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ABSTRACT: Magnetic nanoarrays promise to enable new energy-
efficient computations based on spintronics or magnonics. In this work,
we present a block copolymer-assisted strategy for fabricating ordered
magnetic nanostructures on silicon and permalloy substrates. Block
copolymer micelle-like structures were used as a template in which
polyoxometalate (POM) clusters could assemble in an opal-like
structure. A combination of microscopy and scattering techniques was
used to confirm the structural and organizational features of the
fabricated materials. The magnetic properties of these materials were
investigated by polarized neutron reflectometry, nuclear magnetic
resonance, and magnetometry measurements. The data show that a magnetic structural design was achieved and that a thin
layer of patterned POMs strongly influenced an underlying permalloy layer. This work demonstrates that the bottom-up pathway is a
potentially viable method for patterning magnetic substrates on a sub-100 nm scale, toward the magnetic nanostructures needed for
spintronic or magnonic crystal devices.

KEYWORDS: exchange bias, block copolymer, polyoxometalate, magnon, polarized neutron reflectometry

C urrent data storage technologies have limitations in Block copolymers (BCPs) are well-known for being robust
storage capacity, density, lifetime, and in particular systems in terms of their ordering and patterning abilities,
energy consumption.l The energy consumption is largely down to feature sizes of 5 nm."® The sizes and spacing of the
associated with cooling of waste heat generated through structures are modulated by the polymer chain lengths. Block

copolymers have been used extensively to organize nano-

particles in different schemes to form composite materials
o . . 16-19

consisting of various nanoparticle/polymer systems for

electron mobility and electrical resistance, which accounts for
~40% of the energy consumed per data center.” In theory,
spin-wave technologies have the potential to minimize the heat o . 20 )

. . . applications in, for example, photonics,” photolumines-
output from such systems, while also operating at higher

21 . . 22 . 23 .
. . cence,” spintronics,”” and electrochromism.”” Magnetic
frequencies, allowing for faster and more compact modern ) L
devices ¥ cargo can also be incorporated or grown within these well-
evices.

24-26 : .
: ordered systems, to make a wide range of magnetically
Spin-waves, also known as magnons, are generated when a

ey ) ' i patterned structures for magnonics.
magnetic disturbance is introduced into a magnetically ordered One type of structurally and functionally diverse cargo that

material.” This disturbance propagates throughout the materi- can be incorporated into block copolymers is polyoxometalates
al, which in turn produces a detectable signal.6 To transport (POMs). POMs make up a class of inorganic compounds (in
magnons in a controlled manner, spin-wave guides are required the nanometer size range) based on anionic metal oxides,
as the signal carrier. Spin-waves are typically studied in thin which offer enormous structural and functional diversity.”’
films, and uniformly patterned structures in the submicrometer POMs have found widespread use in the fields of magnetism,
range are generally required to successfully manipulate spin- medicine, electrochemistry, optical sensing, and other materials
waves.”® Such systems are called magnonic crystals and are science applications.”* " Accounting for these applications are
conventionally fabricated via top-down approaches, which

include thin film deposition, followed by patterning using Received: October 17, 2023

lithography methods.”~'> However, lithographic approaches Revised: ~ February 1, 2024

are not well suited for fabricating structures for generating Accepted:  February 2, 2024

spin-waves with wavelengths of <100 nm, limiting the potential Published: February 8, 2024

of fully realizing spin-wave propagation at terahertz frequen-

cies." '
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Figure 1. (A) Ball-and-stick representation of the Fe;,W;, POM, excluding NH," ions: W in green, Fe in orange, O in red, S in yellow, turquoise,
and lilac in the form of SO,>” ligands in various coordination environments. Reproduced with permission from ref 42. Copyright 2010 Wiley. (B)
Temperature dependence of y,,,, T (black) and y,,,; (blue). The inset shows the temperature dependence of 1/y,,, for Fe;;3W,, measured at 1 T.
The dotted regression line in the inset extends to the x-intercept identifying the Curie—Weiss temperature (6) of —14 K. (C—H) Topographic
images generated by AFM at different length scales and (I-K) phase images corresponding to the topography in panels F—H, respectively. The left

column (C, F, and I) shows micelles only, as deposited. The central column (D, G, and J) shows the micelles after water exposure, while the right
column (E, H, and K) shows the micelles after exposure to an Fey;W,, solution.

their relative stability under neutral and acidic conditions, been deposited at interfaces through simple dip/drop coating

clusters of transition metal centers, redox-active sites, and a methods, solvothermal deposition, and electrodeposition.3’2

large number of different spin states.”” POMs have previously Several interesting substrate effects have been observed for
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Figure 2. HAADF-STEM images of the (A and C) polymer and (B and D) polymer/Fe;,W;, samples. The scale bars in panels A and B represent
400 nm, and the scale bars in panels C and D represent 100 nm. EDAX spectra of associated images and compositional information displayed for

the (E) polymer and (F) polymer/Fe;,W,, samples.

such depositions. For example, POM catalytic activity’** and

selectivity’>*® can be affected by depositing POMs at
interfaces.

POMs are of interest in magnetic applications due to their
magnetic diversity, owing to their ability to host delocalized
electrons and their aptitude for encapsulating clusters of
magnetic transition metal centers.”” While POMs are generally
paramagnetic in nature, intramolecular electronic coupling in
some POMs has demonstrated antiferromagnetic and
ferromagnetic interactions.”” Some POMs even demonstrate
single-molecule magnetic behavior.”®*” It is in light of these
characteristics that POMs have potential for applications in
modern computing technology.*’

Herein, we combine the structuring abilities of block
copolymers with the magnetic properties of POMs to create
ordered films of magnetic clusters on magnetic substrates,
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toward bottom-up fabricated magnonic crystals. We fabricate a
composite material utilizing a block copolymer of poly-
(styrene-b-4-vinylpyridine methyl iodide) (PS-b-P4VP) to
form an ordered matrix of micelles, into which the iron
tungstate POM, Fe3W,,, is bound. The aim of this work was
to establish a method for producing these organized films and
understanding the magnetic implications of such hierarchical
organization of POMs. The composite films were produced on
both nonmagnetic silicon wafers and silicon wafers with a
magnetic permalloy coating and characterized by imaging,
polarized neutron reflectometry (PNR), and magnetization
measurements. The results reveal that this
fabrication approach for the bottom-up fabrication of
magnonic crystals.

For this work, an iron- and tungsten-containing POM was
selected due to its known magnetic properties.”** It has a

is a viable

https://doi.org/10.1021/acs.nanolett.3c03825
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structural formula of Nag(NH,),,(Fe(H,0)4),[{(W)-
W;0,,(804)}2{(Fe(H,0))30}(SO,) 13(H20)5,], abbreviated
as Fe;yW.,, and belongs to the subclass of Keplerates, with a
general formula of {(M)M;},(linker);, (M = Mo, W, Cr, or
V), which in this case consists of 12 pentagonal units of
tungsten located at the vertices of an icosahedron that are
linked through 30 Fe®* centers. Linkers in the form of 20 NH,*
ions hold the molecule together in a crown ether type structure
that is ~2.5 nm in diameter.*’ Fe;yW,, is visually represented
in Figure 1A. We have previously synthesized and charac-
terized this POM"' and here add further magnetic suscepti-
bility measurements. Infrared spectra and the corresponding
mode assignment are available in Figure SI. The nuclear
magnetic resonance (NMR)-based Evans method® was
applied to calculate an average effective magnetic moment
(degr) of 19 py (details in the Supporting Information). Figure
1B shows the molar magnetic susceptibility as a function of
temperature (and y,, ' in the inset of Figure 1B) obtained
using SQUID magnetometry, clearly demonstrating the
paramagnetism of Fe3W-,. Plotting the data as y,,T
emphasizes the type of magnetism observed in the molecule.
For a perfect paramagnet, y,,T would be constant with
respect to temperature. Here, y,, T shows a gradual decrease
as the temperature decreases, followed by a large decrease in
XmolT below ~50 K, indicating that Fe;oW,, deviates from a
perfect paramagnet. To add to this, a graph of y,.,; ' versus T
was generated (Figure 1B, inset) and the Curie—Weiss
temperature was found to be —14 K. The decrease in y, ;T
at low temperatures and the negative Curie—Weiss temper-
ature indicate that there is antiferromagnetic coupling®*
between magnetic moments within the molecule, which in
this case has been previously shown to be due to the Fell
centers.” The presence of antiferromagnetic coupling provides
a mechanism by which the POMs may couple to nearby
magnetic objects and modify their properties. We will next
demonstrate nanoscale templating of the POMs using a
copolymer templating method and then investigate the effect
of the POM template on the magnetic properties of an
underlying permalloy layer.

We have previously incorporated ligand-functionalized
hydrophobic Fe;)W,, POMs into the corona of block
copolymer micelles.*" For the purpose of creating an ordered
magnonic structure, it is preferable to load magnetic cargo into
the core of the micelles. To do so, block copolymer PS-b-P4VP
was selected [Fourier transform infrared (FT-IR) data available
in Figure S3], where the positively charged block can undergo
an ion exchange reaction with the POMs, displacing the iodide
and binding the POMs.* In our method, micelles were first
deposited “bare” on substrates and subsequently exposed to an
aqueous solution containing POMs. The water is assumed to
open up the micelles to allow POM to selectively bind to the
pyridinium core. Similar approaches have been used to bind
salts of gold,47 iron,*® and others.*’ ™! Panels C, F, and I of
Figure 1 show atomic force microscopy (AFM) images of the
micelles as spin-coated onto the silicon wafers, while the
middle column is after exposure to water and the right column
is after binding of the POMs to the polymer. From the height
profiles (Figure 1C—H), the micelles are seen to form a
semiordered array, with the micelle cores being visible in the
AFM image as elevated spots surrounded by a relatively
continuous layer of the lower hydrophobic polystyrene
coronas. A line scan taken across the image shows an average
height of these micelles of ~9 nm and an average center-to-
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center distance of 82 + 6 nm. For comparison, AFM was also
performed on micelles deposited on permalloy-coated silicon
wafers (Figure S4), showing similar organization despite a
rougher underlying substrate.

Figure 1 also demonstrates that the structural integrity of the
micelle film is maintained upon exposure to both water
(middle column) and Fe;,W,, (right column). After exposure
to either pure water or an Fe;yW,, solution, there is a slight
expansion of the micelle core. Upon exposure to water, the
micelles open up to reveal the P4VP, as seen in similar polymer
systems,”” corroborated by the phase images. Upon exposure
to water, the micelle cores display a phase value much lower
than that of the surrounding matrix, consistent with the stiffer
P4VP block being exposed.”**

Scanning tunneling electron microscopy (STEM) with
energy dispersive X-ray analysis (EDAX) was used to confirm
the binding of POM to the micelle core. Figure 2A—D shows
the HAADF-STEM images of the polymer and polymer/
Fe3;yWs, films. Dark-field imaging means that atoms with a
higher electron density show up as brighter spots. Even before
the binding of Fe; )W, to the micelles, the micelle cores are
brighter than the surrounding corona (Figure 2A,C), which is
attributed to the relatively heavy element iodine, which is
complexed into the P4VP cores. After Fe;yW,, exposure
(Figure 2B,D), it is clear, by the increased contrast difference,
that the distribution of electron density has changed
dramatically. This is attributed to the heavy element-
containing and electron-dense Fe;yW,, POMs now residing
in the cores of the micelles. This selective binding of the POMs
to the P4VP is consistent with the ability of the POMs to
undergo an ionic exchange reaction with iodine, as observed
previously in the functionalization of POMs with didodecy-
lammonium bromide.*’ The average center-to-center distance
between the micelles from the transmission electron
microscopy (TEM) images was measured with Image] to be
86 + 4 nm, in agreement with the AFM data.

The EDAX spectrum from the micelle core of the polymer/
Fey W, sample (Figure 2F) confirms the presence of tungsten
and iron, not present before POM binding (Figure 2E). The
areas between the bright spots (Figure S4) do not contain any
tungsten, iron, or iodine. Copper is attributed exclusively to the
TEM grid. This data make it clear that the Fe;W,, POMs
have indeed made it into the micelle cores. The atomic
percentages generated from the EDAX spectra (Figure SS)
show a ratio of ~1.6:1 tungsten atoms to iron atoms. The
discrepancy from the theoretical ratio of 2.3:1 can be attributed
to uncertainties in fitting a baseline to the EDAX spectra,
especially for these elements that are present in small amounts.
In the next section, we will explore how the organized POMs
affect the magnetic properties of an underlying magnetic thin
film. The STEM images and EDAX data demonstrate that the
POMs bind to the micelle cores, but we have not attempted to
tailor the POM loading.

PNR is a technique capable of measuring depth-resolved
magnetization. PNR was used to investigate the magnetic
structure in the following samples at 300 and 10 K: silicon
wafers with a polymer layer (Si-micelle), silicon wafers with a
permalloy coating and polymer layer (Si-NiFe-micelle), silicon
wafers with a polymer/Fe;qW,, layer [Si-micelle(Fe;qW,,)],
and silicon wafers with a permalloy coating and polymer/
Fe;oW,, layer [Si-NiFe-micelle(Fe;,W,)]. The models from
the collected data were built systematically by first fitting and
modeling the permalloy and micelle layers (Figure 3), followed
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Figure 3. (A and B) PNR reflected spectra and (C and D) corresponding SLD profiles of the Si-micelle at 10 K (left) and the Si-NiFe-micelle at 10
K (right), respectively, with associated fitting parameters. The parameter z is the distance from the surface of the Si substrate. In panel C, z = 0—8.5
nm is thus the micelle layer, while in panel D, z = 1—95 nm is the permalloy layer.

by the fitting of the added POM layer (Figure 4). The resulting
model then allows investigation of the effect of the polymer/
POM film on the magnetic properties of the underlying
permalloy substrate (Figure S).

Information from the AFM and TEM images was used to
determine the correct model for the simulation. As expected,
there was no detectable magnetism in the Si-micelle sample
[no splitting of the spin-up and spin-down signals (Figure
3A)]. The scattering length density (SLD) of the polymer layer
is ~0.5 X 1076 A=* (Figure 3C). A uniform polystyrene surface
would have an expected value of 1.4 X 107° A2 This is
attributed to the structure of the micellar film, with peaks and
troughs of ~9 nm. The simulation parameters suggest that the
polymer layer has approximate volume fraction of 35%.

The parameters of the Si-micelle model (Figure 3A,C) were
used as a base to model the profile for the Si-NiFe-micelle
(Figure 3B,D). The parameters for the micelle layer and
substrate (silicon wafer) were fixed, but the addition of the
permalloy layer between these two accounted for the
differences seen between the two reflection patterns in panels
A and C of Figure 3. One of the most prominent features of
the permalloy-reflected pattern is the large splitting between
the spin-up and spin-down reflection signals. This signifies that
the permalloy has a strong net magnetic moment. The net
magnetization of the permalloy layer was fitted to be 0.8 py per
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atom, consistent with past permalloy films that have 0.7—1.0
Mg per atom (corresponding to 600—800 emu/cm3).56’57 A
thickness of 97 nm was extrapolated from the Kiessig fringe
spacing in the spectra. The chemical/nuclear SLD of the
permalloy is ~8.33 X 107° A™2, which is expected of a Nig,Fe,,
permalloy film.”® These models were used as a baseline for the
analysis of the remaining samples.

Figure 4 shows the Si-micelle(Fe;sW;,) sample measured at
300 and 10 K. Many different models were attempted to
accurately fit the spectra, including single-layer and multiple-
layer models. The best fitting model for a single layer can be
found in Figure S6. It was found that the best fit was obtained
when the polymer/POM layer atop the surface was treated as
two layers. The first layer consists of a 3.5 nm polystyrene
layer. The second, top, layer is a polymer/POM combined
layer, modeled to be 3 nm thick with an SLD representing an
average of the POMs and the polymer. This suggests that the
POMs place themselves only in the top layer of the micelles
and on average reach down no further than 3 nm into the
micelles. This agrees with the result from TEM/EDAX, which
demonstrated that the POM:s reside in the 4PVP cores of the
micelles and are excluded from the polystyrene corona, which
wets the substrate. The new average SLD also gives an estimate
of the POM loading within that top polymer layer of 20 atom

https://doi.org/10.1021/acs.nanolett.3c03825
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Figure 4. (A and B) PNR reflected spectra and (C and D) corresponding SLD profiles of the Si-micelle(Fe;,W,,) at 300 K (left) and the Si-
micelle(Fe;W-,) at 10 K (right), respectively, with associated fitting parameters. The parameter z is the distance from the surface of the Si

substrate.

% POM to polymer (assuming a POM SLD as calculated to be
1.5 X 107% A™2).

A splitting of the spin-up and spin-down signals in the
reflection pattern of the Si-micelle(Fe;oW;,) sample can be
detected at 10 K (Figure 4B,D) (a best fit model based on zero
splitting can be found in Figure S7). The model was kept
entirely the same as at 300 K, apart from the POM
magnetization, found to be 0.3 up per 1072® m> This lines
up well with the magnetic data gathered from SQUID
magnetometry that show there is a clear increase in the
magnetic susceptibility of the POM with a decrease in
temperature.

The PNR data for the sample deposited on permalloy-
coated Si [Si-NiFe-micelle(Fe;,W,)] were fit in Figure S. The
permalloy layer is situated between the silicon substrate and
the micelle layer. The fitting of the reflection pattern taken at
300 K used identical parameter constraints with respect to the
permalloy layer in Figure 3, and the same parameters for the
micelles were also used as per Figure 4 for the Si-
micelle(Fe;oW5,) at 300 K.

The difference between the SLD profiles in panels C and D
of Figure 5 is not easily seen, as the splitting due to the
permalloy layer is large compared to the splitting caused by the
POMs in the polymer/Fe;yW, layer. Upon careful examina-
tion, one can see that the splitting between the spin-up and
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spin-down data is smaller at 10 K (Figure SD) than at 300 K
(Figure SC). In fact, the magnetization of the permalloy must
be reduced by ~0.15 up to fit (a simulated fit with no
reduction in magnetism can be found in Figure S8), suggesting
that the presence of POM:s on the permalloy surface is causing
a decrease in the magnetization of the permalloy layer.
Magnetization measurements on the same sample, in Figures
S9 and S10, confirm the net magnetization decrease.
Importantly, there is no decrease in magnetization seen in
the PNR of the permalloy-coated silicon wafer alone (Figures
S11 and S12). The decrease in the net magnetization occurs
for only samples coated with POMs and may imply that the
POM magnetization is antiferromagnetically aligned to the
permalloy at low temperatures. Figures S12 and S13 show a
model that considers the possibility of a complex interfacial
profile in which the POM is antiferromagnetically aligned to
the permalloy surface. Although this model also describes the
data well, there is considerable statistical uncertainty in
determining the magnitude and direction of the POM layer,
as the permalloy is the main contributor to the magnetic signal
and the fits with or without the POM layer magnetization are
very similar (Figure S12).

Taken together, the PNR results demonstrate that the
magnitude of the neutron spin asymmetry (whereby the
permalloy films split the signals from the spin-up and spin-
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Figure S. (A and B) PNR reflected spectra and (C and D) corresponding SLD profiles of the Si-NiFe-micelle(Fe;,W5,) at 300 K and the Si-NiFe-
Micelle(Fe;oW5,) at 10 K, respectively, with associated fitting parameters. The parameter z is the distance from the surface of the Si substrate.

down reflection pattern) is not affected by a polymer or
polymer/Fe; W, layer at 300 K. When the polymer/Fe;W,
layer is present on top of the permalloy, however, the low-
temperature magnetization of the permalloy layer and the spin
asymmetry are reduced, which can be observed only at 10 K.

It is surprising that such a thin layer of weakly magnetic
POMs can cause an observable shift in the magnetization of a
relatively thick layer of permalloy, yet the PNR data and
modeling, together with complementary magnetometry meas-
urements, show that this is the case. We propose that this is
caused by a type of exchange bias in which the
antiferromagnetic nature of the Fe;yW,, POMs couples with
the magnetic moments of the permalloy and thus inhibits some
of the permalloy film from reaching full magnetic alignment in
the applied field. An apparent exchange bias is present also in
the magnetization measurements of Figure S9. Further
investigation is required to fully understand this observed
feature.

Exchange bias is an interfacial phenomenon, of interest in
applications such as magnetic recording media and spin-wave
sensors.””% Exchange bias has been most commonly described
for layered antiferromagnetic/ferromagnetic structures such as
cobalt and its native antiferromagnetic oxide. In such
configurations, the antiferromagnetic layer has been demon-
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strated to pin the interfacial spins of a soft ferromagnet.
Exchange bias has also been demonstrated for molecular
organic systems.’”*> There is still much left to learn about the
exchange bias phenomenon in general and about exchange bias
in molecular systems in particular. Recent work by Avedissian
et al.”® suggested that several published molecular exchange
bias effects are instead uncontrolled oxidation of the
underlying ferromagnetic film. While we cannot fully rule out
such effects in the system presented here, it is important to
note two things. First, the reduction in permalloy magnet-
ization is not seen for the sample with micelles alone. As the
samples are the same age and from the same permalloy-coated
wafer, that tells us that it is not a simple oxidation in air or
from processing conditions. Second, for the sample with POM-
containing micelles on the permalloy, the effect on the
underlying permalloy film is seen at only 10 K and not 300 K.
Taken together, this indicates that the effect is not as simple as
destroying, oxidizing, or etching the permalloy film. Our data
suggest that the POMs are separated from the permalloy by a
polymer layer, so it is also unlikely to be a direct oxidation of
the surface by the POMs. It is clear from the literature that
systems that enable tunability and controlled order/disorder of
the antiferromagnetic layer are of particular interest for
designing spinterfaces and exchange bias systems.”*
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The results presented in this work highlight POMs as
promising candidates for producing patterned magnetic
substrates, and the micelle templating method offers options
for creating patterns of POMs at a variety of interfaces.
Patterning of POMs, beyond simple deposition, has been
attempted previously,” ™’ including using block copoly-
mers.”"***"%~7> Previous approaches, however, have incorpo-
rated POMs into the polymer in solution prior to BCP
assembly at an interface. Such approaches often see effects on
the BCP order and structure as a function of an increasing level
of POM incorporation. The method presented here avoids
those effects. Thus, the POM patterning method presented
here, and the observed exchange bias, offers potential for future
development of hybrid materials incorporating POMs, with
applications for magnonics and beyond, for example, in
neuromorphic computing’”® and magneto optically coupled
devices.
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