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ABSTRACT: We have directly written nanoscale patterns of magnetic ordering in
FeRh films using focused helium-ion beam irradiation. By varying the dose, we
pattern arrays with metamagnetic transition temperatures that range from the as-
grown film temperature to below room temperature. We employ transmission
electron microscopy, X-ray diffraction, and temperature-dependent transport
measurements to characterize the as-grown film, and magneto-optic Kerr effect
imaging to quantify the He" irradiation-induced changes to the magnetic order.
Moreover, we demonstrate temperature-dependent optical microscopy and
conductive atomic force microscopy as indirect probes of the metamagnetic

I

transition that are sensitive to the differences in dielectric properties and electrical

conductivity, respectively, of FeRh in the antiferromagnetic (AF) and ferromagnetic (FM) states. Using density functional theory, we
quantify strain- and defect-induced changes in spin-flip energy to understand their influence on the metamagnetic transition
temperature. This work holds promise for in-plane AF—FM spintronic devices, by reducing the need for multiple patterning steps or
different materials, and potentially eliminating interfacial polarization losses due to cross material interfacial spin scattering.

KEYWORDS: helium ion microscopy, FeRh, metamagnetic, antiferromagnetic, tunable magnetic transition

B INTRODUCTION

The recent advent of antiferromagnetic (AF) spintronics has
ushered in a new toolbox of ultrahigh speed spin physics to the
nanoscale electronics community.l_4 The community is
currently racing to understand the fundamental physics of a
sought-after AF memory by building test device configurations
to probe new types of AF materials and device geometries. The
vast majority of these studies rely on the creation of multiple
magnetic orderings in intimate contact using both lateral™® and
vertical”* heterostructures of multiple materials. The ability to
monolithically couple regions of AF and ferromagnetic (FM)
order, similar to that achieved in thin films of FePt; at low
temperature (below Tyeq = 160 K),” could eliminate the
complications associated with interfaces and concomitant
interfacial polarization losses, thus yielding a uniquely capable
material system for applications in the AF spintronics domain.
FeRh is a room-temperature antiferromagnet, which exhibits a
process-tunable AF to FM (ie, metamagnetic) transition
above 360 K,® thereby making it a top candidate material for
this role.””"”

FeRh is a binary metallic compound with a unique
metamagnetic transition from AF to FM ordering at ~360 K
in the bulk, resulting in an unparalleled change in magnet-
ization (~800 emu/cm?) and a ~1.0% lattice expansion."” The
relatively high temperature of this transition distinguishes
FeRh from all other metamagnetic materials whose transitions
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are at or below room temperature [e.g, FeCl, (~20 K),"*
La(Fe, Si);; (~200 K),"* UPt, (~1.5 K),"® and YMnSn,_,Ti,
(~293 K)'"]. Much of the current understanding of the FeRh
metamagnetic transition derives from studies of the bulk
material performed nearly 60 years ago.'”'®"” A resurgence of
interest is driven by its potential use in a plethora of thin-film-
based applications including magnetic memory,”>*' AF
electronics,””**** and magnetocalorics.24 Recent work on
FeRh has demonstrated a very high sensitivity to strain™ " as
well as ultrahigh speed critical point dynamics.”® Additionally,
the origin of the microscopic driving force for the transition
has been the focus of numerous theoretical studies,> ~>* which
have not led to a consensus.

Integration of FeRh into new AF spintronic applications
relies on both controlling (i.e., tuning the temperature) and
establishing a trigger (a switch) for the metamagnetic
transition. To tune the transition temperature, a number of
studies have demonstrated the effects of dilute alloys wherein
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Figure 1. (a) XRD 6—26 scan with FeRh reflections indexed. (b) HR-TEM image of the FeRh—MgO interface and the corresponding SADP
pattern. (c) Schematic depiction of the sample layers and processing of the films; a He* beam is scanned over the surface of the FeRh. (d) Helium
ion micrograph of an FeRh film surface immediately after implantation revealing greater contrast in the highest dose regions (dose: 1.1 X 10', 2.2
x 10", 4.0 x 10", 6.2 x 10™, and 8.0 X 10" He* cm™% U.S. NRL lettering dose 1 X 10" He* cm™). Scale bar: 20 ym.

transition metals, such as Pt, Pd, Ir, Cu, Au, and so forth,
incorporated at ~0.1-5% concentration, either decrease or
increase the transition temperature.35_37 However, more
recently it has been shown that the direct incorporation of
defects that do not change the composition, by either light or
heavy ion irradiation, can be highly effective at reducing the
transition temperatur<e.8’38_45

In this work, we demonstrate the use of a helium ion
microscope to directly write nanoscale regions of controlled
magnetic ordering in a film of FeRh, which exhibits either AF
order or FM order, and tune the AF—FM metamagnetic
transition temperature over a 125 K range. As a focused ion
beam (FIB) technique, but with a nearly atomic scale probe
size, helium ijon microscopy (HIM) continues to find a
broadening application space beyond microscopy, to include
high-precision ion milling,46 irradiation studies with submicron
features,"” and precise defect engineering.“&49 Using the HIM,
and through a combination of optical microscopy, magneto-
optic Kerr effect (MOKE) imaging, and conductive atomic
force microscopy (CAFM), we show that nanoscale regions
can be reproducibly written in confined geometries down to 25
nm. Using first-principles calculations based on density
functional theory, we study the impact of probable He*-
induced point defects and quantify their influence on the spin-
flip energy, a parameter related to the metamagnetic transition
temperature.

Physical Characterization. Figure la shows the 6—26 X-
ray diffraction (XRD) pattern of a 200 nm thick FeRh film
grown by sputter deposition on MgO(001) (see Methods).
Each of the primary FeRh reflections is labeled, and the other
intense reflections belong to the MgO substrate. The third
order peak position (003) of 26 = 100.036° corresponds to a c-
axis lattice spacing of ~3.02 A, while the full width at half-
maximum of 0.4° for the (001) reflection is indicative of fully-
dense phase-pure epitaxial near-stochiometric FeRh films.""
Temperature-dependent XRD measurements reveal the
characteristic expansion in the lattice parameter, and the
crystallite size with temperature, consistent with a first-order
transition (see Figure S1). Additionally, we prepared electron
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transparent slices through the FeRh/MgO (001) interface
using standard FIB lift-out techniques (see Methods) for high-
resolution transmission electron microscopy (HR-TEM)
analysis. The HR-TEM lattice image and selected area electron
diffraction pattern (SADP) shown in Figure 1b confirm the
fully dense nature and epitaxial alignment of the FeRh to the
MgO substrate. The three-dimensional representative sche-
matic in Figure 1c shows the 45° rotated growth of FeRh and
MgO [100] crystal axes, which is confirmed by the SADP of
Figure 1b where we observe overlapping in-plane (110)-FeRh
and (200)-MgO reflections.”**>°

We employ the highly focused 30 keV He* beam (diameter
<1 nm) of a helium ion microscope to achieve spatially
controlled regions of FeRh with dose-dependent metamagnetic
transition temperatures (1 X 10" <He* dose <5 X 10'® cm™2).
Following the automated pattern writing process, we captured
a short-integration/low-resolution (i.e., He" dose <1 X 10"
He" cm™) helium ion micrograph of the processed region
(Figure 1d), which shows a dose-dependent contrast. The
origin of the contrast is hypothesized to stem from a decrease
in conductivity throughout the volume of the dosed regions,
which is consistent with CAFM measurements presented
below for doses below 3.6 X 10" He*/cm?. Other possible
sources of increased contrast may be related to changes in the
secondary electron emissivity resulting from an increased
surface work function, adsorption/desorption of surface
contaminants, and changes in the dielectric properties. A
thin (<10 nm) layer of deposited carbon, primarily at the edges
of the highest dosed features and common to such FIB
processes, may also contribute to the image contrast (see
Figure SZ).50 The nanoscale features, discussed later, are
processed with a single raster scan of the beam, which largely
mitigates unwanted carbon deposition and yields reductions in
the film height at the highest doses.

Tuning the Metamagnetic Transition Temperature.
We employ both MOKE microscopy and optical microscopy
to investigate the He" dose-dependent changes in our FeRh
films. Figure 2a displays the room-temperature Kerr rotation as
a function of in-plane magnetic field (longitudinal MOKE
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Figure 2. (a) Kerr rotation vs magnetic field for a pristine FeRh film
(yellow) and within a square region dosed with 8.5 x 10" He* cm™
(gray line). Inset: Corresponding MOKE image illustrating the
magnetic contrast in the dosed region; scale bar: 100 ym. (b) Kerr
rotation as a function of He" dose.

geometry) for a region of the as-grown FeRh film and an
adjacent region implanted with ~8.5 X 10" He' cm™. The
inset of Figure 2a contains a MOKE image taken at ~850 Oe,
which depicts a region of high contrast (i.e, high Kerr
rotation) coinciding with the He*-implanted region. The effect
of implantation is clearly evident when comparing it with the
room-temperature magnetic-field-dependent Kerr rotation
measurement of the pristine film. In the AF state, the pristine
FeRh displays no Kerr response. Conversely, the He"
implantation causes the magnetostructural transition of FeRh
to shift below room temperature, producing the FM state and
leading to Kerr rotation that mimics a typical magnetization
hysteresis loop consistent with a FM domain.

The ability to direct-write multiple features into a single
FeRh film enables us to measure the room-temperature Kerr
rotation simultaneously for a series of different doses. In Figure
2b, we investigate the room-temperature Kerr rotation for He"
doses ranging from ~1 X 10" to 1 X 10" He* cm™2. Here, we
observe a dose-dependent linear increase in Kerr rotation with
the sample reaching a saturated Kerr rotation of 12.5 mdeg at a
dose of ~2 X 10" He* cm™ and persisting beyond 1 X 10'°
He' cm ™. In the linear regime, the slope is 5.2 mdeg per 10"
He* cm™. Transport of ions in matter (TRIM) simulations
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determine a penetration depth peak of 110 nm with a
longitudinal straggle of 46 nm, meaning a majority of the He"
come to rest within the base of the film near the MgO
substrate.”’ The peak defect concentration also occurs in this
location (see Figure S3). In contrast, the peak ionizing energy
loss occurs within the top S0 nm of the film and decreases
approximately linearly with depth. Using a computed value of
212 defects per ion based on TRIM simulations, the saturating
dose of 2 X 10" He* cm™? yields a mean defect density of 2.1
X 10 cm ™. Interestingly, the onset of FM saturation is similar
to the saturated magnetization reported for a defect
concentration of ~1.5 X 10** cm™> induced by 20 keV Ne*
irradiations [measured by superconducting quantum interfer-
ence device (SQUID) /vibrating sample magnetometer] in 35
nm FeRh films.** This close correlation is achieved despite the
fact that 20 keV Ne" ions have a nuclear stopping power ~30X
greater than 30 keV He".>"* Greater defect generation rates
typically yield larger defect clusters; therefore, the fact that
saturation occurs at approximately the same total defect
concentration (all Frenkel pairs treated as one defect) suggests
that point defects are sufficient to modify the metamagnetic
transition rather than a particular defect complex.

The results reported above are consistent with prior broad-
area irradiation studies with low-energy He,® Ne,***535% and
Ga ions.** Furthermore, in a previous study, the magnetic
moment induced per unit fluence of swift heavy ions including
Ni, Kr, Xe, and Au” was reported to correlate positively for
both the nuclear stopping power and the electronic stopping
power of each of the respective ions. However, the limited
range of stopping powers studied precluded the determination
of the primary ion-matter interaction responsible for the
change. The nuclear stopping power of 30 keV He* (12.5 MeV
cm? g7') is 3X to 40X less than the nuclear stopping powers of
the swift heavy ions, yet has an electronic stopping power
(166.3 MeV cm® g™') that is 120X to 275X less than that of
the swift heavy ions, and thus provides the additional range of
stopping powers needed to make a determination. Based on
our observed saturating dose of 2 X 10" He* cm™2, which is
between 3X and 40X more fluence than the swift heavy ions,
we conclude that nuclear stopping, that is, ion-matter energy
transfers to the lattice, that are primarily in the form of
vacancies, are the prevailing source of changes in the magnetic
moment in ion-irradiated FeRh. If the electronic interactions
were the dominant ion-matter energy transfer mechanism, a
dose in excess of 1.2 X 10'® He* cm™* would be the minimum
predicted dose needed to saturate the response.

In Figure 3a, we plot the temperature-dependent con-
ductivity of an as-grown FeRh film grown on MgO based on 4-
probe measurements. Below the transition temperature, we
observe a monotonic decrease in conductivity with increasing
temperature (upward triangles), typical of metals. At ~405 K,
the conductivity abruptly increases before once again
displaying metallic behavior above 460 K. During cooling
(downward triangles), we observe the reverse behavior but
with a hysteresis of approximately 15 K. Beginning with a
room-temperature conductivity of 3 kS cm™, the conductivity
decreases to a minimum of 2.2 kS cm™" and then goes up to a
maximum of 3.5 kS cm™/, that is, the conductivity ranges from
—27 to +17% compared to the room-temperature conductivity.
We also plot the temperature-dependent magnetic moment
(magenta line) in Figure 3a measured via SQUID (see
Methods). On the heating cycle, the onset of the metamagnetic
transition begins at ~405 K, consistent with the conductivity,
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Figure 3. (a) Left y-axis corresponds to four-probe temperature-dependent conductivity for the FeRh film for increasing (upward triangles) and
decreasing temperature (downward triangles) along with the temperature-dependent magnetic moment on the right y-axis measured at 100 Oe. (b)
Magnetic field-dependent Kerr rotation at 415 K for films irradiated with doses ranging from 1.1 X 10™ to 6.2 X 10" He* cm™2, with each trace
vertically offset for clarity. (c,d) The temperature-dependent (c) change in Kerr rotation at +325 Oe and (d) coercivity measured in films with He*
implantation doses ranging from 1.1 X 10" to 6.2 X 10'* He* cm™, as labeled.

and it also displays a hysteresis of ~15 K. This demonstrates
the correlation between the temperature-dependent conduc-
tivity and the magnetism of the FeRh, both of which are
strongly influenced by the metamagnetic transition.

Because of the limited spatial resolution of SQUID
magnetometry, we employ the use of MOKE imaging to
investigate the metamagnetic transition in micron-scale He"-
patterned FeRh films. In Figure 3b, we show the Kerr rotation
as a function of magnetic field at 415 K for four regions
patterned with increasing He" doses. As the He* dose
increases, the transition moves to lower temperatures leading
to larger increases in Kerr rotation and widening of the
hysteresis width. From a systematic series of MOKE
measurements, we extract both the change in Kerr rotation
at +325 Oe (i.e.,, AKerr rotation = Kerr rotation @ +325 Oe —
Kerr rotation @ —325 Oe) and the coercivity (H.) for
temperatures ranging from ~300 to 425 K for four different
He* doses measured simultaneously (for a given temperature)
ranging from 1.1 X 10 to 6.2 X 10'* He" cm™. At the two
lowest doses, a measurable AKerr rotation is observed at 390 K
Figure 3¢, a point that is about 15 K below the onset of the as-
grown film transition temperature based on the conductivity
and SQUID data. Above 390 K, the Kerr rotation increases
gradually for both regions, with a slightly larger magnitude for
the region implanted with a higher dose of 2.2 x 10'* He"
cm™% The FeRh regions implanted with doses of 4.0 X 10"
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and 6.2 X 10" He" cm ™ show a large temperature dependence
in the AKerr rotation increasing until reaching 415 K. In these
regions, the apparent onset of the metamagnetic transition
decreases by approximately 5SS and 100 K from that of the 1.1
X 10" He' cm™ dose, respectively. This amounts to a
decrease of ~1 K per 5 X 10'> He* cm™, or using the He"
defect formation rate of 212 def per He", a decrease of ~1 K
per 5.3 X 10" def cm™. To put this in perspective, the latter
value corresponds to a volume per defect V;, = 18.9 nm?® def ™
for a mean interdefect distance of L, = {/71) ~ 2.7 nm. At a

saturating dose of 2 X 10" cm™?, the mean interdefect distance
decreases to 0.36 nm or about 1 defect per 3.5 atoms. This is a
logical saturating condition because, on average, every atom is
adjacent to at least one defect that breaks the local symmetry
and thus additional defects have little effect. With increasing
dose, we expect a reduction in AKerr rotation saturation
temperature, the onset of which may be occurring in the
sample irradiated with a dose of 6 X 10'* He* cm™ above 395
K. Additionally, the more gradual increase in AKerr rotation
and H,, as compared to the lower dose results may indicate a
broadening of the transition. Even at this level of damage,
however, we are able to recover the AF spin alignment in the
film by annealing in S mTorr Ar for 1 h at 730 °C (ie., the
standard postgrowth annealing process).®

In contrast to the AKerr rotation, the coercivity H, in these
regions shows an inverse temperature dependence, especially
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Figure 5. CAFM of an FeRh film after He ion exposure. (a) Diagram of the dose test grid for sample measured in (b,c). (b) CAFM current
measurement on the log scale showing a strong dependence of current on dose. (c) CAFM height measurement showing small changes in height
due to He" exposure. (d) CAFM current measurement on the log scale of 50 nm square pixels written with a pitch of 100 nm. (e) CAFM height
measurements corresponding to (d). (f) CAFM current measurement on the log scale of spot array exposure with a dose of 2.0 X 10° He*/spot.

for the two lowest doses. In these areas, H_ decreases from 140
to 118 Oe for the lowest dose and from 150 to 118 Oe for the
2.2 X 10" He™ cm™ dose, as shown in Figure 3d. For the 4.0
X 10" He" cm™ dose, H, appears to fluctuate significantly
below about 360 K when the AKerr rotation signal is small,
then saturates at elevated temperatures. We observe a similar
saturated trend with less fluctuation for the highest dosed
region. The decreasing H, with temperature observed for the
lower doses behaves similar to that reported by Arregi et al., for
spatially confined FeRh mesoscale rectangles and is attributed
to the presence of intermixed AF and FM domains.”® The
modified behavior in H_ at the higher doses may stem from
differences in AF and FM domain distribution and formation
of pinning centers within the FeRh film because of the use of
He" irradiation, rather than spatial confinement and shape
anisotropy, warranting further studies on these effects.
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MOKE imaging has been used to observe the changes in
FeRh with dose (as shown in Figure 2a), as well as other
features such as spatial confinement effects in <500 nm
features.”® Indeed, we use this technique to observe dose- and
temperature-dependent features in FeRh films where features
appear with increasing temperature (Figure 3a) or diminish
with decreasing temperature (i.e., regions with threshold
temperature <295 K) as shown in Figure S4. The direct
relation between the MOKE contrast and the degree of
magnetization in the film makes it an extremely powerful
technique.

Here, we also demonstrate the use of optical microscopy to
observe the metamagnetic transition by exploiting the fact that
the dielectric function, and therefore the optical reflectance, of
FeRh varies spectrally between the AF and FM states,”’
enabling easy identification of its magnetic state with an optical
microscope. In Figure 4a, we display optical microscopy
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images of the surface of a processed FeRh film during the
heating (left) and cooling (right) cycles. The corresponding
image contrast, obtained by averaging the same sampling area
within each image, for the heating series (red) and cooling
series (blue), is shown in Figure 4b. At 293 K, the 8.0 X 10"
He' cm™ dose is immediately apparent as a region of higher
contrast than the film or any of the other processed squares. As
the temperature increases, the contrast of this region increases
further and upon reaching 333 K, the region processed at 6.2 X
10" He* cm™ becomes much more apparent. This trend
continues with additional heating, with the dashed line
indicating approximately the point when the Kerr rotation
exceeds 3 mdeg. During cooling, we observe the opposite
behavior with feature contrast diminishing as the temperature
decreases, but also with a ~20 K hysteresis in temperature in
comparison to the appearance of the feature during heating.
This hysteresis is most evident in Figure 4b where the blue and
red traces do not overlap for the heating and cooling cycles.
Most notably, for the lowest two doses a significant hysteresis
is observed at 393 and 373 K (near the as-grown FeRh
transition), while for the highest two doses the hysteresis is
greatest at the reduced temperatures of 333 and 313 K (also
see Figure SS).

Patterning Nanoscale Features. To explore the limits on
the minimum feature size we are able to pattern with the HIM,
we generate a series of micron and submicron features
patterned with a range of doses consisting of a dose series,
arrays of nanoscale squares, and a fixed-location spot array. To
characterize these samples, we used CAFM to measure local
changes in conductance. CAFM consists of AFM in contact
mode with an electrical bias applied between the conducting
AFM tip and sample. As the surface topography of the sample
is measured based on tip deflection, the tip current is measured
simultaneously, generating a spatial current map that is
proportional to the tip—sample conductance. We infer that
the conductivity of the FeRh film at a given temperature will
change as a function of He" dose based on Figure 3a and the
fact that the AF—FM transition temperature (i.e. the dip in
Figure 3a) decreases with He' dose. Additionally, He"
irradiation may modify the FeRh surface conductance caused
by desorption (e.g., oxygen) or deposition (e.g, carbon) of
surface impurities, or via sputtering the surface of the FeRh
film. Stemming from either of these mechanisms, we are able
to use the CAFM signal as a means to resolve the He" dosed
regions and the spatial extent of the He™ modification.

The CAFM results are shown in Figure 5, beginning with
the dose pattern in Figure Sa, the CAFM current map in Figure
Sb, and the corresponding AFM height map in Figure Sc. The
magnitude of the CAFM current shows a clear dose
dependence. Compared to the background current (ie.,
outside of the patterned squares), the measured current
decreases slightly with increasing He" dose up to ~4.5 X 10
He" cm™. This decrease in current is consistent with the bulk
conductivity measurement in Figure 3a, which indicates that
the FeRh conductivity decreases before the material transitions
from the AF state to the FM state. The decrease in
conductivity in the current context could stem from static
defect scattering rather than dynamic temperature-induced
phonon scattering.”® Above 9 X 10" He* cm™2, the measured
current increases monotonically with increased He" dose. This
increase in current is consistent with the increase in current
observed in Figure 3a as the material transitions from AF to
FM. In general, the qualitative behavior of CAFM current as a
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function of He" dose is consistent with Figure 3a and the fact
that the AF—FM transition temperature decreases for
increasing He*. However, the >100X increase in current for
doses increasing from 3.6 X 10" to 3.6 x 10'® He" cm™
exceeds the small changes in conductivity observed in Figure
3a. This observation suggests that an additional phenomenon,
in addition to the AF—FM transition, occurs for such high He"
doses. One hypothesis to explain the exponential increase in
current for large doses is that Fe near the surface is selectively
sputtered, leaving behind a highly conductive Rh-rich alloy
with electrical conductivity approaching that of pure Rh. This
is supported by TRIM simulations in which 30 keV He*
irradiation of FeRh sputters Fe at a 28% greater rate than Rh.
At a dose of 10'® He* cm™2, the surface would contain about
1.1 X 10" more Rh at the surface. In comparison to the CAFM
current map, the height map in Figure Sc reveals minimal
changes for the lowest five doses in the bottom row, a slight
increase in height for the second row and the first three
features of the top row, and a slight reduction in height for the
two highest He" doses. This lack of correlation between height
and dose helps to rule out incremental carbon deposition as
the source of spatially varying CAFM current. Based on these
results, we believe that CAFM is a useful tool for verifying the
size and shape of nanoscale He* direct-write patterns in FeRh
films, and may also have some sensitivity toward identifying
regions with a reduced metamagnetic transition temperature,
particularly for He* doses <3.6 X 10" He* cm™

CAFM current and height images shown in Figure 5d,e
illustrate the direct write capability of patterning well-resolved
features down to 50 nm with a 100 nm pitch. The dose
imparted in these features corresponds to the highest dose
from the height map in Figure Sa of 3.6 X 10' He* cm™2, and
the slight depressions observed in the height map of Figure Se
correlate well with this dose. The spot array features of Figure
5f approach the resolution-limit of the HIM, where a total of 2
X 10° He* were implanted at each fixed-point within the array.
This exposure corresponds to the same total number of ions
implanted in a 25 nm X 25 nm square at a dose level of 3.6 X
10" He" cm™ (see Methods and Figure S6). A spot array with
a lower dose would likely achieve smaller feature sizes. The
elongation of the features likely stems from beam astigmatism,
but could also result from beam drift during the >30 ms dwell
time at each spot. Like the other patterns, it shows an
enhanced CAFM current and features with a lateral extent of
25 nm or less for some spots. This dose is likely just below the
threshold for full amorphization,> yet is exceedingly large and
leads to additional pitting of the FeRh film as shown in the
AFM height map in Figure S6. Notwithstanding, the contrast
in the CAFM is apparent, and the ability to pattern 25 nm
regions or less supports the potential of patterning features to
dimensions at or below the superparamagnetic limit by means
of exchange coupling of the FM region to the AF matrix
surrounding the feature.

Density Functional Theory. Collectively, our MOKE,
CAFM, and optical microscopy measurements on the
irradiated FeRh sample all indicate that the FM phase is
present at temperatures well below the transition temperature
of the pristine material. To understand the fundamental origins
of why defects in FeRh can lower the transition temperature,
we turn to first-principles calculations. The lattice parameter
and magnetic moment on Fe and Rh in the FM and the AF
phase of the FeRh cubic unit cell obtained from our first-
principles calculations are summarized in Table 1.
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Table 1. Lattice Parameter, a, and Magnitude of the
Magnetic Moment on the Fe, mg,, and Rh, mg;, Atoms in
the Cubic FeRh Structure with FM and AF Order Imposed
Obtained from Our First-Principles Calculations”

a (A) mg, (4B) iy, (4B)
FM 3.017 3.34 1.01
FM (experiment)”° 2.996 3.14 1.00
AF 3.003 3.32 0
AF (experiment)*”® 2.987 3.30 0

“Experimental data reported in refs’”®° have been included for
comparison. Static lattice first-principles calculations do not include
thermal effects, such as lattice expansion, and thus yield differences
between theory and experimental values.

In experiment, transitioning from the AF phase to the FM
phase leads to a volume expansion of ~1%,” consistent with
our first-principles calculations. This is accompanied by a
change in the magnetic moment of the Rh atom and the
direction of the Fe moments. In the AF phase, the magnetic
moments on Fe are antiferromagnetically aligned along the
axes of the cubic cell and are ferromagnetically aligned within
the [111] plane, while Rh has no magnetic moment by
symmetry. In the FM phase, the moments on Fe are aligned
parallel to each other and Rh gains a magnetic moment of ~1
uB.

As in any first-order phase transition, the temperature T, at
which FeRh transitions between the AF and FM phase is
determined by the tradeoft between the energy and entropy
differences of the two phases. The free energies of the two
phases are equal at the transition temperature, so

AG = AE(T,) + PAV(T,) — T,AS(T,) = 0

where AE is the energy difference, P is the pressure, AV is the
volume difference, and AS is the entropy difference. The
enthalpy contribution of the volume difference is negligible for
a process involving rigid solids taking place at ambient
pressure. The energy difference results from the structural
energy associated with the change in volume and from changes
in the direction and the magnitude of the magnetic moment on
Fe and Rh. If we assume that the entropy difference is
approximately independent of the presence of defects, then the
energy difference and its variation with defects is, to a good

approximation, proportional to the transition temperature and,
therefore, its corresponding variation.**®"%*

From our first-principles calculations, the difference in total
energy between the AF and the FM FeRh structure, which we
call the spin-flip energy, is AE = E,,(AF) — E,,,(FM), where
E(AF) is the total energy of the FeRh structure with AF
magnetic ordering and E,,,(FM) is the total energy of the FeRh
structure with FM magnetic ordering. We allow for a full
relaxation of the atomic coordinates, volume, and cell shape for
each magnetic configuration and find AE = —24.9 meV/atom.
The FM state is higher in energy, hence unstable at zero
temperature, but becomes stable at finite temperature T,
because of the entropic effects. External perturbations such
as strain, pressure, and defects would shift the energy balance
between these two states, which would be reflected by a
change in AE, and in turn the transition temperature. Hence,
an analysis of the direction and magnitude of the shift in the
transition temperature needs to consider changes in the
volume and magnetic order on the Fe and Rh atoms.

If their lattice constants were epitaxially matched to that of
MgO, the FM and AF configurations of FeRh would be under
compressive in-plane biaxial strain, although it is likely that the
strain in the 200 nm thick film relaxes far from the interface.
The MgO lattice parameter from our first-principles calcu-
lations is 4.245 A, which is close to the experimental MgO
lattice parameter of 4.212 A.°> To determine the impact this
maximum epitaxial strain would have on the spin-flip energy,
we calculate AE imposing biaxial strain on the in-plane FeRh
lattice parameters following the approach detailed in the
Methods section. The results are illustrated in Figure 6a. The
AF configuration remains lower in energy compared to the FM
configuration for all values of the in-plane lattice parameter
that we consider, that is, AE remains negative. An increase in
the magnitude of AE corresponds to an increase in the energy
to transition from the AF to the FM state. It is evident that
when the in-plane lattice parameters of FeRh are strained to
the MgO lattice, the magnitude of AE increases by 4% with
respect to AE™X which would correspond to an increase in
the transition temperature with respect to the bulk transition
temperature.

The main effect of the He" irradiation is the displacement of
atoms, leading to localized disorder, forming over 200
vacancies per ion before coming to rest deep within the

AE/atom (meV)

®
e

a(A)

Yy ‘
294 296298 3 302 304 306 3.031 /i %
; +Z

Figure 6. (a) Spin-flip energy [AE = E,(AF) — E,.,(FM)] per atom between the AF and FM phases of FeRh as a function of equibiaxial in plane
strain. The horizontal axis corresponds to the in-plane lattice parameters (a = b) that FeRh is fixed to in our calculations. The green, orange, and
purple arrows correspond to the equilibrium lattice parameter of MgO (converted to cubic), cubic FM FeRh, and cubic AF FeRh obtained from
our first-principles calculations. The horizontal red-dashed line, AE™¥, denotes the equilibrium spin-flip energy using the fully relaxed AF and FM
lattice parameters of the cubic FeRh cell. (b) Structure of the Fe split interstitial (light gray spheres) of the Fe Frenkel defect. Rh is depicted with

blue spheres and Fe with gray spheres.
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FeRh film, or in some cases passing entirely through the FeRh
layer and coming to rest in the MgO substrate.’’ These
displaced atoms will initially leave behind vacancies and move
into interstitial positions, but preserve the stoichiometry. They
may remain in this form as Frenkel pairs, heal completely by
the annihilation of an interstitial with a vacancy of the same
species, or create antisites by the recombination of an
interstitial of one species with a vacancy of the other species.
Prior first-principles calculations have suggested that defects
may lower the transition temperature, assuming the transition
temperature is proportional to the energy difference between
the FM and AFM state. This was based on calculations of a
single Fe and Rh antisite pair in a 16 atom FeRh cell (e, a
concentration of 12.5% per formula unit), where they found
the ground state to be FM.®* Here, we simulate three types of
point-defect pairs that preserve stoichiometry: Rh and Fe
Frenkel pairs, and an antisite pair. We use large 432 atom
supercells, which enables us to simulate defect concentrations
(ie, 1.17 X 10*° cm™) that are well below the defect
concentration (i.e., 1.6 X 10** cm™) that results in a saturated
room-temperature Kerr rotation following He" irradiation.

The local structure around the defect controls its energy and
magnetic structure, and therefore its effect on the transition
temperature. While the vacancies and antisites induce only
minor atomic relaxation, the interstitials lead to more drastic
deformation of the lattice. To visualize one such defect, Figure
6b illustrates the atomic structure of the displaced Fe
interstitial of the Fe Frenkel defect (Fe vacancy — interstitial
pair). The Fe interstitial takes on a split-interstitial
configuration, two Fe atoms sharing one Fe lattice site, with
an Fe—Fe bond length of 2.03 A. The Rh atoms that are
nearest-neighbor to the Fe split-interstitial are displaced
slightly outwards from their equilibrium positions. For the
case of the Rh Frenkel pair (not shown), the displaced Rh
interstitial does not form a split interstitial with a Rh atom
within the lattice. Instead, it bonds to one of the Fe atoms,
with a Fe—Rh bond length of 2.14 A, resulting in the Fe atom
being displaced away from its equilibrium position along the
(110) direction. The Fe and Rh vacancies and antisites lead to
minor changes in their nearest-neighbor bond lengths. For the
case of Fe on the Rh antisite, the nearest neighbor Fe—Rh
bond is 0.6% shorter than the equilibrium bond length while
the Rh on the Fe antisite results in nearest-neighbor Rh—Fe
bonds that are 3.3% shorter than the equilibrium bond length.
The formation energies and percent change in spin flip
energies are listed in Table 2.

Table 2. Point-Defect Pair Properties, Including Relaxed
Formation Energies in the AF Order, and Change in Spin-
Flip Energy Relative to Perfect Material at Concentration of
One Pair Per 432 Atoms (1.7 X 10*° cm™%)“

formation spin-flip energy
defect description energy (eV) change (%)
Vi — Fey Fe 6.1 -3.3
vacancy — interstitial
pair
Vs — Rh;  Rh 7.1 —2.74
vacancy — interstitial
pair
Feg,—Rhg,  Fe and Rh antisite 1.6 =S.5
defect pair

“Formation energy calculations were terminated upon reaching a total
energy convergence threshold of <1 peV.
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We found that the formation energies of the two types of
Frenkel pairs in the AF order are quite large, about 6—7 eV,
while the formation energy of an antisite pair is much lower,
about 1.6 eV. If the system was in equilibrium, these energies
would indicate that antisite defects would be much more
abundant. Because the He" irradiation process is strongly out
of equilibrium, this is not necessarily the case, but it does
indicate that the driving force to heal vacancies and
interstitials, whether back to the perfect lattice or to antisites,
is strong. We also found that all types of defect pairs studied
lower the magnitude of the spin flip energy by a few percent at
the calculated concentration of two point-defects (one pair)
per 432 atoms in the supercell (216 FeRh formula units per
supercell). Within our approximation that the transition
temperature is proportional to the spin flip energy, these
results are consistent with the point defects reducing the
transition temperature as seen experimentally.

B CONCLUSIONS

In summary, we have established a direct-write process for
tailoring the FeRh metamagnetic transition temperature using
focused He" ion irradiation with spatial control down to 25 nm
and approaching the superparamagnetic limit. Physical
characterization of the material using HR-TEM and XRD
confirms the crystalline quality and epitaxial registry with the
MgO growth substrate. Our temperature-dependent MOKE
images show a strong correlation between Kerr rotation and
He" dose, directly confirming the tunability of the magnetic
ordering from AF to FM with increasing temperature and
lowering of the metamagnetic transition temperature with
dose.

In this work, we introduce two characterization methods for
indirectly quantifying the impact of He" irradiation on the
metamagnetic transition of FeRh films. Foremost, temperature-
dependent optical microscopy, with concomitant optical
contrast image processing, is used to rapidly quantify the AF
to FM transition for regions with varying dose. This technique
correlates strongly with our temperature-dependent MOKE
results, and reveals hysteresis in optical contrast for increasing
and decreasing temperature sweeps—direct evidence of the
metamagnetic transition. We employ CAFM as a means to
characterize nanoscale features patterned in FeRh down to
~25 nm. We begin with a dose-gradient array of squares that
reveals a direct correlation of CAFM current magnitude with
dose, while the topography shows a nonmonotonic trend
providing evidence for the relationship between the CAFM
current magnitude and the magnetic ordering of the FeRh film.
These techniques, though very different in implementation, are
fundamentally linked via the Hagen—Rubens relation where at
optical frequencies, the coeflicient of reflection is a function of
the electrical conductivity.

We perform first principles-based calculations to quantify
the impact that substrate strain and point defects (Frenkel and
antisite pairs) have on the spin-flip energy of the system, which
is directly related to the metamagnetic transition temperature.
For FeRh grown on MgO, our calculations determine an
increased magnitude of the spin-flip energy because of the
epitaxial lattice-constant match, suggesting an increased
metamagnetic transition temperature. In contrast, the simple
defects we study here all lead to a slight reduction in the
magnitude of the spin-flip energy. Therefore, no single defect
type is responsible for modifying the metamagnetic transition,
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but rather, any defect that degrades the AF ordering can play a
role in decreasing the transition temperature.

Ultimately, our work demonstrates the ability to spatially
pattern nanoscale magnetic ordering, as a gateway into
realizing multiple domains of distinct magnetic ordering (AF,
FM, and paramagnetic), on the same film. Our results thereby
enable the creation of magnetic metamaterials and nanoscale
interface-free AF spintronic devices that are dynamically
temperature tunable.

B METHODS

FeRh Thin Film Growth. For this study, we grew 200 nm thick
epitaxial films of FeRh on single-crystal MgO(001) substrates using
magnetron sputtering from a stoichiometric Fe,sRh, target in a 5
mTorr Ar atmosphere. We fixed the substrate temperature at 630 °C
during growth and performed a postgrowth anneal in S mTorr Ar for
1 h at 730 °C.

X-ray Analysis. We performed XRD to assess the initial crystalline
quality of the films using the Cu Ka line of a Rigaku X-ray
diffractometer with a rotating anode and the sample temperature
cycled between 300 and 450 K.

TEM Preparation and Analysis. We employed an FEI Nova 600
NanoLab dual-beam, FIB (Ga)/scanning electron microscope system
providing high-resolution ion milling and secondary electron-imaging
capability to isolate and lift-out a thin foil of FeRh for subsequent
TEM. Following lift-out, the foil was thinned and cleaned using the
FIB with progressively lower accelerating voltages down to 2 kV.
HRTEM images were collected using a JEOL JEM-2200FS at 200 kV
and diffraction patterns were collected using a FEI Tecnai G2 at 300
kv.

Site-Selective He lon Irradiation. Using a Zeiss ORION
NanoFab helium ion microscope, we formed direct-write patterns
consisting of a arrays of large area squares (20 ym X 20 ym) and
small area squares (<2 gm X <2 um) in FeRh films with 30 keV He"
for subsequent characterization via optical and CAFM, respectively. In
all cases, the irradiation was performed at normal incidence and
controlled by the NanoFab Nanopatterning and Visualization Engine
software, with the patterning direction along the x-axis leading to a y-
axis raster direction. For larger regions, we used a 40 um aperture, a
23.7 pA beam current, and a pixel spacing of 3.7 nm and varied the
dwell time and number of replicates to achieve a wide-range of doses
from 1 X 10" to 8 X 10" He* cm ™ For smaller regions we used a 10
pum aperture, a 0.8 pA beam current, and a pixel spacing of 0.25 nm
when applicable. Small scale features included a series of 2 gm X 2 ym
uniformly dosed squares with doses ranging from 4.5 X 10" to 3.6 X
10'¢ He* cm™, and arrays of nanoscale squares each filling a 2 ym X 2
pum area, with sizes/pitches of 200 nm/400 nm, 100 nm/200 nm, 50
nm/100 nm, and 25 nm/50 nm. Each nanoscale feature was dosed to
the same level of 3.6 X 10" He* cm™ for an effective areal dose of
8.75 X 10" He* cm™ averaged over the 2 ym X 2 um region. We
chose this dose level to ensure the nanoscale features consist of fully
saturated FM ordering. To push the ultimate scaling limits of the
NanoFab, we patterned a spot array with a spot dose of 2 X 10° He"
and a pitch of 50 nm, which has approximately the same total ions per
region and pitch as the 25 nm/50 nm square pattern array. For these
patterns, we optimized beam focus and aperture settings in a small
region adjacent to the patterning region, then ensured proper
positioning and beam focus by capturing a single large area exposure
with a beam current of ~0.8 pA imparting a total dose less than 10"
He*/cm?.

Temperature-Dependent Optical Microscopy. Using a Nikon
optical microscope and a LabVIEW controlled heated vacuum stage,
we captured temperature-dependent optical microscopy images.
Brightness and contrast remained constant for all images, and at
each temperature we allowed the sample to equilibrate for >S5 min
prior to refocusing and capturing an image. Refocusing was
unavoidable because of the thermal expansion of the stage and
sample over the large temperature range investigated.
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MOKE Imaging. We performed temperature-dependent longi-
tudinal MOKE imaging and magnetization studies using a Quantum
Design NanoMOKE3. A Montana cryostat extension was used for the
measurements below room temperature and an Oxford cryostat was
used for heating the sample above room temperature. The Kerr signal
was taken using a 10 ym spot-size, which fits well within the 20 gm X
20 pm irradiated squares, and imaging was done by scanning the laser
spot across the sample.

SQUID Magnetometry. We used a Quantum Design MPMS3
SQUID magnetometer equipped with a high-temperature oven to
measure temperature-dependent DC magnetization from 300 to 500
K with a continuous sweep at a rate of 3 K/min in a 100 Oe magnetic
field applied parallel to the plane of the film. The square-shaped
sample had an area of § X § mm?” and was mounted to the heater stick
with a covering of high-temperature ZIRCAR cement and surrounded
with a copper radiation shield.

Thin-Film Conductivity Measurements. We performed four
probe van der Pauw conductance measurements using a modified
advanced research systems probe station with programmed temper-
ature cycling.

Conductive Atomic Force Microscopy. Using a Keysight 9500
AFM we perfermed CAFM measurements with nanocrystalline doped
diamond coated cantilevers (BudgetSensors AIO-DD). During
measurements, the sample chamber was continuously purged with
nitrogen. Bias applied to the sample causes current to flow between
the sample and tip, which is measured with a current amplifier
attached to the tip.

Density Functional Theory. Our density functional theory
calculations use the projector-augmented wave (PAW) method® as
implemented in the VASP code®® with the generalized gradient
approximation defined by the Perdew—Burke—Ernzerhof®” functional.
We use the Fe and Rh PAW potentials that treat the s, p, and d states
as valence, and a plane-wave energy cutoff of 400 eV. Structural
relaxation of the lattice parameters and internal coordinates of the
unit cell were carried out with a 12 X 12 X 12 k-point grid and a force
convergence criterion of 5 meV A™!. To correctly describe the
magnetic moments of Fe, we use a spherically averaged Hubbard
correction within the fully localized limit double-counting sub-
traction.”® We apply a U—] value of 1 €V to the Fe d-states, which
leads to a magnetic moment on Fe in the FM and AF phase that is in
agreement with experiment.*” To study the effects of biaxial strain, we
performed “strained-bulk” calculations where we imposed compres-
sive and tensile equibiaxial strain on the in-plane lattice parameters of
the FeRh unit cell and optimized the out-of-plane lattice parameter
and all atomic positions of the unit cell. Calculations on MgO used
the same k-point grid, force convergence criterion, and a 600 eV
plane-wave energy cutoff.

We carried out calculations of defects in FeRh using 6 X 6 X 6
supercells of the primitive cubic cell (432 atoms total), constructed
using the lattice vectors of the fully optimized AF FeRh cubic unit cell.
We examined defects that preserve the stoichiometry, namely Frenkel
(same species vacancy and interstitial) pairs and antisite pairs. The
positions of the two-point defects in each supercell were chosen to
maximize their distance. We optimized the atomic coordinates of each
defect configuration with FM and AF order imposed at a fixed volume
and used I'-point Brillouin zone sampling for the defect calculations.
We also evaluated the energy difference between the two magnetic
orders at the AF-relaxed positions.

B ASSOCIATED CONTENT
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In Figure S1 we show lattice parameter results from XRD as a function of temperature
while cooling and heating through the transition. The lattice parameter was obtained by fitting the
003 peak shown in Figure 1(a) of the main text to a Gaussian and plotting the centroid. FWHM
was also extracted from the Gaussian fits and converted to a crystallite size using the Scherrer
equation and plotted as a function of temperature to show overall volume expansion of the FeRh

lattice through the metamagnetic transition.
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Figure S1. (a) Lattice parameter extracted from XRD of the 003 peak shown in Figure 1(a) of the
main text as a function of temperature. (b) Crystallite size calculated by the Scherrer equation from

the FWHM of the 003 peak as a function of temperature.

In Figure S2 we show a series of four AFMs taken for 4 different doses corresponding to
the lowest and highest investigated in this study. Boxes 1-3 are in the regime of the lowest doses
investigated in this work. In Box 1 and Box 2 a small increase in height is observed near the corner
of the box whereas Box 3, the lowest dose, has no observable deviation. In contrast, the highest
dose of ~8X 10'® He*/cm?, which exceeds all doses in this study, contains a region of apparent
carbon deposition of ~12 nm that is confined to the edge of the feature. Despite the lack of a height

variation near the center of Box 10, we observe a clear contrast in the micrograph indicating that
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carbon deposition alone is not responsible for the changes we observe in the helium ion

micrographs. Based on AFM micrograph analysis, the as-grown film RMS roughness is <1.5 nm.

Box 1 — 1.2x10"* He*/cm?

40.0 nm

Box 3 — 0.6x10™ He*/cm?

— Profile 1
— Fit

Boarder Residue:
~11.6 nm

Figure S2. (a) Helium ion micrograph showing 20 pm X 20 um square dose array patterning,
with box numbers labeled. (b-¢) (Box 1, 2, 3, and 10) AFM height maps taken in the upper right
corner of the boxes coinciding with the labels shown in (a). (f) AFM height cross section
coinciding with scan length label “1” in (e) showing carbon residue deposit peak height of 11.6

nm from the highest dosed square, but is confined to the edge of the feature.



In Figure S3 we overlay the Fe and Rh vacancies generated per He" per A as a function of
position within the film. These vacancy generation rates include the number of direct He" ion
primary knock-ons, which is the number of atoms recoiling following a He" interaction, and the
additional vacancies created by the Fe and Rh recoils. The maximum number of He" recoils occurs
near 1000 A, the center of the FeRh film and just prior to the projected He' range. The peak
vacancy generation rate occurs before this depth (near 800 A) because the energy of the Fe and Rh
recoils is higher, enabling them to create a larger number of additional vacancies. The mean defect
generation rate for Fe and Rh is approximately 0.052 Vac/A-ion for each and the total number of
vacancies generated per ion in a 2000 A FeRh (50/50) film is 212 vacancies. The bar graph
overlaid in the figure illustrates the normalized final He* distribution after coming to rest in the
film. The peak concentration of He, now neutralized, occurs at approximately 1100-1250 A into

the film.

Figure S3. Data points (left y-axis): vacancy generation rate for Fe and Rh along with the number
of He" induced primary knock-ons. Bar graph (right y-axis): normalized final He ion distribution

in FeRh.
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Figure S4 contains MOKE microscopy images at 300 K and at 235 K, 150 K, 100 K, and
7 K, as the sample is cooled. At room temperature, all of the patterns except for the lowest doses
along the first row (including 1.0 X 104, 3.5X 104, 6.0 X10'4, and 8.5 X 10'* He*/cm?) are apparent
in the MOKE image. As the temperature is cooled, additional patterned regions from the MOKE
image disappear beginning at 235 K and the trend continues down to 7 K. These results confirm
that the FeRh metamagnetic transition still occurs in the higher dosed samples, yet the transition
occurs below room temperature. Therefore, even at these higher doses, sufficient magnetic order
is preserved to induce the transition from ferromagnetic to antiferromagnetic at lower

temperatures.

MOKE Microscopy

Figure S4. Temperature dependent MOKE imaging of a He" dose array pattern with temperatures
labeled. The pattern consists of 20 pm X 20 pm squares separated by 5 um, with doses ranging
from 1 X 10'* to 2.3 X 10" He"/cm? along the first row and the second row ranging from 2.5X 10"
to 4.7 X 10" He*/cm?. Contamination of the helium ion microscope tip occurred during patterning
of the third row causing wide fluctuations in beam current making the dose for those features

unknown.



In Figure S5 we provide the abs(contrast) as a function of temperature from optical

microscopy images during heating (red) and cooling (blue).

Figure S5. Optical contrast magnitude as a function of temperature for each image shown in Figure
4(a) of the main text. The red circles and blue squares correspond with images collected during
heating and cooling, respectively. Starting from the bottom pair of lines the doses correspond to
1.1X10'" He'/em?, 2.2X 10" He'/cm?, 4.0X10' He'/cm?, 6.2X10'* He'/cm?, and 8.0X 10
He"/cm?. Each data set is offset by 0.05 units.

In Figure S6 we provide additional CAFM data of our nanoscale patterned structures.
Figure S6(a) contains the height map corresponding with the current map from Figure 5(e) of the
main text. It is apparent that there are approximately 1 nm depressions in the FeRh film
corresponding with the location of each current peak. As noted in the text, the number of ions

implanted into each spot corresponds with the total number of ions spread over the full area of the
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25 nm features. Figure S6(b) contains a large area CAFM current map of the nanoscale feature
arrays. At this scale, the 200 nm, 100 nm, and 50 nm patterned regions are all clearly
distinguishable within each of the square arrays. In Figure S6(c,d) we provide the AFM height
and current maps, respectively, for the 25 nm / 50 nm square array. There is some correlation
between height and current, yet in contrast to the spot array, many regions appear to be increased
above the background height rather than showing a depression. The lateral dimensions are indeed
close to the designed dimension of 25 nm on a 50 nm pitch (i.e., 25 nm spacing). In the vertical
direction, the features are elongated and in some instances appear to touch. We suspect the origin
of this is two-fold. First, the focus of the beam may not have been perfectly circular, slight
elongation (i.e. astigmatism) along the y-axis would skew the feature shape. This would also
explain the elongation along this direction for the spot array features. The second source of
elongation may originate from the raster procedure of the NanoFab HIM. Following each point,
the beam is electrostatically blanked before moving to the next point and repeating. If beam
blanking occurs along the raster direction then it could be the source of additional ions. The fact
that this occurs for the spot array and the rastered patterns likely points to beam focus / astigmatism

as the primary cause.
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Figure S6. (a) AFM height map of the spot array sample corresponding with the current map
from Figure 5(e) of the main text. (b) Log current map depicting regions of the four 2 um X 2
pum nanoscale feature arrays consisting of squares / pitches of: upper left 200 nm/400 nm, upper
right 100 nm / 200 nm, lower left 50 nm / 100 nm, and lower right 25 nm / 50 nm. (c) AFM

height map and (d) current map of the array designed to have 25 nm squares spaced with a 50 nm

pitch.



