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@ Artificial Spin Ice: A Cross-Platform Analysis

Extend sample analysis from correlative bulk characterizations carried out with
MPMS 3 and PPMS to surface/nanoscale characterization using FusionScope for

correlative microscopy.

The ability to combine, and then correlate, multiple measurement techniques of a single sample is of
paramount importance for physicists, chemists, and materials scientists. Doing so enables the
investigator to fully understand, and potentially functionalize, the underlying physical mechanisms.
The diverse suite of materials characterization equipment offered by Quantum Design has, and
continues to play, a significant role in facilitating these capabilities. For example, while Quantum
Design’s first commercial measurement platform, the Magnetic Property Measurement System
(MPMS®), was developed for high-sensitivity magnetic measurements, the capability to also
measure the electric transport properties was soon added. This was of principal importance for
researchers who needed to correlate the behavior of the magnetic moment and electrical resistance
of novel superconducting samples. The more general Physical Property Measurement System
(PPMS®) further expanded the experimental toolset to also include thermal (e.g., thermal
conductivity and heat capacity) measurements over an even wider range of environmental (i.e.,
temperature and magnetic field) conditions. More recently, platforms such as OptiCool® have not
only enabled various optical measurements, but also microscopy and the ability to probe material
properties at the nanoscale. A recent paper [1] correlates the electrical photocurrent with scanning
near-field optical microscopy (SNOM) of graphene at length scales less than 20 nm at low
temperatures and high magnetic fields.

With the advent of FusionScope®, Quantum Design’s nearly 45-year history of facilitating easy-to-
use equipment for correlative measurements, now includes a platform specifically designed for
correlative microscopy. FusionScope combines the complementary strengths of atomic force
microscopy (AFM), scanning electron microscopy (SEM), and elemental analysis via energy-
dispersive X-ray spectroscopy (EDS).

When combined, the family of instruments offered by Quantum Design facilitate materials
characterization that not only spans a wide range of environmental parameters, but also length
scales. More specifically, FusionScope bridges the gap between the typically bulk characterizations
carried out by the MPMS and PPMS platforms and the surface/nanoscale characterization that is
often required for a thorough and complete analysis.

This Application Note presents a cross-platform analysis of artificial spin ice (ASI) [2] samples using
the MPMS 3, PPMS, and FusionScope.

The Sample

An ASl is a lithographically defined metamaterial assembled from periodic or sometimes aperiodic
arrays of strongly interacting magnetic nanoislands, usually stadium shaped. Initially, the ASI
provided a fruitful playground to study magnetic frustration in a highly degenerate ground state.
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However, more recently, they have found potential applicability in next generation neuromorphic and
reservoir computing schemes [3]. As the high frequency GHz dynamics of such ASls can also be
further functionalized, owing to e.g. their spin-wave band gaps, for a variety of magnonic
applications a new class of reconfigurable magnonic crystal (RMC) has recently been realized [4].

The ASI samples for this Application Note were fabricated by standard electron-beam lithography
and liftoff techniques. Extensive stitching enabled the fabrication of arrays spanning macroscopic
lateral areas ~1 cm2. To create these structures, Permalloy (Nig1Fe1g) is thermally evaporated and
capped with a thin 5 nm Al,O4 protective layer. The resulting ASI array, “Brickwork”, is shown below

in Figure 1.
Figure 1: SEM image of the ASI ‘“Brickwork”. Each element is nominally
600 nm x 200 nm and a Permalloy thickness of ~ 40 nm.
Measurements

Major Hysteresis Loop: MPMS 3

The first step when characterizing virtually any magnetic material is usually to measure a standard
major hysteresis loop. The saturation moment, remanence, coercivity, and general shape provide
many clues as to the magnetic reversal mechanisms present. The ~1 08 emu sensitivity of the
MPMS 3 makes it an ideal choice for measuring such a patterned array. The major hysteresis loop
for the ASI “Brickwork” is shown in Figure 2. The relatively large loop squareness (saturation
moment/remanent moment=0.72) and sharp switching at the coercive field suggest a highly uniform,
i.e. single domain, remanent state that undergoes a coherent reversal. It is important to remember, a
major hysteresis loop, while a critical first step in the analysis, provides an ensemble average of the
millions of individual elements and may obfuscate subtle details.
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Figure 2: Major hysteresis loop measured with the MPMS 3.
First Order Reversal Curve (FORC): PPMS-VSM

The saturation moment of ~7x10 emu is sufficient to also perform FORC measurements using the
vibrating sample magnetometer (VSM) option for the PPMS. More specifically, FORC
measurements are performed to uncover further details of the magnetic reversal mechanisms. A
comprehensive description of the FORC measurement technique would be too lengthy for this
Application Note. If interested, the reader is invited to refer to [5] and [6]. In sum, FORC
measurements consists of two parts: (1) the measurement of the FORCs and (2) the calculation of
the FORC distribution based upon the measured FORCs. The measurement of a single FORC
proceeds as follows: The applied magnetic field is first brought to a saturation field. From the
saturation field, the applied field is then reduced to a given reversal field, Hg. From this reversal
field, the magnetic moment is then measured back towards positive saturation, thus tracing out a
single FORC. This process is then repeated for incrementally smaller reversal fields until negative
saturation is achieved, generating a family of FORCs, which should ideally fill the interior of the
major hysteresis loop, Figure 3 (A). From this family of FORCs the FORC distribution, Figure 3 (B),
is calculated, which provides a quantitative fingerprint of the magnetic reversal mechanisms.
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Figure 3: (A) Family of FORCs used to calculate the FORC distribution shown in (B).

The resulting FORC distribution shown in Figure 3 (B), a simple highly localized ridge along the
H_-axis, is consistent with those observed in patterned magnetic arrays that reverse via a single
domain rotation [7]. The spread along the H_-axis provides a measure of the distribution of
switching, i.e. coercive, fields present.

Magnetic Force Microscopy (MFM): FusionScope

While the major loop provides important metrics of the ensemble average, and FORCs can provide
further clues as to reversal mechanisms and distributions of magnetic properties, only magnetic
imaging, such as MFM, can provide a direct measure of the magnetic configurations at the
nanoscale. Performing MFM with FusionScope comes with many benefits over more conventional
systems, as described in more detail in this Application Note [8] . Succinctly put, the ability to tilt the
sample and image the MFM tip with SEM, referred to as Profile View, not only allows one to
precisely place the MFM tip, but also directly inspect the quality of the tip in situ, as demonstrated in
Figure 4 (A). Sharp (tip radius <15 nm), high-aspect-ratio, CosFe tips are fabricated using focused
electron beam-induced deposition (FEBID). Such tips, combined with the ability to work in vacuo,
promote high lateral spatial resolution and phase contrast [9].

The phase contrast measured at a lift height of 35 nm is shown in Figure 4 (B). The white oval
indicates a single element where two clear magnetic poles are observed at each end of the stadium,
consistent with a highly uniformly magnetized single domain state. Each element is essentially
behaving as a nanoscopic bar magnet. The stray field gradients, and therefore forces, are largest at
the two poles where the MFM tip is either repelled or attracted, resulting in an opposing phase
contrast. While the vast majority of elements show a similar dipolar contrast, a few, highlighted with
yellow circles, show a more complex structure, that is perhaps indicating a multidomain state.
Consistent with the major loop and FORC analysis, this multidomain phase is expected to be the
minority, as observed with MFM.
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Figure 4: (A) Profile view of the FEBID MFM tip in close proximity to the ‘Brickwork’ array. (B) A 5 um x 5 um
MFM image. The vast majority of elements (typical example indicated by the white oval) show the expected
dipole feature associated with a single domain at remanence. The yellow circles highlight a few exceptions
where a multidomain state may be observed.

A high-resolution scan focusing on the intersection region between three elements is shown in
Figure 5. The topography, Figure 5 (A), confirms the expected thickness of each element and the
MFM phase contrast, Figure 5 (B), indicates the largest contrast is concentrated at the ends of the
elements, as expected. The red/blue contrast can be interpreted as north and south poles, as the
elements essentially behave as nanoscopic uniformly magnetized bar magnets. In the case of two
neighboring elements, the lowest magnetostatic energy state would be realized by ensuring
opposite poles are near each other, i.e. north next to south. However, the energy landscape
becomes more complicated with the placement of a third element as its orientation cannot
simultaneously energetically satisfy its neighbors. This magnetic ‘frustration’ is a key to
functionalizing such ASI systems. Figure 5 (C) shows the variation of the phase traversing two
opposite poles for the single line scan indicated in Figure 5 (B). Of particular note is the low noise
observed in the phase signal, highlighting the exceptional performance of MFM in the FusionScope.
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Figure 5: (A) Topography, (B) MFM phase contrast, and (C) the phase variation corresponding to the line
scan shown in (B).
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Random Array

As a final comparative example, an array of randomly oriented elements is studied, as shown in
Figure 6. In addition to the now aperiodic array, the most notable change is that the Permalloy
thickness has been significantly increased, Figure 6(E), compared to the periodic ‘Brickwork’ array,
Figure 5 (A). This increased thickness will have significant consequences on the reversal
mechanisms present, as already observed in the standard major hysteresis loop measured with the
MPMS 3, Figure 6(B). Note the reduced remanence and ‘wasp-waist’ loop as compared to that
shown in Figure 2. Such a loop shape in patterned nanostructures often indicates reversal via
magnetic vortex states [10] and [11]. This is further corroborated by the FORC analysis obtained
with the PPMS-VSM, Figure 6(C) and Figure 6(D), which is also significantly different than that
shown in Figure 3. The FORC distribution shown in Figure 6(D) is also reminiscent of that observed
for vortex state reversal [12]. The FORC distribution shows two dominant features above and below
the H-axis, which can be correlated with the vortex nucleation and annihilation fields. Vortex state
reversal is only confirmed after performing MFM, Figure 6 (F), where clear vortex and probable
double-vortex states are observed.
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Figure 6: (A) Profile view of the FEBID MFM tip in close proximity to the random array. (B) Corresponding major hysteresis
loop measured with the MPMS 3. The family of FORCs (C) used to generate the corresponding FORC distribution shown in
(D). (E) Topography and (F) MFM.
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Concluding Remarks

The FusionScope represents a natural continuation and extension of the materials characterization
instrumentation Quantum Design is known for. The ability to correlate the electrical, thermal, and
magnetic properties of novel materials has been a staple of the MPMS and PPMS platforms for
decades. In this Application Note the static magnetic properties, i.e. major hysteresis loops, FORCs,
and MFM are the primary focus. While outside of the scope of this Application Note, broadband
ferromagnetic resonance (FMR) measurements are also possible on such ASI arrays within the
PPMS platform and provide a quantitative ‘fingerprint’ of the nanoscale dynamics [13]. Whereas the
MPMS and PPMS typically measure the average behavior of an ensemble, the FusionScope
enables measurements of surfaces with nanoscale resolution.
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