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ABSTRACT: The chemical composition and morphology of AuxCo1−x thin films and
nanoparticles are controlled via a combination of cosputtering, pulsed laser-induced
dewetting (PLiD), and annealing, leading to tunable magnetic and optical properties.
Regardless of chemical composition, the as-deposited thin films and as-PLiD
nanoparticles are found to possess a face-centered cubic (FCC) AuxCo1−x solid-
solution crystal structure. Annealing results in large phase-separated grains of Au and Co
in both the thin films and nanostructures for all chemical compositions. The magnetic
and optical properties are characterized via vibrating sample magnetometry (VSM),
ellipsometry, optical transmission spectroscopy, and electron energy loss spectroscopy
(EELS). Despite the exceptionally high magnetic anisotropy inherent to Co, the presence of sufficient Au (72 atom %) in the
AuxCo1−x solid solution results in superparamagnetic thin films. Among the as-PLiD nanoparticle samples, an increased Co
composition leads to a departure from traditional ferromagnetism in favor of wasp-waisted hysteresis caused by magnetic vortices.
Phase separation resulting from annealing leads to ferromagnetism for all compositions in both the thin films and nanoparticles. The
optical properties of AuxCo1−x nanostructures are also largely influenced by the chemical morphology, where the AuxCo1−x
intermixed solid solution has significantly damped plasmonic performance relative to pure Au and comparable to pure Co. Phase
separation greatly enhances the quality factor, optical absorption, and electron energy loss spectroscopy (EELS) signatures. The
enhancement of the localized surface plasmon resonances (LSPRs) scales with the reduction in Co composition, despite EELS
evidence that excitation of the Co portions of a nanoparticle can provide a similar, and in some instances enhanced, LSPR resonance
compared to Au. This behavior, however, is seemingly limited to the LSPR dipole mode, while higher-order modes are greatly
damped by a Co aloof position. This observed magneto-plasmonic functionality and tunability could be applicable in biomedicine,
namely, cancer therapeutics.
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■ INTRODUCTION

Alloying in metallic nanomaterials is a powerful means to not
only control a specific material property but also to create
multiple functionalities, e.g., simultaneous magnetic and
plasmonic properties. When introducing additional compo-
nents to a material system, factors such as chemical
composition, mixing behavior, and changes to equilibrium
crystal structure can all have a profound influence on the
resultant material properties. Combinatorial sputtering pro-
vides a convenient tool for rapidly achieving thin-film
nanomaterials over a large compositional range.1,2 Further,
the high-energy deposition process and fast cooling rates allow
for the realization of metastable material configurations, for
example, the as-deposited supersaturated solid solution found
in various sputtered alloys.2−4 Subsequent annealing can be
used to achieve the equilibrium thermodynamic state of the
system through recrystallization, grain growth, and phase
separation.
High-temperature heat treatments can also be used to alter

the physical morphology of the thin metallic films through a

process called dewetting. The exceptionally high surface energy
inherent to thin films, due to the large ratio of surface area to
volume, renders the as-deposited thin films metastable. The
energetically stable configuration is an array of spherical caps
with wetting angles and diameters dependent on the substrate/
material properties and thin-film thickness. Timescales to reach
this state at room temperature are exceedingly long, and thus
thin films maintain their shape at room temperature for
extended periods of time. The introduction of heat greatly
accelerates the dewetting dynamics and can shorten the
duration to nanoseconds when ultrathin films liquify. The use
of a pulsed laser to generate these arrays of nanoparticles is
termed pulsed laser-induced dewetting (PLiD): a review on
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the hydrodynamics can be found here.5−8 The rapid processing
time associated with this technique can also create metastable
configurations that can be altered with annealing. PLiD thus
offers another option for the production of functional metallic
nanoparticles in addition to the various synthesis techniques
that are commonly used.9−12

Nanomaterials possessing combined magnetic and plas-
monic properties have recently emerged as enticing functional
materials in various applications including cancer detection and
treatment,13−16 magnetic resonance imaging,17,18 data stor-
age,19 and mechanochromic devices.20 These properties are
predominantly achieved with nanoparticles in the Fe3−xO4
material system, though Au-Co also demonstrates this
bifunctionality, in addition to attractive catalyst capabil-
ities.21,22 The majority of research on Au-Co nanoparticles
has been focused on nanoparticles achieved via chemical
growth techniques;23−25 recently, functional Au-Co nano-
particles have also been achieved through laser ablation.26,27

Research in the thin-film configuration have been studied as
multilayers for data storage,19 and mixed as-deposited thin
films, via evaporation28−30 and sputtering31−33 with much of
the focus on the material structure,29,31 which has been
observed as a solid solution, amorphous, and a solid solution
with interspersed Au and Co particles.
In previous work, we have demonstrated magnetron radio

frequency sputtering and PLiD as a robust technique for the
synthesis of magneto-plasmonic bifunctionality.34 The size of
as-deposited Ag50Ni50 thin films and PLiD nanoparticles
provided a tunable parameter for the magnetic and plasmonic
properties, namely, exhibiting control in LSPR resonance
frequency and superparamagnetic blocking temperature. Here,
we expand this research in a new material system, AuxCo1−x, by
examining the influence of composition and chemical
morphology on the material properties. The as-deposited
thin film and as-PLiD nanoparticles are compared with phase-

separated thin films and nanoparticles at multiple compositions
within a large compositional range. Further, electron beam
lithography is used to synthesize as-deposited and annealed
rod shapes for improved optical response and more
straightforward characterization of plasmonic modes. We
perform exhaustive characterization that includes vibrating
sample magnetometry (VSM), ellipsometry, optical trans-
mission spectroscopy, and electron energy loss spectroscopy
(EELS) to better understand the interplay between composi-
tion, physical and chemical morphology, and magnetic and
optical properties.

■ MATERIAL SYNTHESIS AND INITIAL
CHARACTERIZATION

Sputtered Thin Film. Initial chemical and structural
characterization of the AuxCo1−x thin-film system was
conducted on a 400 nm thick film deposited on a 100 mm
SiO2-coated Si substrate. The thin film was achieved via
simultaneous sputtering of elemental Au and Co targets
(Figure S1), resulting in a compositional gradient across the
substrate. The surface topology, chemical segregation, and
crystal structure of five compositions (ranging from Au14Co86
to Au87Co13) were characterized via scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), and X-ray diffraction (XRD), with results included
in Figure S1. The as-deposited thin films exhibited an
extremely fine nanogranular FCC solid solution evidenced by
the linear shift in lattice parameter consistent with the variation
in chemical composition. Annealing at both 350 and 520 °C
for 2 h resulted in a significant increase in grain size and clear
evidence of phase separation in SEM and EDX. At both
temperatures, Au and Co are immiscible; however, at 350 °C,
Co would be expected to form an HCP crystal structure,
whereas at 520 °C, FCC is the equilibrium crystal structure.
The XRD results after annealing clearly exhibit the phase-

Figure 1. (a−c) Nanoparticles synthesized via PLiD with three different compositions, (d−f) PLiD nanoparticles following 20 min of annealing at
580 °C, (g−i) PLiD nanoparticles following 60 min of annealing at 580 °C, (j) thermal simulations of a single laser pulse with thick Si (solid line)
and thin SiNx (dashed line) substrates for the three 10 nm thin films, and (k) XRD measurements on the Au50Co50 as-PLiD and 20 min annealed
samples. The gold dashed line indicates the position of the Au (111) peak, and the blue dashed line indicates the position of the overlapping Au
(200) and Co (111) peaks.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c02028
ACS Appl. Mater. Interfaces 2022, 14, 15047−15058

15048

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02028/suppl_file/am2c02028_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02028/suppl_file/am2c02028_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c02028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


separated Au FCC peaks, but the lack of the Co signal makes
differentiating between the HCP and FCC Co impossible.
Thus, all subsequent heat treatments are in the high-
temperature FCC+FCC portion of the phase diagram, and
the lower-temperature HCP region is not considered.
Following initial characterization, three compositions,
Au28Co72, Au50Co50, and Au72Co28, were sputtered at a
thickness of approximately 60 nm for magnetic and optical
measurements. SEM and EDX characterization of these thin
films can be found in the Supporting Information (Figure S2).
Nanoparticles via Pulsed Laser-Induced Dewetting

(PLiD). AuxCo1−x spherical cap nanoparticles, as seen in Figure
1, were synthesized from 10 nm thin films via PLiD. While
nanoparticles fabricated for magnetic testing were laser treated
on 500 μm thick Si substrates (coated with 100 nm SiO2),
optical measurements necessitated electron and optically
transparent substrates. A 40 nm thick low-stress SiNx

membrane (≈150 μm × ≈150 μm) supported by a 300 μm
thick Si frame was used. The previous work35 on 10 nm thick
Ag60Ni40 thin films provides approximate heating conditions
required to generate nanoparticles on both substrates and
suggests a liquid lifetime of approximately 20 ns for dewetting.
Finite element thermal simulations shown in Figure 1j indicate
that a fluence of ≈140 mJ/cm2 provides a sufficient liquid
lifetime for the SiO2-coated Si bulk substrates, while only ≈40
mJ/cm2 is necessary for the thin transparent substrates. Not
only are energy input requirements different, the liquid lifetime
and cooling times are significantly longer on the thin

membrane compared to a thick substrate (nanoseconds
compared to milliseconds).
Figure 1 demonstrates that following PLiD, the nano-

particles appear chemically homogeneous, with no apparent z-
contrast, whereas annealing results in distinct contrast
indicating phase separation: the dark areas correspond to Co.
Post fabrication annealing of bimetallic nanoparticles has been
demonstrated as a viable technique to manipulate the
nanoparticle chemical morphology in immiscible systems.36

The three different compositions Au66Co34, Au48Co52, and
Au22Co78 exhibit similar behaviors following PLiD. Annealing
for 20 min, compared to 60 min does not result in markedly
different morphology, though there is some coarsening of the
phase-separated areas. The Au66Co34 sample is predominantly
small Co cores that transition to the surface; a similar behavior
is observed in Au48Co52, albeit with larger Co regions, and
Au22Co78 is largely Co with Au areas distributed throughout
the nanoparticle. There were no observed consistent variations
in the nanoparticle chemical morphology associated with
changes in the size of the nanoparticles for any composition.
XRD measurements of a PLiD sample prior to and after
annealing (Figure 1k) indicate that the as-PLiD nanoparticles
have a AuxCo1−x solid-solution structure. Further, the phase
separation is confirmed in the 20 min annealed particles via a
similar behavior as observed in the annealed thin films. The
combination of liquid miscibility, rapid cooling, and slow
kinetics allow for the generation of nonequilibrium AuxCo1−x
solid-solution nanoparticles using PLiD. It should be noted

Figure 2. M vs H plots at 2 K (a) and 400 K (b) for the as-deposited (AD) and annealed (450 °C for 2 h) Au72Co28, Au50Co50, and Au72Co28 thin
films, (c) ZFC plot for the as-deposited Au-rich thin film, and (d, e) temperature dependence of the Au50Co50 and Au72Co28 samples.
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that the XRD signal is significantly reduced in Figure 1
compared to Figure S1 due to reduced spot size (≈1 cm2) and
thinner (10 vs 400 nm) deposited thin films. To support the
XRD results and demonstrate the nanoparticle solid solution
and subsequent phase separation upon annealing, see Figure
S3 in the SI for EDX maps of as-PLiD and nanoparticles after
annealing. Furthermore, as will be shown below, EELS
mapping is suggestive of a homogeneous optical response in
the as-PLiD nanoparticles, relative to the phase-separated
nanoparticles after annealing.

■ MAGNETIC PROPERTIES

Thin Films. The magnetic properties of AuxCo1−x thin films
prior to and after annealing were characterized by vibrating
sample magnetometry (VSM). The M vs. H plots at two
different test temperatures (2 and 400 K) are shown in Figure
2a,b, respectively. At 2 K, all samples exhibit ferromagnetism,
as identified by the characteristic coercivity (opening of the
hysteresis loop). At 400 K, the coercivity is decreased;
however, all of the films remain ferromagnetic, with the
exception of the as-deposited Au72Co28 sample. Zero-field
cooled magnetization versus temperature measurements of the
Au72Co28 sample is included in Figure 2c, showing a global
maximum at ≈210 K, which is commensurate with a closing of
the hysteresis loops, indicating superparamagnetic behavior.
The magnetic anisotropy of pure Co in the HCP structure is
exceptionally high, making the formation of superparamagnet-
ism challenging. Here, the combination of the FCC structure,
which is expected to have a much lower magnetic anisotropy,
the small grain size (≈10 nm), and the prevalence of Au within

the solid solution make this behavior possible. Similar
superparamagnetic behavior has been observed in alloyed
Au−Co nanoparticles.26 After annealing, large Co grains form,
increasing the blocking temperature to above 400 K and
leading to the observed ferromagnetic behavior as seen in
Figure 2b. The other as-deposited films exhibit a similar
nanogranular structure but do not have this same super-
paramagnetic behavior. This is due to the reduction of Au in
the solid solution, leading to stronger exchange coupling from
the larger number of magnetic nearest neighbors, increasing
the blocking temperature.
In Figure 2, all magnetic moment measurements have been

normalized to the estimated Co mass of each sample. This
normalization leads to similar saturation magnetizations for
each sample, outside of the Au72Co28 as-deposited film above
its blocking temperature. The similarity between the saturation
magnetization indicates that Au is not polarized by the
adjacent Co atoms and does not contribute significantly to the
overall magnetic signal. However, variations in the shape of the
magnetic hysteresis loops suggest that there are differences in
the reversal behavior that can be linked to the nanostructure of
the films. Specifically, in the as-deposited Au72Co28 films, the
Co atoms each have, on average, two nearest neighbors Co
atoms and four nonmagnetic Au atoms. At low temperatures,
small clusters of Co may possess sufficient coupling to achieve
stable ferromagnetic ordering; however, these regions are not
magnetically connected or are weakly connected. As a result of
this weak coupling, the demagnetizing magnetostatic energy,
which exists in a three-dimensional (3D) matrix of randomly
assembled magnetic elements, causes reversal even in positive

Figure 3. M vs H plots of as-PLiD (a,b) and annealed for 20 min at 580 °C (c, d) nanoparticles with compositions of Au66Co34, Au48Co52, and
Au22Co78 at 2 and 300 K.
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fields. Furthermore, with the magnetic clusters effectively
isolated, domains are unable to propagate, causing each region
to necessarily facilitate its own reversal, manifesting a larger
magnetic coercivity. After annealing, phase separation is
achieved; however, these new clusters are still far below the
single-domain size and remain isolated. For these reasons, the
magnetic behavior changes very littleeach cluster must still
facilitate its own reversal event.
In the other samples (Au50Co50 and Au28Co72), the magnetic

fraction increases, resulting in improved magnetic coupling
between the clusters. This improved coupling stabilizes the
magnetic network against the demagnetizing effects of the
magnetostatic interactions and allows domain walls to
propagate through the system. With this change in reversal
behavior, defect-mediated domain nucleation causes premature
reversal, compared to the single-domain samples, which then
propagate rapidly through the network. Additionally, the
increased connectivity of the network significantly reduces the
pinning site density for the domains. These effects result in a
reduced magnetic coercivity, as observed.
Notably, there is a shift in the hysteresis loops of the as-

deposited Au28Co72 and Au50Co50 samples toward the negative
field. This behavior is attributed to exchange bias37 and implies
a coupling between antiferromagnetic and ferromagnetic
phases. In these systems, uncompensated spins on the surface
of the antiferromagnet are pinned in a fixed orientation by the
antiferromagnetic phase but are also exchange coupled to the
ferromagnet. This coupling results in an effective field at the
interface, biasing the ferromagnet toward alignment with this
uncompensated spin, manifesting as a field shift in the
hysteresis loop and enhanced magnetic coercivity.37 Indeed,
Figure 2d,e shows both of these features for the 2 K
measurements. The ferromagnetic component in the material
is clearly Co; however, the antiferromagnetic contribution
could be attributed to CoO, Co3O4, or the interactions
between Au and Co. The exchange bias is observed to
disappear at T > 100 K and also does not exist in the annealed

films. The Neel temperature of CoO is 293 K, so it is unlikely
that the exchange bias is due to CoO. Co3O4, on the other
hand, has a Neel temperature of approximately 30 K;38

however, the formation of Co3O4 is observed at elevated
temperatures, which should not occur in the as-deposited films.
Furthermore, the reduction in exchange bias after annealing
does not support the presence of Co oxides because annealing
would be expected to increase oxide formation and thus
enhance exchange bias. Finally, no peaks for an ordered oxide
were identified in the X-ray diffraction patterns. Annealing
does, however, reduce the solid solution AuxCo1−x and with
that many of the Au and Co interactions. For these reasons, it
appears likely that the exchange bias is primarily due to Au and
Co interactions.

Nanoparticles. The magnetic properties of the nano-
particles shown in Figure 1 were also measured using VSM.
The as-prepared Au22Co78 and Au48Co52 PLiD nanoparticles,
shown in Figure 3a,b, exhibit an open “wasp-waisted”
hysteresis loop, suggesting an initial nucleation event with
decreasing field, then quasireversible field response through
remanence. Based on the nanoparticle size (70−150 nm),
there is expected to be both vortex-state and single-domain
magnetic configurations, contributing collectively in the bulk
measurement to establish the open wasp-wasted loops.39,40

The combination of both features indicates that the particle
size distribution in the solid-solution nanoparticles straddles
the vortex-to-single domain boundary, which is determined by
the balance between the magnetostatic energy and the
exchange. This behavior is prevalent in all as-laser treated
nanoparticles at RT and disappears in the Au-rich sample at 2
K. The absence of the wasp-wasted shape in this sample
suggests that the nanoparticles have resolved to a single-
domain configuration, indicating that the magnetostatic energy
is insufficient to overcome the exchange energy. Since the
magnetostatic energy increases with decreasing temperature,
this suggests that the exchange energy is also increasing with
cooling. The wasp-wasted shape disappears in all of the

Figure 4. Optical transmission spectra for pure Au (a), Au66Co34 (b), Au48Co52 (c), and Au22Co78 (d) nanoparticle arrays (size distribution
included in (e−h)) as-PLiD and following annealing at 580 °C for 20 and 60 min.
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samples following 20 min of annealing at 580 °C. This can be
attributed to the increased exchange energy and smaller
magnetic volumes in the phase-separated samples. Specifically,
the as-PLiD nanoparticles are relatively homogeneous
throughout each individual nanoparticle, possessing both a
weak exchange interaction due to the diluted density of
magnetic elements and a large magnetic volumeeffectively
the entire particle. In the annealed nanoparticles, Co
precipitates are very small, and each cobalt atom has a much
higher density of average magnetic neighbors. Both of these
factors favor the single-domain configuration.40

■ OPTICAL PROPERTIES

Thin-Film Ellipsometry. The optical properties of the as-
deposited and annealed (450 °C for 2 h) Au72Co28, Au50Co50,
and Au28Co72 thin films were measured via ellipsometry. These
results, as well as reference data for Au41 and Co,42 are
included in Figure S4 in the SI as a function of photon energy.

A simple relationship ( )1
2

− ε
ε

, termed the localized surface

plasmon resonance (LSPR) quality factor (QLSPR), can be used
to express the viability of a material for plasmonic applications:
this value is plotted in Figure S4a. Below the energy of the Au
interband transition (≈2.4 eV), the addition of Co, which has a
very low-quality factor, greatly reduces QLSPR compared to
pure Au. This behavior is observed in both the as-deposited
and annealed films and scales with the amount of Co. Similar
damping of the optical properties has been observed in alloyed
AuCo nanoparticles fabricated via laser ablation.26 There is,
however, clear evidence that phase separation induced through
annealing results in a significant (4×) increase in QLSPR,
compared to the as-deposited films. Specifically, the annealed
Au72Co28 composition suggests that small quantities of phase-
separated Co can be introduced into an Au matrix while
maintaining strong optical properties (QLSPR = 4) in the visible
and near-infrared frequencies.

PLiD Nanoparticles. Transmission Spectroscopy. The
bulk plasmonic properties of AuxCo1−x nanoparticle arrays
were measured via optical transmission spectroscopy. Figure 4
illustrates the results for pure Au, Au66Co34, Au48Co52, and
Au22Co78 nanoparticles prior to and after annealing, along with
nanoparticle size distributions for each composition. Whereas
the nanoparticle distributions following PLiD for the VSM
samples on SiO2-coated Si were very consistent, PLiD on SiNx
membranes resulted in variation between the different
compositions. Specifically, the Au48Co52 and Au22Co78 samples
have a wider distribution and a larger average diameter
compared to the pure Au and Au66Co33. An increase in
nanoparticle size results in a red-shift in LSPR modes, while a
wider distribution leads to a broadening in the collective
behavior.
The pure Au PLiD nanoparticles (Figure 4a) produce a

sharp peak in absorption at 2.1 eV. This peak can be identified
as the LSPR dipole due to the predominance of nanoparticles
in the 50−120 nm range.43 Annealing results in a slight
increase in peak intensity and blue shift of peak positions, likely
due to recrystallization and grain growth of the nanoparticles
and perhaps some interdiffusion into the substrate, which
slightly decreases the nanoparticle size. None of the as-PLiD
AuxCo1−x samples exhibit a comparable absorption peak, with
only the Au66Co34 nanoparticles yielding a definitive, though
broad, peak in the same energy range. The intensity of the
absorption peak associated with the LSPR dipole mode in all
three samples is enhanced by annealing for 20 min at 580 °C
(most pronounced in Au66Co34 and Au48Co52) and then
improved slightly beyond that with an additional 40 min of
annealing. As demonstrated, the annealing results in phase
separation, where the phase-separated nanoparticles exhibit a
stronger plasmon resonance relative to the solid solution. After
annealing, the transmission results show that there is a
decrease in the absorption peak height with increasing Co.
Thus, despite the variation in nanoparticle size distributions,
the transmission spectroscopy results are consistent with the
ellipsometry thin-film results, namely, the optical performance

Figure 5. (a, e, and j) HAADF STEM images of three AuxCo1−x nanoparticles, (b, f, and k) point spectra at the positions indicated in (a, e, and j),
and (c, d, g−I, and l−n) spectrum images filtered to the energies indicated.
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scales with Co composition and the AuxCo1−x optical
properties are significantly improved via phase separation
induced through annealing.
Electron Energy Loss Spectroscopy. Electron energy loss

spectroscopy (EELS) provides a tool to measure individual
nanoparticles and thus directly observe the effect of chemical
morphology on optical properties. In Figure 5, three spherical
cap nanoparticles with different chemical morphologies, but
very similar composition (Au56Co44) and size (155 nm), are
analyzed via EEL point spectra at selected positions of interest
as well as spectrum images. The point spectra shown in Figure
5 were fitted to two Lorentzian functions corresponding to the
LSPR dipole mode and the quasiplanar mode, which is the
high-energy LSPR limit that is nearly degenerate with the
surface plasmon polariton energy. The positions of these fits
were used to generate the energy filtering criteria in the
spectrum images. The first nanoparticle (Figure 5a) was
dewetted via PLiD with no further heat treatment (directly
comparable to the as-PLiD plots in Figure 4). Here, there is
one broad dipole peak at 1.64 eV, shown in Figure 5b. The
spectrum image filtered to this energy, Figure 5c, shows that
this peak is uniformly distributed around the nanoparticle. The
second, and much smaller, peak is associated with the
quasiplanar mode; it should be noted that this peak is blue-
shifted compared to the expected pure Au quasiplanar mode,
which is consistent with observations in alloyed Au−Fe
nanoparticles.44

Nanoparticles in Figure 5e−i and j−n were laser treated and
then annealed at 450 °C for 2 h to prompt phase separation.
As observed in Figure 1, there is a wide range of nanoparticle

morphologies following annealing, and here two different
morphologies have been selected. Note that the contrast
between the two phases is the inverse of Figure 1, i.e., in Figure
5 the darker contrast corresponds to Au due to the high-
annular angle dark-field (HAADF) transmission mode. Blue is
used to indicate Co and red for Au in Figure 5e,f and j,k.
Beyond the added evidence that phase separation enhances
plasmonic performance (demonstrated here by the reduction
of FWHM and emergence of the quasiplanar peak in f and k
compared to b), the high spatial resolution of EELS reveals
that the phase-separated nanoparticles contain distinct site
specific behavior. This results in three important findings: (1)
despite the large discrepancy in quality factor between Au and
Co, the LSPR dipole peak is not damped at Co aloof positions
compared to Au aloof positions, (2) there is a small red-shift in
the resonance energy of the LSPR dipole mode at Co aloof
positions, and (3) Au aloof positions exhibit high-intensity
excitations beyond the LSPR dipole mode, namely, the
quasiplanar peak at 2.4 eV, whereas only a small high-energy
shoulder is observed from Co aloof positions.
Expanding on these observations is not feasible with

spherical cap nanoparticles, as the inherent symmetry makes
distinguishing LSPR modes challenging. Thus, electron beam
lithography and annealing were leveraged to fabricate solid
solution and phase-separated nanorods with an aspect ratio of
1.5 to better elucidate the nanoscale influence of chemical
morphology on the plasmonic properties of AuxCo1−x. Figure 6
includes point spectra and spectrum images of Au56Co44 rods
with the following morphologies: solid solution (a),
interspersed Co grains in Au matrix (b), longitudinal Janus

Figure 6. (a−d) HAADF images of four AuxCo1−x rods with different chemical morphologies: (a) solid solution, (b) interspersed Co grains in a Au
matrix, (c) longitudinal Janus, and (d) transverse Janus, (e−h) point spectra from a tip position (circle in a−d), where the color signifies the
chemical probed: Au (red), Co (blue), and solid solution (black). The spectrum images filtered to the energy of the dipole mode (circle in e−h)
are included in (i)−(l). Point spectra for an aloof position halfway along the longitudinal length (triangle in a−d) are shown in (m)−(p), and
spectrum images of the transverse dipole (triangle) are included in (q)−(t), while the longitudinal quadrupole (diamond) is shown in (u)−(x).
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(c), and transverse Janus (d). These rods exhibit three primary
peaks attributed to the longitudinal dipole and quadrupole, as
well as transverse dipole LSPR modes. Plots in Figure 6e−h
show EELS point spectra taken at rod tip positions (positions
shown by circles in Figure 6 HAADF images), where excitation
of the longitudinal dipole mode is at a maximum, and the
longitudinal quadrupole can be observed as a secondary peak.
Spectrum images in Figure 6i−l are filtered to the energy of the
dipole peak, which is indicated via a circle in the spectra in
Figure 6e−h. Point spectra included in m−p were taken at a
position halfway along the longitudinal length (triangle in
Figure 6), where the transverse dipole and longitudinal
quadrupole modes can be excited. Spectrum images in q−t
and u−x are filtered to the energy of the transverse dipole and
quadrupole mode, respectively. A diamond (transverse dipole)
and triangle (longitudinal quadrupole) are used to indicate the
energy selected for the spectrum images. The appropriate
energy for each spectrum image was determined via Lorentzian
peak fitting, and the fitted peak positions for each rod are
included in Table S2. As with Figure 5, red is used to indicate a
Au probe position, blue a Co position, and black a solid-
solution position.
Regardless of the distribution of phase-separated precipitates

in nanorods, there is a similar enhancement, and blue shift, in
the LSPR dipole mode compared to the solid solution state.
This observation in the speckled rod in Figure 6b indicates that
small, isolated phase separation is sufficient to provide
enhancement of the dipole mode. The asymmetry between
Au and Co probe positions in the dipole mode is greatest in
the longitudinal Janus configuration (c) in which the plasma
oscillation is perpendicular to the phase-separation interface. In
this rod, the Co probe position yields a slight reduction in
EELS intensity as well as the greatest red-shift among the
chemical morphologies. The transverse Janus rod, in which the
longitudinal dipole is parallel to the phase-separation interface,
exhibits nearly identical dipole excitation from the Au or Co
aloof positions. This can, at least in part, be attributed to the
very close proximity of the probe positions in the parallel
configuration leading to some mixture in the response.
Consistent with Figure 5, the LSPR modes beyond the

longitudinal dipole (transverse dipole and longitudinal quadru-
pole) are severely damped at Co aloof positions. This is most

noticeable in the longitudinal Janus morphology spectrum
images (s and w), which exhibit much greater intensity around
the Au portion of the rod than the Co. It is also apparent in the
point spectra (g), where a Co tip probe position excites only a
single secondary peak that is barely above the noise level. In
the tip positions of the transverse Janus configuration (d), the
differences are less pronounced. Specifically, both the Au and
Co tip point spectra in (h) exhibit a similar intensity
quadrupole peak. The quadrupole spectrum image (x) shows
that the decay in intensity along the top tip position (where the
point spectra were taken) is not abrupt at the Au/Co interface
and instead extends into the Co portion of the rod. Thus, it
appears that the similarity in the quadrupole signal at the Au
and Co tip positions is due to the close proximity of the aloof
positions. Conversely, the transverse position spectra (p),
where the Au and Co aloof positions are more isolated from
each other, exhibit a significant reduction in the transverse
dipole mode at a Co position compared to the Au, and no
apparent longitudinal quadrupole peak, though it is potentially
convolved within the reduced transverse peak.
It should be noted that in the longitudinal Janus rod, the

secondary peak at the Au tip position in Figure 6g, denoted as
a star, is red-shifted from the fitted value determined via (o)
and shown in (w). This shift could be attributed to challenges
in fitting the spectra in (o), variations in the peak energy based
on the probe position, or the emergence of a separate mode
caused by the truncated Au portion of the rod.
As the structures in Figures 5 and 6 have relatively high

resonance energy modes, it remains unclear if the damping
beyond the longitudinal dipole in the Co is associated with an
energy limitation, potentially from the Co interband
transitions, or due to reduced excitation efficiency in more
complicated polarization states. Figure 7 shows the red shifted
point spectra, a HAADF image, and spectrum images of a
significantly longer (410 nm) phase-separated Au68Co32 rod
that is primarily Au, with Co located on the right end as well as
at the center of the rod. Note the black dotted spectrum is
from a similar as-deposited solid-solution rod for comparison.
The point spectra (a) and spectrum images (c, d) at the two

rod ends indicate that the intensity of the longitudinal dipole
mode remains undamped, and in this case is stronger, at the
Co tip position compared to the Au. Despite the reduction of

Figure 7. (a) Point spectra collected at the two ends of the phase-separated rod shown in (b) with the blue indicating a Co position and the red
indicating a Au position; the dotted black line is a spectrum from an as-deposited solid-solution rod of the same length; (c−f) spectrum images
filtered to the energies of the first and second dipole resonances (c, d) and the first and second quadrupole energies (e, f). The circles are used to
denote the longitudinal dipole mode, and the diamonds indicate the quadrupole mode.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c02028
ACS Appl. Mater. Interfaces 2022, 14, 15047−15058

15054

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02028/suppl_file/am2c02028_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02028?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c02028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LSPR energies, the higher-order modes continue to demon-
strate a much greater intensity when excited at the Au tip
compared to the Co tip. The Co probe position results in a
weak quadrupole excitation that is again red-shifted. Beyond
this, the 1.7 eV hexapole mode observed at the Au end has
zero intensity at the cobalt end. Figure 7e,f shows spectrum
images filtered to the higher-energy quadrupole modes
determined from the Co (e) and Au (f) point spectra. Both
possess the expected behavior of a quadrupole polarization;
however, the central node is noticeably shifted toward the Au
end in each case. This trend combined with the reduced
quadrupole signal at the Co probe position provides further
evidence that higher-order and higher-energy modes do not
propagate through the Co end efficiently. Interestingly, the Co
precipitates located at the quadrupole antinode center position
do not appear to be damped in the spectrum images. This is
likely another instance where the close proximity of Au results
in propagation into Co.
Combining the results from Figures 5−7, the longitudinal

dipole mode is undamped at Co aloof positions compared to
Au at energies of 0.6, 1, and 1.6 eV, whereas higher-order
modes exhibit a consistent reduction in the signal at Co aloof
positions regardless of energy (>1.25 eV). The only instances
where a significant reduction in the intensity of these higher-
order modes is not exhibited is when the probed Co position is
in close proximately to a large Au region. While it is possible
that Co interband transitions are contributing to the damping
of the higher-order modes, the lack of a clear energy cutoff
combined with markedly differing behaviors between the
modes at similar energies indicates that there is another source
of the damping. Although the mechanism is not clear, the
plasmon polarization state appears to create a large discrepancy
in the efficiency of LSPR propagation in phase-separated
AuxCo1−x nanostructures.
As demonstrated in these rods, interesting LSPRs emerge

depending on the phase separation length scale and
orientation. Thus, harnessing the free-energy landscape in
metastable solid solutions to equilibrium phase-separated
plasmonic and magneto-plasmonic architectures can be
explored as new routes to optical and magneto-optical
materials.

■ CONCLUSIONS
Solid solution and phase-separated AuxCo1−x thin films and
nanoparticles were fabricated via a combination of cosputter-
ing, PLiD, and annealing. The optical and magnetic properties
were found to be strongly dependent on this variation in
chemical morphology. Altering the chemical composition
presented further opportunity to tune the material properties.
The addition of sufficient Au (72 atom %) into the AuxCo1−x
solid solution thin film resulted in superparamagnetic behavior,
despite the high magnetic anisotropy of Co, while nano-
particles with > 50 atom % Co exhibited a wasp-waisted
hysteresis due to magnetic vortex generation (not observed
with 66 atom % Au). Traditional ferromagnetic behavior was
then achieved in both the thin films and nanoparticles after the
formation of phase-separated Au and Co grains. Annealing also
removed low-temperature exchange bias that was observed in
the as-deposited and as-PLiD samples, which suggests that the
Au−Co solid-solution interactions were causing this behavior.
The optical properties of AuxCo1−x were severely damped in
the as-deposited solid-solution state in both thin films and
isolated nanostructures, as evidenced by ellipsometry, optical

transmission, and EELS. This behavior was exacerbated by
increasing the Co composition. Significant enhancement of the
optical properties was observed for both the thin films and
nanoparticles in the phase-separated samples. EELS analysis of
individual nanostructures demonstrated that the longitudinal
dipole LSPR peak was mostly independent of the configuration
of the phase-separated precipitates and exhibited a similar
intensity when probing from a Co or Au position. Beyond the
longitudinal dipole, however, there was a consistent trend of
reduced intensity in the higher-order modes associated with a
Co probe position. Thus, we have demonstrated via synthesis
techniques promoting nonequilibrium solid solutions and
thermal annealing that the magnetic and optical properties in
immiscible material systems can be altered through chemical
composition and morphology. This magneto-plasmonic
bifunctionality, and insights into the tunability of these
properties, could have promise in applications such as cancer
treatment and/or detection.

■ METHODS
Radio Frequency Magnetron Sputtering and Annealing.

Two pure (Au and Co) sputtering targets were sputtered
simultaneously with the substrate rotating (no compositional
gradient) and with the substrate stationary (chemical gradient from
one target to the other) depending on experimental requirements. A
base pressure of less than 3 × 10−7 Torr, sputtering pressure of 5 ×
10−3 Torr, and Ar flow of 25 sccm were used for all samples. For
combinatorial (no rotation) samples, a bias of 20 W for Au and 200
W for Co resulted in a center composition of Au50Co50. These
conditions resulted in a deposition rate of 2 nm/min, measured via
profilometry. Specific sputtering conditions for the remaining samples
are included in Table S1 in the Supporting Information. A substrate of
500 μm thick Si with a coating of 100 nm SiO2 was used for all
samples other than those used for transmission spectroscopy, and
EELS. For these measurements, thin 40 nm 150 × 150 μm SiNx
membranes supported by a 300 μm thick Si frame were used.
Annealing conditions for all prepared samples can be found in the
Supporting Information.

Pulsed Laser-Induced Dewetting (PLiD). Pulsed laser dewet-
ting is a process in which a thin film (typically <20 nm thick) is
irradiated with a pulsed laser sufficient to heat the film and induce
dewetting. One common regime is pulsed laser-induced dewetting in
the ∼ 10−20 ns timescale.5−8 In this case, the laser irradiance used is
sufficiently high to liquefy the film, where the liquid lifetime is on the
order of tens of nanoseconds.45 During the liquid lifetime, thin-film
instabilities induce the dewetting of holes which retract and coalesce
into a web of rivulets which subsequently break up into nanoparticles
due to Rayleigh−Plateau instabilities.5,6,27,46 A nanoparticle distribu-
tion related to the instability time- and length-scale results. While a
significant amount of work has been devoted to the dewetting of
elemental metal films, recently, the pulsed laser-induced dewetting of
miscible43,47−49 and immiscible metals34,50−52 has also been studied
both experimentally and via molecular dynamics53 modeling and
continuum simulations.35

Photothermal heating was conducted using a 248 nm KrF excimer
laser. Experiments were conducted in a pulsed mode using a 1/e2

Gaussian pulse width of 18 ns and a top hat spatial distribution. The
PLiD samples on thick Si (VSM) were heated with five laser pulses
with a fluence of 140 mJ/cm2. A single pulse with a fluence of 40 mJ/
cm2 was used for the samples supported by the SiNx membrane
(optical transmission spectroscopy and EELS).

Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy. Energy-dispersive X-ray spectroscopy (EDX) and
scanning electron microscopy (SEM) were conducted on a Carl Zeiss
MERLIN SEM. The initial ≈400 nm combinatorially sputtered
AuxCo1−x thin film (as-deposited and annealed) was characterized at
five points separated by 20 mm along the composition gradient. For
EDX, an accelerating voltage of 20 kV was used. The second
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combinatorically sputtered thin film (≈60 nm) and the co-sputtered
films were characterized with the same parameters. In addition to
large area spectra used to determine chemical composition, spatial
EDX maps were also collected to observe the nanoscale chemical
morphology. Particle size distributions in the PLiD samples and grain
size in the thin films were determined with SEM images and the built-
in particle analysis plugin in ImageJ.
X-ray Diffraction. X-ray diffraction patterns were measured using

a Malvern Panalytical Empyrean diffractometer. A 2θ-omega scan
with an omega offset of −4.5° was run with a Cu tube (0.154 nm)
with an angle sweep from 30° to 110°. Measurements were taken
approximately coincident to where the five EDX scans were
performed across both the as-deposited and annealed sample. The
Au50Co50 as-PLiD and annealed samples were characterized with the
same parameters.
Ellipsometry. A JA Woollam M-2000U ellipsometer was used to

measure ε1 and ε2 as a function of wavelength with a spot size of
approximately 1 cm × 1 mm. The approximate thickness of each
sample was 60 nm, which was sufficient to avoid substrate effects. The
raw data was fitted using an effective medium approximation (EMA)
model in which the composition of each component was estimated
using the EDX data. The two metal components were then fitted
using a spline model.
Vibrating Sample Magnetometry. A vibrating sample magneto-

meter (VSM) on a PPMS DynaCool was used to obtain the magnetic
properties of AuxCo1−x. The measurement time per point was 2 s.
Samples were field cooled in 1000 Oe to 2 K, then hysteresis loops
were measured from −5000 to 5000 Oe between 2 and 400 K for the
thin-film samples and at 2 and 300 K for the nanoparticle samples.
The sample size was ≈4 mm × 4 mm, and the mass normalization was
conducted by measuring each sample, subtracting the substrate and
then using composition from EDX and thickness from profilometry to
determine the Co mass.
Thermal Finite Element Modeling. To approximate the

photothermal heating of AuxCo1−x films, a thermal finite element
model (FEM) was utilized. Here, a heat source was applied at the
AuxCo1−x surface (z = 0 nm), in the same manner as.4,54 The
governing equation for the heat flow is listed below

C
T
t

k T Q x y z
d
d

( ) ( , , )pρ = ∇· ∇ +

Q x y z
w

P R G t z( , , )
2

(1 ) ( )exp( )2
α

π
α= − −

The terms α and R indicate the absorption coefficient and the
reflectivity, respectively, which were determined from the ellipsometry
measurements for different compositions. The value w is the full
width of the laser beam at 1/e2 of the maximum fluence. The laser
fluence is demonstrated as P. G(t) represents the temporal Gaussian
of the KrF laser. The edges of the suspended membrane were assigned
a boundary condition of room temperature to approximate the thick
Si frame. The samples heated on thick Si did not require a boundary
condition. The material properties were assumed to be constant, and
thermal effects of phase transitions were ignored.
Transmission Spectroscopy. Optical transmission spectroscopy

was conducted on the as-deposited and annealed PLiD samples. A 1
mm aperture was for all measurements, and photon energies from 1.5
to 3 eV are included.
Electron Energy Loss Spectroscopy. A Nion aberration-

corrected high-energy resolution monochromated EELS−STEM
(HERMES) operated at an accelerating voltage of 60 kV was used
to obtain the spectra and spectrum images. The convergence and
collection semiangles used for the spectrum acquisition were 30 and
15 mrad, respectively. The energy resolution (full width at half-
maximum of the zero-loss peak) was approximately 20 meV. The EEL
spectra presented were normalized to the zero-loss peak. For the point
spectra, an acquisition time of 0.1 s was used, and a total of 50 frames
were summed. An acquisition time of 0.1 s was also used for the
spectrum images, with an energy filtering range of +/− 0.5 eV used in
the figures.
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Additional structural and compositional characterization
of AuxCo1−x thin films and nanoparticles, sputtering and
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