon removal of the field reversibly as long
as Equation (3) is satisfied. Therefore, a memory effect exists
in the magnetic nanowire array as there is a one-to-one cor-
respondence between the remanent and the negative field the
sample was exposed to, as shown in Figure 1a. In other words
the sample memorizes the maximum negative field in terms
of remanent magnetization. The memory remains provided the
magnitude of a positive field does not violate Equation (3). In
using Equation (3), one typically uses the coercivity to repre-
sent the switching field. It should be emphasized that there is
local variation in switching fields spread around the coercivity.
Therefore, if the positive field pulse is close to the coercivity,
one must be careful in using Equation (3). For example, as
illustrated in Figures 1b and c, the magnetic moment increases
slightly after the 800 and 900 Oe positive pulses. The dipolar
field in this case is antiparallel to the positive pulses, therefore
| Hipole + H| is smaller than H, = 1080 Oe, and the magnetic
moment should stay unchanged, contradictory to the experi-
mental observation. Such a discrepancy is attributable to the
distribution of the switching fields.

To further probe the interactions, switching field, and
switching field distribution of the nanowires, first-order
reversal curve (FORC)!'®-22l measurements are performed on

Adv. Mater. 2011, 23, 1393-1397
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Figure 2. a) A family of FORCs for the Ni nanowire array with the applied
field parallel to the wires. The black dots represent the starting point of each
FORC. b) The corresponding FORC distribution plotted in (Hc, Hg) coordi-
nates. The vertical black dashed line indicates the vertical line scan shown in
(c) at Hc =750 Oe. d) Projection of the FORC distribution onto the Hc-axis
and Gaussian fit highlighting the mean switching field and its distribution.

a Ni nanowire array. FORC measurements proceed as follows:
After positive saturation the applied field is reduced to a given
reversal field, Hy. From this reversal field the magnetization
is then measured back towards positive saturation, thereby
tracing out a single FORC. This process is repeated for a series
of decreasing reversal fields thus filling the interior of the
major hysteresis loop. As shown in Figure 2a, under increasing
applied magnetic fields, each of the FORCs traverses horizon-
tally before conforming onto the major loop; the stacking of
the FORCs leads to the one-to-one correspondence between the
reversal field and the remanent magnetization.

The FORC distribution is then defined as a mixed second
order derivative of the normalized magnetization:

(H, i = L 192 M(H, Hy)/Ms
PU R = = T o Hy (4)

For our purposes here the FORC distribution is plotted in
(Hc, Hp) coordinates, where Hc is the local coercive field and
Hy is the local interaction or bias field. The transformation
from (H, Hp) coordinates is accomplished by a simple rotation
of the coordinate system defined by: Hy = (H + Hg)/2 and H¢ =
(H — Hg)/2. The FORC distribution of the Ni nanowire array
shown in Figure 2b is dominated by a broad vertical ridge that
runs parallel to the Hg-axis and indicates the presence of strong
demagnetizing dipolar interactions.1%2:221 A line scan, indi-
cated in Figure 2b with a vertical dashed line, through this ridge
is shown in Figure 2c. The ridge begins to deviate from zero
at Hp ~ 2000 Oe, which indicates the maximum dipolar field,
consistent with a calculated value of 1830 Oe from Equation (1).
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Furthermore, the FORC analysis allows the switching behavior
to be separated from the dipolar broadening. We find that the
vertical ridge is centered at H¢ ~ 750 Oe, the coercivity of the
major loop. Quantitative analysis of the switching behavior is
best illustrated by integrating horizontal line scans, known as
a projection along the H¢-axis dp/dHc, as shown in Figure 2d
(solid squares). A Gaussian fit of this FORC projection shows a
peak at 758 Oe, with a full width at half maximum (FWHM) of
420 Oe. The peak location indicates the mean switching field
while the FWHM is a direct quantitative measure of the distri-
bution of switching fields among the ~10° nanowires measured.
As there are finite fractions of nanowires with switching fields
less than 750 Oe, the Hy, in Equation (3) is no longer a single
value, but a distribution. Thus deviations from Equation (3)
occur first in those wires. This can be clearly seen in the family
of FORC curves in Figure 2a as the individual FORCs begin
to turn upward before reaching the ascending-field branch of
the major loop. The switching field distribution, which may be
attributable to small variations in wire length, diameter, etc.,
ultimately limits the working range of the envisioned magnetic
field pulse sensor.

Based on the memory effect, we propose an electromag-
netic pulse (EMP) detection method. An EMP generated by a
nuclear or non-nuclear explosion poses a threat to electronic
and electrical devices by inducing a large current or voltage
surge.?’l The detection of EMP is a challenging task because
the detection system must be able to handle high peak field
strengths. An optical method, based on measuring the polariza-
tion change induced by an EMP, might be one of the few oper-
able methods that can survive.?*! However, the optical system
is usually expensive and bulky. Magnetic nanowire arrays are
robust to an EMP since they record magnetic pulses passively.
Once the magnetic component is recorded and read out, the
electric component of an EMP can be readily calculated from
the impedance of the propagating media. In the following, the
procedure of using a magnetic nanowire array to measure the
magnetic field component of an EMP is described. The working
scheme is illustrated in Figure 3.

1. Before each measurement, the nanowire array needs to be
initialized to the state with the maximum remanent magneti-
zation. This is achieved by saturating the nanowire array with
a large positive magnetic field (Figure 3a) and subsequently
removing the field (Figure 3b).

2. For simplicity, the magnetic field pulses are assumed to
be always along the direction of the nanowires. In cases of
pulses in other directions, more pieces of nanowire arrays
can be combined together. When a series of magnetic pulses
or EMP is present, the nanowire array records the strongest
negative pulse, Figure 3c.

3. The nanowire array with a non-zero magnetization, behaves as a
small permanent magnet. A localized magnetic field of a few Oe
exists at the surface of the nanowire array and increases monoton-
ically with the remanent moment of the nanowire array. This field
can be easily detected with a magnetic field sensor (Figure 3d).
For example, the surface field of a 5 mm x 5 mm NigyFe
nanowire array is about 10 Oe in the maximum remanent state, as
measured by a gaussmeter. After the surface field is read, the array
is ready to be initialized for another measurement (Figure 3e).
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Figure 3. A novel magnetic field pulse detection scheme. a) Saturated by applying a strong positive field. b) Maximum remanent state after removing
the field. c) The strongest negative pulse is recorded. d) Reading the surface field with a magnetic field sensor to find the remanent moment. e) Ready

for another measurement cycle.

In summary, an analog memory effect in magnetic nanowire
arrays has been demonstrated for the first time. The max-
imum magnetic field in a series of magnetic field pulses can
be ‘memorized’ in the array. The origin of the memory effect
is the dipolar interaction among nanowires, which is modeled
with two basic assumptions. The deviation between the experi-
mental result and the theory is clarified by measuring the
switching field distribution among nanowires with the FORC
technique. Based on the memory effect, a novel EMP detection
scheme is proposed. Besides the extremely low cost, an EMP
detector built with a magnetic nanowire array has the ability to
measure a magnetic field component as high as a few hundred
Oe without breaking down.

Experimental Section

Magnetic nanowire arrays were synthesized by electrodepositing magnetic
metals into anodized alumina templates (AAT). The fabrication processes
of the AAT and NigyFe;y, nanowires are described elsewhere.'¥ The
diameter, interpore distance, and the length of the nanowires are 35 nm,
60 nm, and 30 um, respectively. Ni nanowires of similar size were also
fabricated by the same method. The bath for the Ni nanowires consisted
of NiSO,-6H,0 (120 g L") and H3BO; (45 g L™"). Hysteresis loops were
recorded by a vibrating sample magnetometer (Lakeshore 7404). FORCs
were measured using a Princeton Measurements Corp. 2900 vibrating
sample magnetometer. The size and composition of NigFe;q and Ni
nanowire arrays were determined by scanning electron microscopy and
energy dispersive X-ray spectroscopy (JEOL JSM6335F). The surface
field of the magnetic nanowire array was measured by a gaussmeter
(Lakeshore 450).
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