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We lithographically control the anisotropy properties of single-domain nananomagnets for use in
emerging nanomagnetic logic applications. By defining concave-shaped nanomagnets to enhance
the effect of configurational anisotropy, we induce the property of dual-axis remanence needed for
high-speed and reliable operation of nanomagnetic logic circuits. Magneto-optical measurements
verify the anisotropy properties of isolated concave nanomagnets, and photoelectron emission
C 2012
microscopy measurements verify signal propagation in chains of concave nanomagnets. V
American Institute of Physics. [http://dx.doi.org/10.1063/1.3703591]

Measurement techniques based on the magneto-optical
Kerr effect (MOKE) for characterizing anisotropy in singledomain nanomagnets were developed over a decade ago and
spurred investigations into the role of a nanomagnet’s shape,
size, and crystallinity on its anisotropy properties.1–4 In
polygon-shaped nanomagnets, energetically favorable nonuniform magnetization patterns were found to induce
“configurational” anisotropy with magnetic easy axes oriented
towards either the corners or edges of the polygon, depending
on the film thickness. These results hinted at the ability to
tune the anisotropy properties of a nanomagnet by changing
its lithographically defined shape, which could have broad
applicability, for example, to spin-based computation devices.5,6 However, the relatively small number of adjustable parameters in simple shapes such as rectangles and squares has
thus far limited applications of configurational anisotropy.
Configurational anisotropy arises in single-domain
nanomagnets that adopt a non-uniform magnetization pattern
to minimize magnetic charge at interfaces. The energy landscape in configuration space may contain local minima that
do not exist when considering the case of uniform magnetization only, leading to complex anisotropy properties. One
way to determine the approximate strength of configurational
anisotropy in a particular shape is to associate an effective
anisotropy field with each magnetization angle. If the anisotropy is predominantly uniaxial or biaxial, then the difference
between the maximum and minimum strength of the anisotropy field is related to the anisotropy energy density K by the
2K
, where MS is the saturation magnetizaequation Hanis ¼ M
S
tion of the material. Past investigations of permalloy squares
of 150 nm width and 15 nm thickness have demonstrated a
biaxial anisotropy field of over 300 Oe, with easy axes oriented along the square diagonals.2 Studies have also found
that the effect of configuration on magnetic anisotropy is
influenced by the presence of geometrical indentations in the
nanomagnet shape.7,8
One potential application of configurational anisotropy
is to nanomagnetic logic, in which arrays of lithographically
a)
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defined nanomagnets process information via nearestneighbor dipole coupling interactions.9–11 Most studies of
nanomagnetic logic to date have been carried out using nanomagnets with ellipsoidal or rectangular shapes that are typically assumed to exhibit only uniaxial shape anisotropy.
However, a recent simulation study predicts that nanomagnetic logic using nanomagnets with a composition of both
uniaxial and biaxial anisotropies could have greatly
improved speed and reliability characteristics compared with
shape anisotropy only.12 The study outlines a nanomagnetic
logic architecture in which nanomagnets remain magnetized
along their shape hard axis until triggered to flip to their
shape easy axis by the dipole field their nearest neighbor.
The requirement for this architecture to work is that each
nanomagnet must exhibit dual-axis remanence (zero-field
stability along two orthogonal axes), a property which can be
attained by engineering the anisotropy properties of each
nanomagnet.
Here, we propose a rectangle-derived nanomagnet
shape, which has concavities along its two short edges (top
and bottom) to obtain the desired anisotropy properties for
nanomagnetic logic applications. As in an elliptical nanomagnet, the shape easy axis lies parallel to the long axis.
However, unlike an elliptical nanomagnet, the concavities
induce an additional easy axis along what is ordinarily the
shape hard axis. To demonstrate this experimentally, we fabricated large (1  1 mm) arrays of nominally identical nanomagnets using electron beam lithography followed by metal
evaporation. The center-to-center spacing between nanomagnets is 750 nm. The nanomagnets were defined by electron
beam lithography (Vistec VB300 100 kV System) using a silicon substrate and polymethyl-methacrylate (PMMA) resist.
After development in a solution of 7:3 isopropanol:water at
5  C, we deposited a film of 10 nm Ni80Fe20/2 nm Al by
electron beam evaporation. We then lifted off the pattern
using Remover PG. A scanning electron micrograph of a typical finished array is shown in Fig. 1(a).
The anisotropy properties of the finished arrays of nanomagnets were characterized using a MOKE magnetometer
configured to perform modulated field magnetic anisometry
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FIG. 2. Comparison of hysteresis loops measured along the hard axis of
concave and ellipsoidal nanomagnets by MOKE magnetometry. Micromagnetic simulations (inset) show the remanent configuration of each shape.

FIG. 1. (a) Scanning electron micrograph of a typical array of nanomagnets
used for MFMA measurements. (b) Scanning electron micrographs and corresponding anisotropy profiles of a concave rectangular nanomagnet (top)
and elliptical nanomagnet (bottom).

(MFMA) measurements.1 The measurement yields the angular dependence of the anisotropy strength in the plane of the
nanomagnets; maxima in the anisotropy profile indicate
magnetic easy axes and minima indicate hard axes. Because
configurational anisotropy depends on the non-uniform magnetization of the nanomagnets and requires each spin to be
treated as an independent variable, quantifying cubic and
uniaxial anisotropy parameters, as is done for uniformly
magnetized particles, is not possible. In Fig. 1(b), we compare the experimental anisotropy profile of a permalloy concave rectangle with that of an ellipse. The nominal
dimensions of the nanomagnets are 80 nm  120 nm with a
10 nm thickness. In both ellipses and concave rectangles, we
clearly observe a dominant shape easy axis in the vertical
direction, but only in the concave rectangle do we additionally observe a minor easy axis in the horizontal direction.
Next, we measured hysteresis loops along the hard (short)
axis of the nanomagnets, shown in Fig. 2, as well as along
the easy (long) axis of the nanomagnets by MOKE magnetometry. Unlike ellipsoidal nanomagnets, concave rectangles
exhibit hysteresis along their shape hard axis, while both exhibit hysteresis along their shape easy axis. The observation
of dual-axis remanence implies that the anisotropy energy
barriers that separate the two stable axes are significantly
larger than the thermal energy, kT, at room temperature.
Information in a nanomagnetic logic circuit with dualaxis remanence is predicted to propagate in a characteristic
cascade-like manner.12 Using micromagnetic simulations,13
we verify that this mode of signal propagation occurs in

chains of concave nanomagnets, as shown in Fig. 3(a). For
comparison, we also simulated a chain of elliptical nanomagnets with equivalent dimensions. In both simulations, the
leftmost magnet is fixed in the vertical direction to set the
desired output state of the chain, and the rightmost magnet is
fixed to the right to stabilize the terminal magnet. The nanomagnets are initialized along the horizontal axis by an
applied magnetic field of 150 mT, which is removed linearly
over the first 1 ns of simulation time to initialize signal propagation. The temperature parameter in the simulations is set
to 300 K. Each concave nanomagnet remains magnetized in
its metastable state along the horizontal axis until its nearest
neighbor flips and produces a dipole field in the vertical
direction, giving rise to the predicted cascade-like behavior.
By contrast, in the ellipsoidal chains, stochastic thermal
processes caused the nanomagnets to flip to the vertical axis
too rapidly for the information from the input magnet to
propagate reliably down the chain. As a result, some of the
magnets flip to a logically incorrect state (parallel to their
nearest neighbors). Simulations carried out using nanomagnets with different concavity shapes, e.g., with rounded
rather than pointed ends, exhibited similar cascade-like signal propagation behavior.
Photoelectron emission microscopy (PEEM) experiments were carried out at the Advanced Light Source, Lawrence Berkeley National Laboratory to verify the unique
behavior of chains of concave nanomagnets. Magnetic circular dichroism of circularly polarized x-rays was used to generate magnetic contrast images with sensitivity along the
shape easy axes of the nanomagnets. In Fig. 3(b), a scanning
electron micrograph of a typical chain of concave nanomagnets under investigation is shown. The nanomagnet dimensions are 80 nm  160 nm with 10 nm thickness. The
concavity depth was varied between 20 and 40 nm. Prior to
magnetic imaging, a 220 mT magnetic field was applied
along the horizontal axis of the chain and subsequently
removed over 30 s. The sample was then inserted into the
PEEM chamber and magnetic contrast images were taken.
The bottom image in Fig. 3(b) suggests that nanomagnets
with 20 nm concavity depth were not sufficiently stabilized
along the horizontal axis by biaxial anisotropy; all the nanomagnets flip to the vertical axis, but errors (nearest neighbors
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FIG. 3. (a) Micromagnetic simulations showing
cascade-like signal propagation in a chain of concave nanomagnets (top) and error-prone signal
propagation in a chain of elliptical nanomagnets
(bottom). (b) Scanning electron micrograph and
magnetic contrast images of chains of concave
nanomagnets with varying concavity depths. The
nanomagnet dimensions are 80 nm  160 nm. (c)
Scanning electron micrograph and magnetic
contrast images of chains of elliptical (left) and concave (right) nanomagnets at varying temperatures.
The nanomagnet dimensions are 80 nm  154 nm,
with 30 nm concavity depth.

aligned parallel to one another) are observed in the output
state of the chain. On the other hand, nanomagnets with
40 nm concavity depth did not flip to the vertical axis at all
(the lack of magnetic contrast indicates horizontal magnetization). This implies that the biaxial anisotropy was strong
relative to the uniaxial anisotropy, so the magnets remained
locked in the horizontal direction. Finally, nanomagnets with
30 nm concavity depth demonstrate an appropriate balance
of biaxial and uniaxial anisotropy, as error-free signal propagation occurs along the first seven nanomagnets in the chain.
Further confirmation of the intended behavior of concave nanomagnets was achieved by increasing the temperature of the nanomagnet chains while inside the PEEM
chamber. In Fig. 3(c), we first show scanning electron micrographs of two neighboring chains in which the left chain consists of elliptical nanomagnets and the right chain consists of
concave nanomagnets. Next, we show a magnetic contrast
image of the two chains taken at room temperature. The
chain of elliptical nanomagnets does not exhibit metastability and is magnetized along the vertical axis, while the chain
of concave nanomagnets is magnetized along the horizontal
axis. Then, to verify that the horizontal magnetization of the
concave nanomagnet chain is a metastable state—rather than
a global energy minimum—we raised the temperature of the
sample to 120  C using a heating filament inside the sample
stage. The increase in thermal energy allows the nanomagnets to hop over the biaxial anisotropy energy barriers and
permanently flip out of the metastable state. The final magnetic contrast image shown in Fig. 3(c) confirms that the
heated chain no longer remains locked along the horizontal
axis and instead flips to the vertical axis, with anti-parallel
nearest-neighbor alignment.
This report demonstrates the use of concave shapes to
achieve tunable control of the anisotropy properties of nano-

magnets for nanomagnetic logic applications. One of its key
advantages over other means of anisotropy control is that it
is induced by top-down lithography and can be fabricated
using well-characterized processes like permalloy lift-off.
Further exploration of the nanomagnet shape space in search
of useful anisotropy properties will be fruitful for additional
nanomagnetic applications.
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