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ABSTRACT OF THE DISSERTATION

Controlling the Magnetic State of Nickel
Nanocrystal Arrays in Granular Multiferroic

Composites

Stephen Shinjiro Sasaki

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2018

Professor Sarah H. Tolbert, Chair

Multiferroics are a broad class of materials, which couple multiple ferroic ordering
parameters into a single composite—e.g., coupling ferroelectric and ferromagnetic materials. The
key feature of multiferroic composites is the ability to control the magnetic (dipole) moments of
the composite via an applied electric (magnetic) field. Depending on the coupling mechanisms
between the two ferroic materials and the choice of materials, the properties of the multiferroic

composite can differ wildly—permitting widespread applications such as field sensors, power



convertors, energy storing systems, cooling devices, memory systems, etc. Adding to the plethora
of multiferroics, we will be focusing on granular multiferroics (GMF), which substitutes the

ferromagnetic material with ferromagnetic nanocrystals, referred to as grains

Although only the size of the ferromagnetic material is being changed, GMF composites
present new experiments and insights in controlling magnetism at the nanoscale. We use solution
processed methods to synthesize superparamagnetic Ni nanocrystals for all of our GMF
composites. We developed fabrication methods for strain-mediated GMF composites by
employing the reactive Ni nanocrystal surface to bond to a PMN-PT piezoelectric substrate. The
magnetic anisotropy of the strain-mediated GMF composite was shown to be controllable and
reversible by applying an electric field induced piezoelectric strain. Because the PMN-PT cut used
has a biaxial strain, compressive and tensile, we were able to observe inverse magnetic trends for
the blocking temperature of the nanocrystal along the two strain axes. Other fabrication methods
we developed, modified the nanocrystal surface with diacid ligands to study magnetic interparticle
interactions, known as exchange coupling. Theoretical models of exchange coupled GMF
composites predicted a novel magnetoelastic coupling mechanisms that can control the magnetic
anisotropy of the ensemble by tuning the dielectric environment of the nanocrystal composite.
Experimental work was carried out to fabricate and validate this exchange coupled GMF
composite, making it the first demonstration of its kind. This thesis outlines our contributions to
the ever-growing field of GMF by establishing methods for fabricating novel granular multiferroic

composites and evaluating their unique coupling mechanism and magnetic properties.
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LIST OF FIGURES

Figure 2.1. X-ray photoelectron spectroscopy (XPS) spectra of silicon substrates in the Si 2p range,
titanium substrates in the Ti 2p range, nickel nanocrystals in the Ni 2p range: (a) Si
substrate, (b) SiO> substrate, (¢) Ti substrate, (c) TiO2 substrate, (d) Ni nanocrystals, (e)

NiO nanocrystals.

Figure 2.2. Scanning electron microscope (SEM) images varying substrate reactivity (columns)
and nanocrystal reactivity (rows). (a) Images before scotch tape removal. (b) Images after

scotch tape removal.

Figure 2.3. Room temperature magnetic hysteresis loops from SQuID magnetometry. Partial loop
shown for clarity. (a) Strong adhesion of Ni nanocrystals on Ti substrate. (b) Weak
adhesion of Ni nanocrystals on SiO: substrate. (c) No adhesion of NiO nanocrystals on

Si0; substrate. Right graph shows coercivity trend of the three samples.

Figure 2.4. Magnetic hysteresis loops of (a) Unadhered NiO nanocrystals before plasma etching

and (b) adhered NiO after reduction to Ni using reducing plasma.

Figure 2.5. Zero field cooled magnetization curves of nanocrystals not adhered (black) and
adhered (blue) with blocking temperatures of 75 K and 100K, respectively. Shoulder on
blue curve from the presence of non-adhered nanocrystals. Normalized average magnetic
moment (a.u.) versus applied field (Oe) of adhered samples show no exchange coupling

present, see inset.
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Figure 3.1. Representative powder XRD of the Ni nanocrystals used for this work. The data
confirms that samples have the correct crystals phase and the diffraction shows no evidence
of significant oxidation. The inset shows an SEM shows a uniform monolayer of

monodispersed 14 nm Ni nanocrystals.

Figure 3.2. Normalized out-of-plane M-H loops for nanocrystals with no adhesion (surface
oxidized in solution and then spin coated monolayer on SiO» wafer, red lines), and
nanocrystals that are covalently bonded to the substrate (chemically oxidized onto a PMN-
PT/Ti/TiOx wafer, blue lines), collected at both 298K and 100K. Data collected at lower T

shows increased coercivity, but the difference between the two samples remains constant.

Figure 3.3 Strain response of PMN-PT as a function of electric field. The (100) axis develops a
compressive strain, while the (011-) axis develops a tensile strain. Cartoon schematics of
Ni nanocrystals adhered to the Ti/PMN-PT substrate. Unstrained the nanocrystals are
magnetically isotropic, however under strain, the magnetic moments develop an easy and

hard-axis, corresponding to the (100) and (011-), axes respectively.

Figure 3.4. Normalized ZFC curves as a function of applied voltage, where compression in the
(100) axis, shifts Ty to higher T, and tension in the (011-) axis, shifts Ty to lower T. The
insets show the data on an expanded y-scale to make the shifts easier to see. The shifts in
Ty with voltage go in opposite directions due to the anisotropic strain. Cycled 0 V data
show that changes are reversible and the strain can be released after the applied bias is

removed.

Figure 3.5. Normalized ZFC curve as a function of applied voltage for the (011-) axis. The applied

voltage leads to tension in the (011-) axis, which shifts Ty to lower T. The inset again show

iX



the data on an expanded y-scale to make the shifts easier to see. The higher initial blocking
temperature for this sample allows for larger shifts and thus better characterization of the

ability for an applied voltage to reduce the hard-axis Tp.

Figure 3.6. Monte Carlo simulation of the strain-mediated GMF composite. From the initial (pre-
strained) state an induced tension and compression produces the observed experimental

trends.

Figure 3.7. The relative magnetization change as a function of voltage shows increasing mag-
netization along the (011-) hard-axis, and decreasing magnetization along the (100) easy-
axis. When the applied bias returns to 0 V, the magnetization mostly returns to its original

state, although some residual strain is observed in the (100) easy-axis direction.

Figure 3.8. Monte-Carlo simulation of ZFC curves measured along the (011-) axis, with different
initial magnetic states. Blue curve, represents a system starting with magnetic moments
aligned along the (100) axis, i.e. a strained system. Red curve, represents a system starting
with magnetic moments randomized, i.e. an unbiased system. The modeled system
suggests the initial magnetic orientation prior to heating and measurement influences the
relative change in magnetization observed experimental. Lines are provided as guides for

the eyes.

Figure 3.9. (a) ZFC measurements along the (100) easy-axis for a system cooled without an
applied electric field. The data show a voltage dependent shift in the hard-axis T (see inset
for normalized data with an expanded y-scale), but the change in magnetization with
voltage is very small and shows no trend with bias strength. (b) Comparison of the relative

change in peak magnetization for systems cooled with and without an applied electric field.
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When cooled with an electric field the hard and easy axes show divergent changes in
magnetization intensity with an applied bias, while when cooled without an electric field

there is essential no change.

Figure 4.1. Cartoon showing the influence of the dielectric constant of a ferroelectric matrix, FE,
on inter-particle exchange interactions (J) in GMF composites. The upper panel shows two
interacting magnetic grains with magnetic moments M, ,. Interaction occurs via virtual
hopping of electrons (e) between grains with probability t. In a nanocrystal system,
electron hopping is due to the Coulomb blockade effect, creating a gap, E.. The exchange
coupling can be roughly described as J ~ t2/E,. The Coulomb gap strongly depends on
the dielectric constant of the surrounding media due to screening of image charges. When
the dielectric constant is low (left panel) the gap is large and hopping (exchange) is
suppressed, resulting in a disordered (superparamagnetic) magnetic state with no long-
range order (bottom left). In contrast, strong exchange coupling occurs when the dielectric
constant is high (right panel) resulting in an ordered (ferromagnetic) state with long-range

ordering (bottom right).

Figure 4.2: (a) TEM images of the monodispersed nickel nanocrystals used in this work. (b)
Powder XRD of the Ni nanocrystals confirms that they have the correct crystal structure
(red stick pattern) and that no crystalline NiO is present in the sample (black stick pattern).
(c) The color change observed in our TTF-CA indicates a phase transition from the
paraelectric phase at room temperature to the ferroelectric phase at liquid nitrogen
temperatures. TTF-CA has an expected 81 K T, and a 10-fold increase in dielectric

Xi



constant near the transition. (d) Powder XRD of TTF-CA. Peak positions are in good

agreement with literature values.

Figure 4.3: Top panel: SQuID magnetometry measurements of coercivity as a function of
temperature. The data shows increasing coercivity with decreasing inter-particle distances
due to increasing dipole-dipole and exchange couplings. Markers represent experimental
data; solid lines are guides for the eyes. (a) nanoparticles in paraffin wax (black); (b)
nanoparticles linked by glutaric acid (red); (c) nanoparticles linked by oxalic acid (green);
and (d) aggregated, ligand stripped (blue). Bottom panel: SQulID magnetometry
measurements of coercivity as a function of temperature for, (a) uncoupled wax dispersed
nanocrystals (red); (b) exchange coupled oxalic acid linked nanocrystals (green); and (c)
exchange coupled nanocrystals in a TTF-CA matrix, forming a GMF composite (blue).
Markers indicate experimental data. Solid lines are derived from Monte-Carlo simulations

of the experimental data.

Figure 4.4. Electric field dependence for two different GMF composites. In both cases, the
markers represent experimental data and the solid lines represent theoretical models. (a)
Coercivity as a function of applied voltage is plotted for a TTF-CA GMF composite, with
data obtained at 65 K and 80 K. The inset shows a cartoon schematic of the parallel plate
capacitor setup used for biasing. At both temperatures, coercivity can be modified with a
voltage and in both cases we observe, first an increase in the coercivity followed by a
decrease, which is likely caused in part by ferroelectric domain reorientation. For the 80 K
sample near the T, of the TTF-CA, the magnitude of the change in coercivity is much
larger, suggesting that the dielectric changes are enhanced by contributions from the

paraelectric to ferroelectric phase transition. (b) Coercivity across the full temperature
Xii



range for a KDP GMF composite at 0 V, 100 V, and 200 V. The inset shows a cartoon
schematic of the parallel plate capacitor setup used for biasing the KDP GMF composite.
Again, we observe that the coercivity first increases, when a moderate voltage of 100V is
applied to the sample, and then decreases somewhat, when a larger voltage is applied. KDP
should not have any phase transitions in this temperature range, so these changes are likely

to be a purely domain alignment effect.

Appendix figure A1: Cartoon schematic and microscopy images of diacid linked Ni nanocrystals.
(a) 0 carbon, aggregated nanocrystals without diacid linkers. (Inset) SEM of aggregated
nanocrystals (b) 2 carbon, oxalic acid linked Ni nanocrystals. (c) 5 carbon, glutaric acid

linked Ni nanocrystals.

Appendix figure A2: M-H curves across a range of temperatures for ligand stripped nanocrystal
sample used in the top panel figure 3. Shape markers represent experimental data and solid
lines are provided as a guide for the eyes. Inset provides the full range of the applied

magnetic field. Increasing coercivity is observed as a function of decreasing temperature.
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CHAPTER 1. INTRODUCTION

The well-studied properties of bulk materials can be tremendously different from their
nanoscale counterparts. Among the top materials most influenced by changes in scale would be
magnetic materials. This is because the behavior of magnetic moments is a collective phenomenon,
having both long and short-range interactions which depend greatly on the spatial configuration of
the magnetic moments. For instance, changes in a magnetic nanocrystal’s size, shape, and crystal
structure all influence the short-range interactions within a magnetic material, but one must also
consider long-range and external interactions such as, interparticle interactions, interfacial
interactions, and environmental influences. The work presented here investigates this complex
system of nanomagnets and explores how to control the magnetic state of nickel nanocrystals
integrated into multiferroic composites. There is significant interest in controlling magnetism at
the nanoscale, having clear benefits for future memory applications, but also multiferroics in
general is a versatile class of materials in its own right. Multiferroic composites are capable of
demonstrating coupling between both the magnetic and electric degrees of freedom. This physical
effect, achieved by coupling a ferromagnetic and ferroelectric material, is quite important for
numerous commercial applications — e.g. magnetic field sensors, power convertors, energy
storing systems, and cooling devices. The work presented here focuses on two different
multiferroic systems: strain-mediated granular multiferroics and exchange-coupled granular
multiferroics. Both systems use nickel nanocrystals, or grains, as the ferromagnetic materials, with
the former relying on strain coupling to a piezoelectric substrate and the later utilizing a novel

mechanism of interparticle interactions, known as exchange coupling.



Chapter 2 and 3 are an investigation of strain-mediated granular multiferroic (GMF)
composites. Chapter 2 is focused on the initial fabrication of the strain-mediated GMF composite.
For strain-mediated GMF composites, the nanocrystals require a strong adhesion to the
piezoelectric substrate in order to observe any magnetoelastic behavior. Here, we discuss the
specific challenges of developing fabrication methods that can strongly adhere nanocrystals to a
substrate, while also simultaneously being gentle enough to preserve the unique nanoscale
magnetic properties. Our methods preserve the nanocrystal properties by avoiding any external
fabrication methods, such as annealing or etching. Instead we employ a simple self-assembly
method which utilizes the intrinsic high surface energy of the nanocrystals to form metal-oxide
bonds as a form of adhesion. We show that our oxidation adhesion method produces an isotropic
strain which can be observed as a magnetoelastic effect in super quantum interference device
(SQuID) magnetometry measurements. Furthermore, we show that the oxidation adhesion process

is reversible using reducing or oxidizing plasmas to control the state of adhesion.

Chapter 3 investigates the magnetoelectric characteristics of a strain-mediated GMF
fabricated using the methods discussed in Chapter 2. With this system we are able to investigate
strain-mediated means to control magnetic elements at the nanoscale. This is of particular interest
to memory applications as a potential means to stabilize magnetic elements below the SPM limit.
The strain-mediated GMF composite consists of single domain nickel nanocrystals adhered to a
PMN-PT [Pb(Mg1/3Nb23)O3]0.6s| PbTiO3]0.32 substrate with a Ti interfacial layer. The PMN-PT
used has an electric field induced biaxial strain response in-plane, which transfers to the adhered
Ni nanocrystals. This biaxial strain introduces magnetic anisotropy into the nanocrystals by
magnetoelastic effects. The added magnetic anisotropy forces the nanocrystals to develop easy and

hard axes, which is observed by zero-field cooled (ZFC) measurements using a SQulD
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magnetometer. Measurements along the easy axis show a deeper energy well as evidence by an
increased blocking temperature with applied voltage. The hard axis shows an inverse behavior.
The strain-mediated GMF composite is also shown to be reversible, showing its original magnetic

characteristics when the applied electric field is removed.

In Chapter 4 we experimentally demonstrate for the first time, a new class of GMF
composite based on interparticle interactions, known as exchange-coupling. Theoretical modeling
of this GMF composite that predicted the ensemble spin orientation of closely spaced magnetic
nanocrystals can be tuned by interparticle exchange interactions—which in turn can be controlled
by modifying the dielectric environment of the nanocrystals. By tuning the extent of exchange
coupling, the composite material can be switched between a superparamagnetic, or magnetically
fluctuating, state and a ferromagnetic, or magnetically fixed, state. The composite consists of Ni
nanocrystals integrated with a ferroelectric (FE) matrix, housed in a parallel plate capacitor setup.
We demonstrated the dielectric environment of the FE matrix could be tuned by both thermal
transitions and an applied electric field, which in turn controlled the magnetic properties of the

GMF composite.

The work demonstrated here investigates GMF systems for their ability to control
magnetism at the nanoscale. In general, we explored various fabrication methods that relied on
controlling the nanoscale architecture of the systems via solution processed and self-assembly
methods. With these composite materials, we were then able to observe new magnetic

characteristics that stemmed from the unique magnetic couplings in our work.



CHAPTER 2. DEVELOPMENT OF A SIMPLE ADHESION METHOD
FOR APPLICATIONS IN STRAIN-MEDIATED MAGNETOELECTRIC
NANOCRYSTALS SYSTEMS

2.1 INTRODUCTION

Incorporation of colloidal magnetic nanocrystals could provide new avenues toward
addressing various limitations in memory research, due to having exceptional nanometer
scalability, unique tunable magnetic properties (size, shape, composition), and being synthetically
cost effective. "7 Currently, research is progressing toward a universal memory, having non-
volatile elements with a high bit density and low power consumption all on a single chip. !
Among the most promising systems toward this goal, strain-mediated magnetoelectric composites
have already demonstrated both non-volatile and low power consumption memory by employing
piezoelectric strain to lower the magnetic anisotropy of magnetostrictive elements. 216 Integration
of magnetostrictive nanocrystals with strain-mediated magnetoelectric composites could yield
highly scalable bit densities of magnetic nanocrystal-elements below even the superparamagnetic
limit, due to an enhanced magnetic stability gained from the strain anisotropy. !”> '8 This would be
a promising step toward the development of universal memory. However, methods for producing

efficient strain coupling of magnetostrictive nanocrystals to a strain medium must first be

developed and thus is the focus of this work.

Integrating nanocrystals into strain-mediated composites, while simultaneously preserving
the nanoscale properties, is particularly challenging due to the intrinsic size and organic capping
ligands of colloidal nanocrystals. > 2! Standard methods to strain materials, such as epitaxial

growth for thin-films or encasing particles in a strain medium, are ineffective for nanocrystals, due
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to limited surface areas and the presence of organic capping ligands that allow for slip at the
nanocrystal interface. >} Chemical methods for removing/exchanging the surface-capping agents
tend to be material specific and often negatively impact the physical/material properties of the
nanocrystals. 242° Direct methods, such as annealing nanocrystals to a strain medium can develop
adhesion; however at the needed temperatures the high surface energy of the nanocrystals favors

sintering into disordered islands/films. -2

In this work, a simple self-assembly method is presented that utilizes the intrinsic high
surface reactivity of nickel nanocrystals to form strong metal-oxide bonds directly between the
nanocrystals and various surfaces. X-ray photoelectron spectroscopy (XPS) investigations indicate
the adhesion mechanism necessitates a high oxidation potential surface capable of metal-oxide
bond formation. Methods to control the extent of adhesion are demonstrated by varying the
oxidation potential of the nanocrystal and substrate surfaces. Superconducting quantum
interference device (SQuID) magnetometry is used to characterize the adhered magnetic
nanocrystals, which develop an interfacial stress resulting in a 40 Oe increase in coercivity and a
25 K shift in blocking temperature. Our results are a promising step toward developing
nanocrystal-based strain-mediated magnetoelectric composites, with the potential to achieve ultra-

high bit densities using strain coupled nanocrystals as magnetostrictive elements.

2.2 EXPERIMENTAL METHODS

2.2.1 Synthesis of Ni nanocrystals. Synthesis of nickel nanocrystals followed a modified
version of Carenco, S. et al.?**. In general, nickel nanocrystals were synthesized by a thermal

decomposition of 2 mmol nickel acetylacetonate in the presence of 14 mmol oleylamine (4.45 mL),
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1 mmol oleic acid (0.315 mL), 1 mmol trioctylphosphosphine (0.446 mL), and sufficient 1-
octadecene to fix the total volume at 7 mL. Under flowing argon, the solution was stirred at 70 °C
for 20 minutes to dissolve precursors and further degassed at 130 °C for 30 minutes. The solution
was then refluxed under an inert atmosphere at 220 °C for 45 minutes (ramp rate 15 “C/min) and

then rapidly cooled to room temperature after completion.

The nanocrystal solution was purified three times using 1 mL hexanes and 40 mL of 190
proof ethanol. A 1” N52 neodymium magnet was used to quickly extract the nanocrystals
(minutes), however standard centrifugation methods following the same time scale should work
as well. Once the supernatant was clear, limited hexanes and 200 proof ethanol were used to
remove excess water introduced during the original purification step. The final solution was
suspended in 20 mL of hexanes and used immediately. Note that after the nanocrystals are exposed
to water from the initial purification step, the solution must be used within several hours or the

solution will precipitate, adhering to the container walls or aggregating in solution.

2.2.2 Oxidation adhesion process. In order to adhere the nanocrystals to various surfaces
using the oxidation adhesion process, only freshly purified solutions of fully suspended
nanocrystals were used. In general, substrates of various surfaces were submerged into the fresh
nanocrystal solution and gently mixed for several minutes to an hour. A slight change in color of
the substrate surface was noted due to the presence of a monolayer of nanocrystals physisorbed
onto the substrate. The 5% water content used during the original purification of the nanocrystals
(190 proof ethanol) was found to be key in initiating the self-assembly of nanocrystal onto the
substrates. Without the 190-proof ethanol purification step, self-assembly would still occur,
however substantially longer time is required to develop full monolayers. After the monolayers

were developed, the substrate was transferred into a solution of pure hexanes and then sonicated
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for 15 minutes. This washing was performed multiple times with fresh hexane solutions until clean.
Once cleaned the substrates are allowed to dry in air. Nanocrystals on the substrate require several

hours under ambient air conditions to become fully adhered.

2.2.3 Controlled oxidation of nanocrystals. As a control, Ni nanocrystals from the above
solution were oxidized, yielding a NiO surface, by sonicating the solution with water and ethanol
for several hours with mild heating (40 °C), until the nanocrystals favored the polar phase. The

polar phase was then purified several times to remove any non-polar soluble nanocrystals.

2.2.4 Substrate preparation. Substrates of silicon, silicon dioxide, titanium, and titanium
dioxide were prepared using various methods described below and then characterized via XPS. Si
substrates were developed by etching as-purchased silicon wafers with hydrofluoric acid to remove
any native oxide layer present. SiO; substrates were developed by 45 minutes of oxygen plasma
of the as-purchased silicon wafers. 3 Ti substrates were produced through electron beam
deposition of titanium (25 nm) on as-purchased silicon wafers and stored under inert atmosphere
to limit oxidation. TiO; substrates were developed by 45 minutes of oxygen plasma of the Ti

substrates prepared previously. 3!

2.2.5. Instrumentation. Magnetic measurements were conducted using a superconducting
quantum interference device (SQuID) magnetometer (Quantum Design, MPMS XL-5). Oxidation
potential of surfaces and samples carried out using X-ray Photoelectron Spectroscopy (XPS) from
a Kratos Axis Ultra DLD spectrometer with a monochromatic Al (Ka) radiation source. Scanning

electron microscope (SEM) images taken via JEOL JSM-6700F FE-SEM.

2.3. RESULTS AND DISCUSSION



The oxidation adhesion process developed to adhere nanocrystals to various substrates
utilizes self-assembly and exploits the high surface reactivity of nanocrystals to develop strong
metal-oxide bonds to the substrates through chemisorption. In order to understand this process, the
surface oxidation of the nanocrystals and substrates were controlled to determine the effects on

adhesion and investigated by XPS, SEM, and SQuID magnetometry.

The nanocrystals and substrates described in the experimental section above have been
categorized as either unoxidized or oxidized and are referred to as Si or SiOz and Ti or TiO: for
the substrates and Ni or NiO for the nanocrystals. XPS of the Si 2p spectra for Si and SiO;
substrates are shown in figure 2.1a and 2.1b, respectively, with both substrates having expected
Si® peaks at 99.4 eV and 100 eV. The peak at 103.5 eV assigned to Si*' indicates oxidation
characteristic of SiO», while the absence of this peak in Si substrate confirms pure Si. The Ti 2p
XPS spectra for Ti and TiO> substrates are shown in figure 2.1c and 2.1d, respectively, with both
spectra showing expected Ti*" peaks at 458.6 eV and 464.7 eV, as well as Ti° peaks at 453.4 eV
and 459.5 eV. For the TiO> substrate, the peak intensity ratio of Ti*"/Ti” is much higher, suggesting
greater oxidation extent compared to the Ti substrate. In addition, the absence of the Ti*" peaks at
457 eV and 463.1 eV indicates further oxidation for the TiO; substrate. 3! The Ti substrate can be
confirmed as predominately Ti, however it does show weak Ti>" and Ti*" peaks, which suggests
partial oxidation of the as-deposited titanium is present due to the formation of a native oxide. The
XPS spectra of Ni 2P for Ni and NiO nanocrystals are shown in figure 2.1e, f, composed of two
sets of the spin-orbit doublet of Ni 2p3/2 and Ni 2pi». The peaks at 852.6 eV and 869.9 eV assign
to Ni’ and the peaks at 855.7 eV and 873.0 eV represent Ni**, as well as the presence of satellite

features observed in
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Figure 2.1. X-ray photoelectron spectroscopy (XPS) spectra of silicon substrates in the Si 2p
range, titanium substrates in the Ti 2p range, nickel nanocrystals in the Ni 2p range: (a) Si

substrate, (b) SiO substrate, (c) Ti substrate, (¢) TiO; substrate, (d) Ni nanocrystals, (¢) NiO
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literature. > Due to the large difference in the peak intensity ratio of Ni**/Ni’, between the Ni and
NiO nanocrystals, it suggests significant oxidized content is present for the NiO nanocrystals

compared to the as-synthesized Ni nanocrystals.
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Figure 2.2. Scanning electron microscope (SEM) images varying substrate reactivity (columns)
and nanocrystal reactivity (rows). (a) Images before scotch tape removal. (b) Images after

scotch tape removal.

In order to generalize a mechanism of the oxidation adhesion process, the process was carried

out with all combinations of nanocrystals and substrates characterized by XPS previously. SEM
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images, varying substrate reactivity (columns) and nanocrystal reactivity (NiO & Ni nanocrystals
top & bottom row, respectively) are shown in figure 2.2a, with adhesion of the nanocrystals seen
to trend diagonally across the table. It is important to note that the nanocrystals in figure 2.2a are
only physisorbed onto the substrate and can all be readily removed using scotch tape initially.
However, after several hours in ambient air conditions the Ni nanocrystals adhered to TiO», Ti,
and Si substrates, seen in figure 2.2b, become chemisorbed and are unable to be removed. After
the scotch tape removal, the only nanocrystal/substrate pairs that show chemisorbed adhesion,
based on the XPS characterization, correspond to those with high oxidation potential surfaces
where both the nanocrystals and substrates can participate in metal-oxide bond formation. Thus,
no adhesion is observed for any pairs involving oxidized species, such as NiO nanocrystals or SiO-
substrates. The potential outlier of the oxidized TiO: substrate showing adhesion can be
understood as Ti/TiO2 has multiple semi-stable oxidation states accessible to form metal-oxide
bonds with the Ninanocrystals and thus adhesion can be expected with the reactive Ninanocrystals,
but not with NiO nanocrystals. The combined XPS and SEM results suggest a potential adhesion
mechanism by which Ni nanocrystals oxidize under ambient air conditions to form nickel oxide
bonds with the substrate. This suggested mechanism is further supported by magnetic

measurements addressed below.

Because the nanocrystals used in this work are superparamagnetic at room temperature, any
observed non-zero coercivity could be resultant from interfacial stress due to bond formation with
the substrate. > SQuID magnetometry measurements, figure 2.3, of the adhered Ni nanocrystals
show the presence of out-of-plane coercivity, characteristic of an in-plane tension on the
nanocrystals. The increased coercivity observed correlates with the degree of adhesion expected

by SEM and XPS results, with the highest coercivity of 40.3 Oe, figure 2.3a, corresponding to the
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nanocrystal/substrate pair with the highest oxidation potentials. Furthermore, the coercivity can be
controlled by substituting in the less reactive substrate and nanocrystal surfaces of Si0> and NiO,
reducing the coercivity to 24.6 Oe and 9.9 Oe, respectively, shown by figure 2.3.b, c. Thus, the
magnitude of the out-of-plane coercivity can provide an indirect measure of metal-oxide bond

formation and the degree of adhesion
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Figure 2.3. Room temperature magnetic hysteresis loops from SQuID magnetometry. Partial
loop shown for clarity. (a) Strong adhesion of Ni nanocrystals on Ti substrate. (b) Weak
adhesion of Ni nanocrystals on SiO> substrate. (c) No adhesion of NiO nanocrystals on SiO>

substrate. Right graph shows coercivity trend of the three samples.

To fully demonstrate the oxidation adhesion mechanism is based on a metal-oxide bond
formation, unadhered NiO nanocrystals on a Ti substrate were reduced back to reactive Ni

nanocrystals enabling adhesion and then characterized by SQuID magnetometry. Control samples
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Figure 2.4. Magnetic hysteresis loops of (a) Unadhered NiO nanocrystals before plasma

etching and (b) adhered NiO after reduction to Ni using reducing plasma.

of unbound NiO nanocrystals on a Ti substrate exhibit the expected low out-of-plane coercivity of
6.2 Oe, shown figure 2.4a. Fully adhered nanocrystals can then be induced by using reducing
plasma (5% hydrogen, 95% argon) directly on this sample resulting in figure 2.4b, producing an
out-of-plane coercivity of 40.2 Oe that is equivalent to the original benchmark sample for adhesion
shown in figure 2.3a. By demonstrating reversible control over the oxidation adhesion process,
there is strong evidence for oxidation at the nanocrystal/substrate interface playing a key role in

the mechanism for adhesion of the nanocrystals.

Zero field cooled (ZFC) measurements using SQulID magnetometry of the normalized
magnetic moments as a function of temperature show a 25 K shift in blocking temperature for

adhered nanocrystals (blue) compared to unadhered nanocrystal (black), see figure 2.5. The
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Figure 2.5. Zero field cooled magnetization curves of nanocrystals not adhered (black) and
adhered (blue) with blocking temperatures of 75 K and 100K, respectively. Shoulder on blue
curve from the presence of non-adhered nanocrystals. Normalized average magnetic moment
(a.u.) versus applied field (Oe) of adhered samples show no exchange coupling present, see

inset.

increase in blocking temperature for the adhered nanocrystals is expected due to the additional
magnetic anisotropy from interfacial strain developed during adhesion. The shoulder observed for
adhered nanocrystal sample indicates unadhered particles left from insufficient washing; however,
this shows, due to adhesion, there is a clear dichotomy developed from an initially homogenous
sample. As a final experiment, to rule out the possibility of an antiferromagnetic exchange bias
from NiO affecting the magnetic anisotropy, ZFC and 5 kOe field cooled (FC) magnetic hysteresis
loops were conducted at 10 K for the Ni nanocrystal/Ti substrate sample, see figure 2.5 inset. The
inset shows the ZFC and FC hysteresis loops retrace completely, confirming no exchange bias is

present in the samples and is in agreeance with literature findings. ** Therefore, the increased
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coercivity and blocking temperature of the adhered nanocrystals is in response to the interfacial

stress generated during adhesion.

2.4. CONCLUSION

In conclusion, we have demonstrated a simple self-assembly based method to adhere
magnetostrictive nanocrystals to various substrates through the formation of metal-oxide bonds at
the interface. The oxidation adhesion process can be controlled by varying the reactivity of the
nanocrystal/substrate interface and has been demonstrated to be reversible by using reducing
plasma to induce adhesion of unadhered NiO nanocrystals. Adhered nanocrystals show an
increased out-of-plane coercivity consistent with an in-plane tension from bond formation at the
interface. With the development of the oxidation adhesion method, we will begin to explore

nanocrystal-based strain-mediated magnetoelectric composites.

CHAPTER 3. ANISOTROPIC ELECTRIC FIELD CONTROL OF
MAGNETIZATION IN A STRAIN-MEDIATED, NANOCRYSTAL -
BASED MULTIFERROIC COMPOSITE

3.1. INTRODUCTION

Magnetoelectric composites represent a vast research field, encompassing many
ferromagnetic and ferroelectric systems, with materials ranging from bulk ceramics to complex
three-phase systems, and encompassing many different coupling mechanisms.'® *>37 The main

feature of multiferroic composites is that they demonstrate a coupling between magnetic and
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electrical degrees of freedom. This physical effect is quite important for various commercial
applications.®> 384 Among them are magnetic field sensors, power convertors, energy storing
systems, cooling devices, etc. In most cases (excluding some recently proposed exotic
mechanisms)*'*** the coupling is dependent on a physical interplay between magnetoelasticity and
piezoelectricity.>> The general fabrication of such strain-mediated multiferroic composites consists
of a magnetoelastic material deposited onto a piezoelectric substrate.>> *¢ With this composite
material, an electric field induced piezoelectric strain can be transferred across the bonding
interface to the magnetoelastic layer, resulting in a change to the system’s magnetization and vice
versa. Both computational and experimental studies have applied this approach in layered and
patterned structures.’® 476! As an example, Chavez et al®® experimentally demonstrated a
controllable 85% reduction in the saturation magnetization of patterned ferromagnetic disks using
this strain-mediated approach. Such a design should also be applicable to magnetic nanocrystal

systems, known as granular multiferroics, and that is the focus of this work.

Development of strain-mediated nanocrystal-based multiferroic materials, also termed
granular multiferroics (GMFs), have the potential to complement previous studies by allowing for
new control of many exotic magnetic properties that are common to nanoparticle systems. For
instance, due to their strong ferromagnetic resonance (FMR), magnetic nanocrystals are interesting
candidates for microwave absorbers, and strain-mediated control of magnetism in those systems
could result in materials with a voltage tunable FMR frequency.®*¢” Strain-mediated
magnetoelectric coupling in nanocrystal systems has been previously studied.’ ®7® However,
most studies were motivated by magnetic sensor applications and the major figure of merit focused
on the magnetoelectric coupling coefficient ay = dE /dH. That is to say, the goal was to optimize

the electric field response induced by a magnetic field. However, the inverse effect of controlling
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17 demonstrated this effect

the magnetic state via an electric field needs further research. Kim et a
using a strain-mediated composite similar to ours, however the composite used ex-situ poling and
required an irreversible phase change in the PMN-PT ferroelectric to generate a large one-time
strain. Here, we utilize a cut of PMN-PT with biaxial strain, allowing for further exploration of the

unique superparamagnetic properties of nanocrystals, all while remaining within the reversible

linear region of the piezoelectric.

Here, we specifically utilize an in-situ applied voltage on a nanocrystal-based composite,
composed of single domain Ni nanocrystals adhered to a (011) cut single crystal PMN-PT substrate.
The PMN-PT substrate has an electric field induced biaxial strain response that can generate a
reversible magnetic anisotropy in the Ni nanocrystals, which are otherwise in their
superparamagnetic state, meaning they are magnetically isotropic. This type of strain state is
advantageous since it provides a mechanism to control the direction in which the magnetization
rotates due to the applied strains.®*-%? Specifically, for Ni, which is negative magnetoelastic, the
magnetization rotates towards the axis of compressive strain. We observe this in our strain-
mediated GMF composites as a shift in the blocking temperature of the nanocrystals. We also
observe inverse responses when measuring the magnetization along the different biaxial strain

axces.

3.2. EXPERIMENTAL

3.2.1. Ni Nanocrystal Synthesis. Nickel (II) acetylacetonate (Aldrich, Tech., 90%),

Oleylamine (Aldrich, 70%), trioctylphosphine (Aldrich, 97%), oleic acid (alfa Aesar, Tech., 90%),

17



and 1-octadecene (Acros Org., Tech., 90%) were used in the preparation described here without

further purification.

Synthesis of nickel nanocrystals followed a modified version of a method published by S.

Carenco, et al.?®

The synthesis was carried out under an argon atmosphere using standard air-free
techniques on a Schlenk line. Nickel nanocrystals were synthesized by the thermal decomposition
of 1 mmol nickel acetylacetonate in the presence of ~18 mmol oleylamine (5.78mL), 1 mmol oleic
acid (0.315 mL), 2 mmol trioctylphosphosphine (0.91 mL), and sufficient 1-octadecene to fix the
total volume at 7 mL. On the Schlenk line, the solution was stirred while undergoing multiple
pump/purge cycles for 30 minutes at room temperature and again at 90 °C for an additional 30
minutes to remove trace oxygen/water from precursors. The solution was then refluxed under inert
atmosphere at 220 °C for 45 minutes, using a ramp rate of 15 °C/min to get to temperature, and
then rapidly cooled to room temperature after completion. The nanocrystals were then purified by
adding 1 mL hexanes and 40 mL of ethanol to precipitate the nanocrystals. A 25.4 mm N52
neodymium magnet was used to collect the nanocrystals, and to improve monodispersity, in place
of the standard centrifugation methods. Samples were then resuspended in hexane and the cleaning

process was repeated two additional times. The final solution was suspended in 20 mL of hexanes

and used immediately.

Because the surface adhesion process used in this work involves an oxidative coupling of
the nanocrystals to the titanium/titanium oxide surface, we also needed a non-adhered nanocrystal
sample with a surface oxide to serve as a magnetic control. These were generated by sonicating
the Ni nanocrystals for several hours under mild heating (40 °C) in a two-phase solution of
ethanol/water and hexanes, until the nanocrystals transferred to the polar phase due to oxidation.

The oxidized nanocrystals would be washed and purified and recharacterized.
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3.2.2. PMN-PT. The single crystal PMN-PT [Pb(Mg1,3Nb2/3)O3]0.6s| PbTi03]0.32 substrates
used in this work was purchased from TRS Ceramics (TRS X2B d32 plates, dimensions 20 x 10 x
0.5 mm). The substrate has an electric field dependent compressive strain along the (100) in-plane
axis and a tensile strain along the (011-) in-plane axis. Along the (011) out-of-plane axis there is a
tensile strain response with an electric field. Substrates were cut to 4 x 4 x 0.5 mm dimensions for

in-situ poling in the SQuID magnetometer.

3.2.3. Fabrication of the GMF composite. Adhesion of Ni nanocrystals uses the simple
self-assembly based method described in chapter 2 that produces covalent bonding between the
nanocrystals and a titanium bonding interface. In general, to adhere nanocrystals to the
piezoelectric, 25 nm of Ti was sputtered onto the PMN-PT as the bonding interface. The reactive
PMN-PT/Ti substrate was immediately submerged into a solution of newly synthesized Ni
nanocrystals under ambient conditions. The unoxidized nanocrystals were allowed to react with
the Ti surface layer to form a strong metal oxide bond to the substrate. After adhesion of the
nanocrystals was completed the substrate was cleaned with multiple cycles of hexane rises and
sonication to remove any unadhered nanocrystals. Control substrates were used to confirm the
quality of the monolayer as a final step. To add electrodes, the substrate was first etched using an
Ar plasma to remove organic ligands on the nanocrystals and then, without breaking vacuum, a Pt
layer (20 nm) followed by a subsequent Au layer (50 nm) was deposited via sputter deposition. A
50 nm Au layer was later deposited on the reverse side of the PMN-PT substrate as a counter

electrode.

The Pt and Au layers serve to prevent further oxidation of the nanocrystals and to create a
uniform electric field across the PMN-PT. They may also contribute to the strain transfer between

the PMN-PT substrate and the nanocrystals, but the primary strain transfer occurs via the covalent
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adhesion between the Ni nanocrystals and the titanium oxide top surface of the substrate. This
claim is based on numerous efforts to induce strain transfer to nanocrystals using a broad range of
nanocrystal samples, surface chemistries, and capping layers. From this work, we found that strain
transfer requires chemical adhesion of the nanocrystals to the substrate and a Pt or Au coating

alone was insufficient to create strain transfer.

3.2.4. Measurement. The strain response of the PMN-PT single crystal substrates was
measured using a biaxial strain gage from Vishay Precision Group. The substrate is cleaned using
acetone, methanol, and then IPA and subjected to a 60 s 100 W O plasma clean. Ti(5 nm)/Au(100
nm) electrodes are deposited by e-beam evaporation on the top and bottom surfaces of the substrate.
Following the deposition, the strain gage was adhered to the top surface with M-Bond 200 adhesive
and then placed ina 1 cm x 1 cm chip carrier to add the wire bonds. The electric field was applied
using a voltage amplifier and ranges between 0 MV/m to 0.8 MV/m. The strain data is collected

using a National Instruments DAQ device.

Magnetic measurements were conducted using a Quantum Design, MPMS XL-5
superconducting quantum interference device (SQuID) magnetometer operating in VSM mode.
Scanning electron microscope (SEM) images taken via JEOL JSM-6700F FE-SEM. Powder X-
ray diffraction patterns were measured using a PANalytical X Pert Pro using a Cu Ko (A =1.5418
A) source, operating at 45 kV and 40 mA. XRD patterns were recorded in the range of 30° < 20 <

60°.

3.2.5. Modeling. We performed Monte-Carlo simulations of the strain-mediated GMF
system. Due to the complexity of self-assembled systems, we focused on a simplified model to

gain a better understanding the trends of the system. We do not consider the precise magnetization
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of the Ni nanoparticles and their specific anisotropy, as these depend on the details of the oxidation
that takes place during the adhesion process. We also do not take into account the randomness of
particles positions and other similar effects. As a result, we do not have perfect fits to the
experimental magnetization curves across the whole temperature range. However, we can still

understand many of the more important trends from our modeling.

To understand the behavior of magnetic grains in the hybrid nanocrystal/ferroelectric
system, we use Monte-Carlo simulations. We describe our particles with the following

Hamiltonian:

(mym;) — 3(myr;;)(myry;)

Iryj]3 |rg;1°

H = —%; ;(myn;)* + ¥;; M;M; ( > + Emes (1)

where m; are the unit vectors co-directed with i particle magnetization, M; is the particle magnetic
moment (using bulk Ni magnetization of about 450 Gs). Here 4; is the uniaxial anisotropy constant
(we take 1.4*10° erg/cm?, which is close to values reported in the literature®®). The anisotropy axes
n; are randomly distributed over all possible directions. We assume a log-normal size distribution
of the particles with dispersion g,;. The average size of the particles can be estimated from the
TEM image as 15 nm. While they physical size distribution could be estimated from our TEM data
as well, we use the dispersion term to capture the distribution of anisotropy energies of the particles,
and those anisotropies depend on shape, surface structure, and the details of the bonding to the

substrate in addition to size, and so we use this term as a fitting parameter. Finally, r;; is the vector

connecting particles i and j.

Based on our preparation procedure, the grains should form a single layer on the

piezoelectric substrate. Therefore, in our modeling we also use this geometry as well, and for
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simplicity assume a square lattice. In reality, our TEM images show more or less random
distribution of particles, but based on additional modeling, different types of particle arrangements
do not give qualitatively different results. The average distance between the particles is estimated
of 5 nm according to the TEM images. The last term E,,, describes the strain-mediated
magnetoelectric coupling in our system. We assume that when we apply an electric field to the
PMN-PT substrate, we induce a strain. This strain is transferred to the ferromagnetic particles.
This, in turn, induces additional magnetic anisotropy in each particle due to the magnetoelastic

effect. Therefore, we add the following term to the Hamiltonian

Eme = _Zi/lind(minind)'z (2)

where 4;,4 is the magnitude of the induced anisotropy. It linearly grows with strain and therefore
with electric field. The induced anisotropy is uniaxial, with the direction of the anisotropy defined
by the main axes of the PMN-PT crystal. Generally, bulk Ni has a negative magnetoelastic
coefficient, meaning that the anisotropy decreases along the compression direction. When we

apply the electric field, the compression appears along the (100) direction and n;,,4||(100).

We then follow a standard approach in which at each Monte-Carlo step we randomly
choose a magnetic particle and randomly rotate its magnetic moment. Maximum deviation of the
magnetic moment is chosen to obtain a reasonable acceptance rate. Acceptance probability is 1 if
the energy of the new system state is less than the energy of the old state. The acceptance

~AE/kBT if the energy difference between the new and old state AE is positive.

probability is ~e
Using the Monte-Carlo approach we calculate the dependencies of the system’s coercive field on

temperature T. More details on the simulation proceed can be found in the Appendix section.

22



3.3. RESULTS AND DISCUSSION

3.3.1. Materials Characterization. With the goal of mechanically straining magnetic
nanocrystals with a piezoelectric material, it is important to start with well-defined magnetic and
piezoelectric properties, as well as have a strong mechanical coupling between the two components.
Unless these criteria are met, it will be hard to observe changes in magnetization, either because

signals will be too broad or they will be nonexistent due to insufficient strain transfer.

Solution processed methods were used to synthesize monodispersed Ni nanocrystals with
a 14 nm diameter, as seen in the SEM images in figure 3.1, inset. Powder XRD of was used to
confirm that the correct crystal phase was synthesized. These small nanocrystals are ideal as they
will not only require less mechanical strain to modify their magnetic properties, but they also have
a higher surface energy, which is needed to chemically adhere the nanocrystals to the piezoelectric

substrate.

Based on previous the work in Chapter 1, a monolayer of Ninanocrystals can be chemically
adhered through covalent bonding to surfaces with a high oxidation potential, such as
titanium/titanium oxide. The mechanism of adhesion relies on the reactive surface energy of the
metallic nanocrystals and the formation of metal-oxide bonds at the interface. A monolayer of self-
assembled Ni nanocrystals adhered to a titanium sputtered silicon wafer is shown in the inset of
figure 3.1. The nanocrystal monolayer can be seen to be nearly complete with no signs of
multilayers. This is important because strain transfer occurs directly from the substrate to the

covalently attached nanocrystals, so any multilayer nanocrystals will not be strained.
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Figure 3.1. Representative powder XRD of the Ni nanocrystals used for this work. The data
confirms that samples have the correct crystals phase and the diffraction shows no evidence of
significant oxidation. The inset shows an SEM shows a uniform monolayer of monodispersed

14 nm Ni nanocrystals.

Because the adhesion is based on metal-oxide bond formation, the Ni nanocrystals will
develop an isotropic in-plane tensile strain upon adhesion, which can be observed by an increased
out-of-plane coercivity. This isotropic strain will be added to any additional strain introduced
during poling of the piezoelectric material. In figure 3.2, SQuID magnetometry results confirm
this in-plane tensile strain as a difference in the out-of-plane coercivity for unadhered and adhered
nanocrystals. Note that the unadhered samples were also allowed to develop a thin, self-limiting
surface oxide, so the difference in these magnetic results are not due to surface oxidation or
exchange coupling to an antiferromagnetic NiOx surface layer. At 298 K, the Hc is 0 Oe and 65

Oe
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Figure 3.2. Normalized out-of-plane M-H loops for nanocrystals with no adhesion (surface
oxidized in solution and then spin coated monolayer on SiO, wafer, red lines), and nanocrystals
that are covalently bonded to the substrate (chemically oxidized onto a PMN-PT/Ti/TiOx wafer,
blue lines), collected at both 298K and 100K. Data collected at lower T shows increased

coercivity, but the difference between the two samples remains constant.

for the unadhered and adhered samples, respectively; at 100 K, these Hc values increase to 24 Oe
and 90 Oe. The unadhered samples are SPM at 298 K (Hc = 0 Oe), while the adhered nanocrystals
are ferromagnetic at this temperature due to the additional isotropic strain developed during
adhesion. Only at lower temperatures do the unadhered nanocrystals show non-zero coercivity.
This difference in coercivity confirms successful chemical adhesion to the Ti/PMN-PT wafer that
should allow for efficient strain transfer from the piezoelectric material to our magnetoelastic

nanocrystals.
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Figure 3.3. Strain response of PMN-PT as a function of electric field. The (100) axis develops
a compressive strain, while the (011-) axis develops a tensile strain. Cartoon schematics of Ni
nanocrystals adhered to the Ti/PMN-PT substrate. Unstrained the nanocrystals are magnetically

isotropic, however under strain, the magnetic moments develop an easy and hard-axis,

corresponding to the (100) and (011-), axes respectively.

Characterization of the strain response of the PMN-PT single crystal substrates was
measured using a biaxial strain gage from Vishay Precision Group applied to a sister substrate.
The PMN-PT substrate has an anisotropic strain in the (100) and (011-) axes, as shown in figure
3.3. The (100) axis, shown in blue, experiences a large compressive strain of roughly 1400 pe at
0.55 MV/m. Whereas, the (011-) axis, shown in red, experiences a much smaller tensile strain of
roughly 400 pe at 0.55 MV/m. Two cartoon schematics are provided in figure 3.3, showing
nanocrystals adhered to the Ti/PMN-PT substrate, with and without an applied bias. When
unbiased, the nanocrystals are shown to be SPM with no magnetic easy-axis (magnetically
isotropic) and the magnetic moments are dynamically flipping as a result of thermal fluctuations.

When the PMN-PT is biased, the introduced anisotropic strain causes the nanocrystals to go from
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being magnetically isotropic to anisotropic. Because Ni has a negative magnetoelastic coefficient,
the axis along the compressive (100) axis of the PMN-PT is shown to become the magnetic easy-
axis and the axis along the tensile (011-) axis of the PMN-PT becomes magnetically hard. The
scenario this cartoon shows is assuming an idealized temperature range, where the additional
magnetic anisotropy introduced by the magnetoelastic effects is not masked by thermal energy. It
also depicts the scenario with no applied magnetic field, hence we show a random distribution of
spin up/down magnetic moments along the (100) axis. We also note that while nanocrystals should
couple in ferromagnetic chains along the (100) direction if there is an applied magnetic field, the
magnetic alignment without an external magnetic field would depend on neighboring chains and
could show ferromagnetic or antiferromagnetic coupling. In either case, the (100) axis is shown to

be favorable.

3.3.2 Voltage dependent magnetic response. Zero field cooled (ZFC) curves of the
strain-mediated granular multiferroic (GMF) composite were measured using SQulD
magnetometry, as shown in figure 3.4. In this experiment, the sample was first biased, and then
cooled to a low temperature. Here, we went to S0K for the (100) and 20 K for the (011-) data. The
final temperature was chosen to minimize thermal shock to the sample so that expensive PNM-PT
substrates could be reused, while still enabling data collection in the region of interest upon
warming. A maximum bias of 375 V was applied in-situ along the out-of-plane (011) axis, and the
changes in magnetization in both the easy (100) and hard (011-) axis were measured. Along the
easy-axis, where the sample experiences compression, the blocking temperature (Tb) can be seen
to increase from 50 K, unbiased, to 120 K when biased to 375 V. The shift in the easy-axis Tp
toward higher temperatures indicates the compressive axis has become energetically favorable for

magnetic moments; it has evolved into a deeper energy well because strain anisotropy is adding to
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Figure 3.4. Normalized ZFC curves as a function of applied voltage, where compression in the
(100) axis, shifts Ty to higher T, and tension in the (011-) axis, shifts Ty, to lower T. The insets
show the data on an expanded y-scale to make the shifts easier to see. The shifts in Ty, with
voltage go in opposite directions due to the anisotropic strain. Cycled 0 V data show that

changes are reversible and the strain can be released after the applied bias is removed.

the existing nanocrystal anisotropy and so a greater thermal energy is needed to randomize spins
pointed in this direction. Along the (011-) hard-axis, where the sample experiences tension, Ty can
be seen to decrease from 47 K, unbiased, to 20 K, when biased to 200 V. The shift in the hard-axis
Ty, toward higher temperatures indicates that this tensile axis has become energetically
unfavorable for magnetic moments. In other words, spins aligned in this direction experience a
shallower energy well because the strain anisotropy is canceling the initial nanocrystal anisotropy,
and so it takes less thermal energy to randomize them. For both the easy and the hard axis, an
unbiased measurement (0 V Cycled) is made after biasing, showing that Ty mostly returns to its

original, unstrained, value. A noticeably higher applied voltage is required for the easy-axis to
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show any initial shift in the easy-axis Ty, compared to the hard-axis. This is most likely due to the
fact that the nanocrystals are already under tension, as discussed in figure 3.2 above, developed

during the adhesion process.

Above we discuss the easy-axis Tp and hard-axis Ty, defining these terms as the inflection
point in the ZFC curve, as is standard for nanoscale magnetic materials. We need to point out,
however, that the hard-axis Ty is not a true blocking temperature, as a blocking temperature implies
a transition temperature from a fixed or ferromagnetic state, to a randomized, fluctuating or
superparamagnetic state. The decrease in magnetization above a true Ty is due to randomization.
For the hard-axis data presented here, once spins are able to escape their potential well, there is
another, deeper well that becomes accessible to them. As a result, the decrease in magnetization at
temperature greater than the “hard-axis Ty” is attributed to the magnetic moments transitioning to
the more stable (100) easy-axis and not to the randomization of the magnetic moments. The (011-)
axis can be thought of as a metastable state, where the depth of the potential well is due to the
competing energies from the intrinsic nanocrystal anisotropy and the applied strain field. As we
vary the magnitude of the strain field with voltage, we vary the depth of this well and the thermal
energy needed for spins to escape to the truly stable state of the system, i.e. aligned along the

compressed (100) easy-axis.

We note that for figure 3.4, the shift in the hard-axis Ty is limited by the low starting
temperature. To resolve this, we allowed the adhered nanocrystals to oxidize in open air for an
extended period of time. From previous experience, this is a simple way to increase the overall

magnetic anisotropy of nanocrystals due to increased pinning of surface NiOx spins. For this partly
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Figure 3.5. Normalized ZFC curve as a function of applied voltage for the (011-) axis. The
applied voltage leads to tension in the (011-) axis, which shifts Ty, to lower T. The inset again
show the data on an expanded y-scale to make the shifts easier to see. The higher initial blocking
temperature for this sample allows for larger shifts and thus better characterization of the ability

for an applied voltage to reduce the hard-axis Tp.

oxidized sample, the unpolled blocking temperature increases to 100K. Data for the hard-axis Ty
as a function of voltage for this sample is shown in figure 3.5. The hard-axis Ty can be seen to
decrease from 100 K, unbiased, to 25 K when biased to 300 V. This is a significantly larger shift
than in the first measurement and provides a clearer picture of the extent of tuning that is possible.
Easy-axis data was not collected on this sample because shifts would exceed the upper temperature

limit of our system.

The overall trends of shifts in the easy-axis and hard-axis Ty (shown in figure 3.4 and figure

3.5) are modeled in figure 3.6 using Monte-Carlo simulations. Similar to our experimental
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Figure 3.6. Monte Carlo simulation of the strain-mediated GMF composite. From the initial

(pre-strained) state an induced tension and compression produces the observed experimental

trends.

observations, when we apply the electric field in our model, we observe a decreased anisotropy
along the (100) direction. Solid lines are a guide for the eyes. As a note, our model requires the
system has some initial uniaxial strain in the (100) axis in order to observe trends similar to the
experimental data. Without the initial strain our model gives increasing of temperature of ZFC
peak for both directions (100) and (011-). This is probably related to the fact that behavior of the
peak position is non-linear and non-monotonic with strain. The weak strain moves both peaks to
the same direction, but higher strain moves one peak to higher temperature but another peak to
lower temperature. With this initial strain present, the peak of the ZFC curve for magnetic field
along the (100) moves to higher temperatures, while for the (011-) axis the peak shifts to lower

temperature. The exact nature of the initial strain needs further investigations, but, it is well
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Figure 3.7. The relative magnetization change as a function of voltage shows increasing mag-
netization along the (011-) hard-axis, and decreasing magnetization along the (100) easy-axis.
When the applied bias returns to 0 V, the magnetization mostly returns to its original state,

although some residual strain is observed in the (100) easy-axis direction.

established thermal expansion should be dependent on crystal direction. As a result, it is not
unreasonable to assume that some anisotropic strain develops, either during cooling or during the

oxidative chemical adhesion of the nanocrystals to the substrate.

We now go back to the experimental data, this time focusing on the relative change in
magnetization for the easy and hard axes. Here again we see that the two axes response in opposite
ways to an applied voltage, as seen in figure 3.7. The magnetization at the peak of the curve (Tb)
increases by about 23% with an applied bias in the hard-axis (011-) direction, while the peak
magnetization in the easy-axis direction decreases by about 49% with an applied bias. The two
samples were fabricated from the same batch of nanocrystals and piezoelectric substrate. However,

to account for small variations in sample adhesion and monolayer coverage, the magnetization per
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composite area was normalized by setting the starting unbiased magnetization at 50 K equal for
both samples. The voltage dependent trends in magnetization of the two axes at first seems counter
intuitive, but can be understood by considering the sequence of measurement and biasing. The
samples were biased throughout the entire sequence of a standard ZFC measurement. This means,
the electric field was first applied at room temperature, and then it was held constant as the sample
was cooled under zero applied magnetic field and as it was subsequently heated under a small
magnetic field during the measurements. From figures 3.4 and 3.5, it is clear that an applied bias
creates a preferred potential for magnetic orientation along the compressed (100) easy-axis.
However, because the biased sample is cooled from room temperature without an applied magnetic
field, the magnetic moments in this easy-axis direction distribute with equal probability in the spin
up and spin down direction. This causes most of the spins along the easy-axis direction to cancel.
Note that spin cancelation occurs between nanocrystals, not within a single nanocrystal. When the
sample is cooled, these spins become locked in this low magnetization configuration and cannot
align with the small applied magnetic field used for measurement upon warming in the ZFC
experiment. This leads to the observed behavior in figure 3.7, where a larger voltage causes a
greater number of magnetic moments to cancel, and thus a smaller overall magnetic moment is
measured at lower temperatures along the easy-axis. As the temperature is increased, the sample

loses memory of this initial state and the magnetization for all samples becomes more similar.

The reverse follows for measurements along the (011-) hard-axis (figure 3.7). Here, the
potential well becomes shallower with increasing initial bias, and so fewer spins are locked into a
canceling configuration. As a result, the small bias used for measuremnt is enough to align a much
larger fraction of the nanocrystal spins in the sample along the measurement axis. The highest

magnetization corresponds to the shallowest potential well and the highest applied bias.
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Figure 3.8. Monte-Carlo simulation of ZFC curves measured along the (011-) axis, with
different initial magnetic states. Blue curve, represents a system starting with magnetic
moments aligned along the (100) axis, i.e. a strained system. Red curve, represents a system
starting with magnetic moments randomized, i.e. an unbiased system. The modeled system
suggests the initial magnetic orientation prior to heating and measurement influences the
relative change in magnetization observed experimental. Lines are provided as guides for the

eyes.

In essence, our claims above suggest that the initial alignment of the magnetic moments in
our system are responsible for the observed trends in increasing and decreasing magnetization.
Investigation of this claim is challenging as the initial state is of course not something that can be
probed experimentally, since measuring the initial magnetic state would by the very act, disrupt it.
Instead, we rely on a simplified Monte-Carlo model to compare two systems with different initial
magnetic alignments, being either fully aligned along the (100) axis or being fully randomized.
The typical ZFC curves resulting from the two initial states simulated are show in figure 3.8. The

ZFC curves simulated correspond to measurements made along the (011) axis. From the
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simulations we see similar trends as observed experimentally (compare with figure 3.7, hard axis
data), where the simulated ZFC curves with a (100) aligned initial state, blue, shows an increased
magnetization compared to the randomized initial state, red. The reason for the difference appears
due to the fact that relaxation of magnetic moments during the heating is different since we start
with different initial state. This however should strongly depend on the ratio between measurement
time and particle relaxation time. There may be a rather strong dipole-dipole interaction the system
relaxation is slow (as in spin glasses), therefore it cannot relax in the same manner when starts
from different initial states. This Monte-Carlo simulation provides strong support for the
assumptions made for our experimental observations, highlighting the behavior of the initial

magnetic state in our system, which cannot be experimentally investigated.

To confirm these ideas, we perform further experimental studies to show this trend in
relative magnetization can be eliminated by applying the electric field only during the heating
sequence of the ZFC measurement, figure 3.9. By applying the electric field only after cooling has
finished and just prior to applying the magnetic field for measurement, the magnetic moments
should have fully randomized orientations at the start of heating and measurement. This is because
by time the electric field is finally applied, the magnetic moments at this cryogenic temperature
are in a blocked, ferromagnetic state and should not have sufficient energy to reorient in response
to the strain. Furthermore, the piezoelectric response at cryogenic temperatures is significantly
lowered compared to the room temperature response.®* Thus, we see that the unnormalized ZFC
curves show almost no change in magnetization with an applied voltage, as shown in figure 3.9a.
From the normalized graphs (figure 3.9a, inset), the expected trend for the easy-axis Ty shift is still
observed, however the shift is much smaller due to the smaller cryogenic piezoelectric strain

response. To summarize all this data, the relative percent change in peak magnetization for samples
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Figure 3.9. (a) ZFC measurements along the (100) easy-axis for a system cooled without an
applied electric field. The data show a voltage dependent shift in the hard-axis Ty (see inset for
normalized data with an expanded y-scale), but the change in magnetization with voltage is
very small and shows no trend with bias strength. (b) Comparison of the relative change in peak
magnetization for systems cooled with and without an applied electric field. When cooled with
an electric field the hard and easy axes show divergent changes in magnetization intensity with

an applied bias, while when cooled without an electric field there is essential no change.

cooled with and without an electric field is shown in figure 3.9b. The easy and hard-axis
magnetization changes for samples cooled with an electric field have opposing trends with an
applied voltage. However, when the easy-axis is cooled without an electric field, the peak
magnetization shows effectively no change. While many of the general trends in this data can be

easily understood, we note that further experimentation is still needed to fully understand this
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behavior, as there are likely other factors that can explaining the smaller differences noted for the
various ZFC sequences. For example, one possible reason for some of the differences could be the
different strain profiles developed during cooling with and without an electric field. Overall,
however, the data in figure 3.9 not only confirms our explanation of the trends observed during
the various ZFC measurements, but it also further demonstrates our ability to control the

magnetization in superparamagnetic nanocrystals with an applied voltage.

3.4. CONCLUSIONS

In this work, we fabricated a composite multiferroic system with a single layer of magnetic
Ni nanocrystals placed on top of a piezoelectric PMN-PT substrate. Using oxidative chemical
adhesion, we obtained mechanical coupling between the nanocrystals and the piezoelectric
substrate. We then applied an electric field to the PMN-PT substrate and measured the magnetic
properties of the Ni nanocrystals using SQuID magnetometry. Strain-mediated magnetoelectric
coupling occurred in the system and we found that the blocking temperature of the magnetic
particles could be changed using an electric field. We specifically found that the anisotropic in-
plane strain of the piezoelectric substrate could be used to create reversible magnetic anisotropy
in the nanocrystals, with the apparent blocking temperature moving to lower temperature in the
magnetic hard-axis, and to higher temperature in the magnetic easy-axis. Changes in the extent of
spin cancelation between nanocrystal, and thus changes in the overall sample magnetization, could
also be controlled by changing the specific sequence of when the electric field was applied (either

before or after cooling the sample).
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While this is a fundamental study with no specific applications, the combination of
anisotropic strains, variable temperature, and the thermally activated fluctuations of a
superparamagnetic material provide for a magnetic system that is highly tunable in many different
ways. Most of the changes described here took place well below room temperature, but the entire
temperature range for these phenomena can be shifted to higher values simply by increasing the
size of the Ni nanocrystals. Such materials could eventually find applications in electric field
modified magnetic read and write systems, where an electric field is used to dynamically reduce
the magnetic anisotropy during write operations so that the same magnetic field strength could be
used to both read and write. The tunable blocking temperature could also find potential
applications in microwave filters. Regardless of the eventual application, this work adds to our

understanding of how nanocrystals can be incorporated into anisotropic multiferroic composites.

CHAPTER 4. TUNING EXCHANGE COUPLING INA NEW FAMILY
OF NANOCRYSTAL-BASED GRANULAR MULTIFERROICS USING
AN APPLIED ELECTRIC FIELD

4.1. INTRODUCTION TO GRANULAR MULTIFERROIC COMPOSITES

Magnetoelectric composites offer a unique way to control magnetism at the nanoscale by
combining multiple materials properties into one composite. Conventional strain-mediated
magnetoelectric composites use a piezoelectric layer that is mechanically coupled to a
magnetostrictive magnetic layer &%°. This configuration allows an applied electric field to produce
a strain in the piezoelectric, which is translated to the magnetic material of the composite to change

its magnetic state. The ability to control magnetism via an electric field has led to many new
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applications, such as energy efficient memory storage and logic devices **-°2, novel subwavelength
antennas % °* nanomechanical devices * and even magnetic tomography *. More complicated
composite geometries have also been developed with magnetic nanocrystals being embedded into
a ferroelectric matrix 8 6 97-100 The higher interfacial area in these composites is appealing to

strain-mediated multiferroic applications, promising enhanced coupling.

Recently, a unique mechanism of magnetoelectric coupling was proposed for nanocrystal-
based or granular multiferroic (GMF) composites 1. In this theoretical work, superparamagnetic
nanocrystals were placed in close proximity to, or encased in, a ferroelectric matrix with a tunable
dielectric constant. The mechanism to control magnetization in this new type of GMF composite
relies on exchange coupling between nanocrystals, rather than on the standard mechanism of
mechanical strain transfer. The extent of exchange coupling depends on the orbital wave function
overlap between neighboring nanocrystals. Thus, exchange coupling between nanocrystals can be
controlled in two ways: either (1) by varying the tunneling distance between nanoparticles or (2)
by altering the nature (dielectric constant) of the tunneling medium between grains. For the second
case, this dielectric can be tuned using a ferroelectric material whose dielectric constant can be
changed by an electric field. This is thus a new mechanism for electric field control of the magnetic
properties of a nanocrystal ensemble. Simulations show that this method can be used to tune the
blocking transition temperature between superparamagnetic and ferromagnetic states, coercive

field, and magnetic susceptibility of GMF composites.

As shown in figure 4.1, the dependence of nanoparticle coupling on the dielectric
environment comes from the Coulomb blockade effect and from screening of inter-electron
Coulomb interactions and thus modification of the potential barrier for electron exchange. Strong

coupling leads to inter-particle magnetic ordering and ferromagnetic behavior, while weak
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Figure 4.1. Cartoon showing the influence of the dielectric constant of a ferroelectric matrix,
FE, on inter-particle exchange interactions (J) in GMF composites. The upper panel shows two
interacting magnetic grains with magnetic moments M, ,. Interaction occurs via virtual hopping
of electrons (e) between grains with probability t. In a nanocrystal system, electron hopping is
suppressed due to the Coulomb blockade effect, creating a gap, E... The exchange coupling can
be roughly described as | ~ t2/E,. The Coulomb gap strongly depends on the dielectric
constant of the surrounding media due to screening of image charges. When the dielectric
constant is low (left panel) the gap is large and hopping (exchange) is suppressed, resulting in
a disordered (superparamagnetic) magnetic state with no long-range order (bottom left). In
contrast, strong exchange coupling occurs when the dielectric constant is high (right panel)

resulting in an ordered (ferromagnetic) state with long-range ordering (bottom right).

coupling results in a disordered or superparamagnetic state. We note that this Coulomb blockade
effect only appears in granular systems, and so this type of coupling does not occur in multilayer

systems.

According to the theoretical modeling, magnetoelectric coupling for GMF composites is

efficient only when the following conditions are satisfied: 1) the dielectric constant of the
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ferroelectric component should be low (of order of 100); 2) magnetic grains should be metallic; 3)
the grain size should be on the order of 10 nm; 4) the inter-grain distance should be on the order
of 1 nm. In the literature, most nanoparticle-based composites do not satisfy these conditions, as
they are fabricated using high-dielectric constant materials such as BaTiO3; or lead zirconate
titanate, which are optimized to produce large strains. Moreover, the grain size is generally large,

and in many cases the grains are fabricated from ferrimagnetic insulators, such as CoFe2Os.

In this work, we fabricate for the first time a multiferroic composite that is optimized for
exchange-based multiferroic coupling. We use a densely packed ensemble of metallic
superparamagnetic nanocrystals and a ferroelectric material with a low-dielectric constant.
Solution processed methods were used to synthesize the superparamagnetic nickel nanocrystals.
This allowed us to precisely control the size of the magnetic nanocrystals and also the blocking
temperature, Tj, of the system. Because blocking phenomena can mask the effects of exchange
interaction, the T, must be lower than, or at least of similar order to, the inter-particle exchange
coupling energy. The initial extent of exchange coupling in a GMF composite can be set by
controlling the initial distance between nanocrystals. This is accomplished by utilizing the native
surface ligands or adding bidentate ligands, such as oxalic acid and glutaric acid, to constrain
particle distances. The second component of a GMF composite is the ferroelectric, which serves
either as a matrix that the nanocrystals are mixed with, or as a substrate that the nanoparticles are
deposited onto. In both cases, the ferroelectric is used to control the dielectric environment of the
nanoparticles via an applied electric field, which in turn controls the magnetic state of the GMF
composite. In general, the dielectric response of a ferroelectric material can be tuned in three ways.
These include sweeping through the Curie temperature (T;) of the ferroelectric using either (1)

temperature or an (2) applied electric field, or (3) applying an electric field to cause domain
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alignment in an unpoled ferroelectric that is well below its T.. All three of these dielectric

responses will be demonstrated in this work.

In order to separate the two dielectric responses, two ferroelectric materials were selected,
specifically tetrathiafulvalene-p-chloranil (TTF-CA) !©' and potassium dihydrogen phosphate
(KDP). TTF-CA is the archetypal organic ferroelectric with a 10-fold spike in the dielectric
constant at the 81 K T, phase transition for the paraelectric and ferroelectric phases '°2. This 10-
fold dielectric increase at the phase transition occurs at an ideal temperature, where exchange
coupling can be effectively influenced by changes in the dielectric environment. By sweeping
through the T, of the ferroelectric, the exchange coupling between nanocrystals embedded in a
TTF-CA matrix should first increase and then decrease as the dielectric constant increases and
decreases. This phase transition in TTF-CA can also be driven by an electric field if the system is
slightly above the phase transition temperature. In contrast to TTF-CA which can show a dielectric
response to both temperature and an electric field, KDP is a commercially available ferroelectric
that has no phase changes in the temperature range relevant to this work. Unpoled KDP does show
dielectric changes in response to an applied electric field due to domain alignment, a process which

is independent of any phase transitions.

Using this combination of materials, we are able to reach all the requirements listed
previously and provide the first experimental demonstration of an exchange coupled GMF
composite. In the manuscript below, we first demonstrate the ability to control the inter-particle
distances using diacid linkers and show that this control results in predictable changes in magnetic
properties. We next demonstrate that exchange coupling in a GMF composite can be enhanced by

adding a FE component into the system.. Finally, we investigate the electric field dependence of
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both TTF-CA and KDP based GMF composites. In both cases, we demonstrate electric field
control over magnetic properties that is dielectric mediated, and not based on traditional strain-

mediated processes.

4.2. RESULTS AND DISCUSSION

4.2.1. Materials Characterization. The first step to building exchange coupled GMF
composites is to fully characterize the magnetic nanocrystals and organic ferroelectric to ensure
the parameters required for a GMF composite are met. Figure 4.2, shows characterization of Ni
nanocrystals and TTF-CA used in this work. Solution processed methods were used to synthesize
monodispersed Ni nanocrystals with diameters between 15-35 nm. Transmission electron
microscopy (TEM) images (figure 2a) and X-ray diffraction (XRD) patterns (figure 4.2b)
representative for samples used in this work confirm the size and crystallinity of the nanocrystals.
These nanocrystals show reproducible magnetic properties with a blocking temperature (T3 ) under
~150 K. By making smaller nanocrystals, we can tune the T} to lower temperatures. The organic
ferroelectric, TTF-CA, shows a reversible color change upon cooling to cryogenic temperatures
(figure 4.2¢), which is characteristic of the paraelectric to ferroelectric phase transition. The sample
was further characterized using XRD (figure 4.2d) to confirm that the correct phase of TTF-CA
was synthesized. In all cases, comparison of superconducting quantum interference device (SQuID)
magnetometry measurements were carried out using the same batch of nanocrystals and

ferroelectric to ensure that any differences between batches would not bias the results.
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Figure 4.2: (a) TEM images of the monodispersed nickel nanocrystals used in this work. (b)
Powder XRD of the Ni nanocrystals confirms that they have the correct crystal structure (red
stick pattern) and that no crystalline NiO is present in the sample (black stick pattern). (c) The
color change observed in our TTF-CA indicates a phase transition from the paraelectric phase at
room temperature to the ferroelectric phase at liquid nitrogen temperatures. TTF-CA has an
expected 81 K T, and a 10-fold increase in dielectric constant near the transition. (d) Powder

XRD of TTF-CA. Peak positions are in good agreement with literature values.

4.3.2. Temperature Dependent Magnetic Studies. Our next goal was to demonstrate
that the inter-particle distance between nanocrystals could be controlled and that these changes
would result in predictable changes in magnetic behavior based on the modified exchange coupling.
The simplest experimental approach to vary the tunneling distance between nanocrystals is by
modifying the surface ligands, exploiting bidentate ligands such as diacids, to precisely define the

distance between nanocrystals based on molecular size. Appendix figure Al shows TEM images
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of a range of nanocrystals with different surface ligands used to control inter-particle distances.
While it is hard to see the very small changes in the nanoparticle spacing due to focusing variations,
from the TEM images it is clear that the diacids used have not significantly altered or etched the
nanocrystal surface. SQuID magnetometry measurements of these samples (top panel, figure 4.3a)
show a clear trend in the coercivity as a function of temperature between the different inter-particle
distances. Sample M-H data used to plot coercivity as a function of temperature for the different
inter-particle spacing, provided in the Appendix figure A2. Inter-particle interactions increase with
decreasing inter-particle spacing, resulting in a monotonic increase in the coercivity of the
ensemble at all temperatures for samples with smaller inter-particle distances. Samples shown in
figure 4.3a, starting from the largest distances and going down, are: wax dispersed nanocrystals
with a large spacing (a, black); nanoparticles linked using the 5 carbon diacid, glutaric acid (b,
red); nanocrystals linked using the 2 carbon diacid, oxalic acid (c, green); and finally, aggregated
nanocrystals that have been ligand stripped (d, blue). The monotonic increase in coercivity
supports our hypothesis that controlling inter-particle distances between nanocrystals can be used

to control inter-particle exchange coupling in GMF composites.

With the effect of inter-particle distance on nanocrystal magnetic properties established,
the next step is to incorporate the ferroelectric material into the composite. The two ferroelectric
materials used in this work were both selected for their tunable dielectric properties at low temperatures. In
particular we studied TTF-CA and KDP. TTF-CA is the classic organic ferroelectric material, composed
of electron donor and acceptor dimer chains, which undergo a neutral-to-ionic phase transition (space group
P2:/n to Pn) at 81 K upon cooling %%, Since the dielectric constant of the sample with the TTF-CA is much
higher than that of the sample without TTF-CA the exchange coupling should increase due to the FE

component according to the theoretical predictions in literature*! -4,
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Figure 4.3: Top panel: SQuID magnetometry measurements of coercivity as a function of
temperature. The data shows increasing coercivity with decreasing inter-particle distances due
to increasing dipole-dipole and exchange couplings. Markers represent experimental data; solid
lines are guides for the eyes. (a) nanoparticles in paraffin wax (black); (b) nanoparticles linked
by glutaric acid (red); (c) nanoparticles linked by oxalic acid (green); and (d) aggregated, ligand
stripped (blue). Bottom panel: SQuID magnetometry measurements of coercivity as a function
of temperature for, (a) uncoupled wax dispersed nanocrystals (red); (b) exchange coupled oxalic
acid linked nanocrystals (green); and (¢) exchange coupled nanocrystals in a TTF-CA matrix,
forming a GMF composite (blue). Markers indicate experimental data. Solid lines are derived
from Monte-Carlo simulations of the experimental data.
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To understand how the dielectric environment can change exchange coupling between
nanoparticles, a series of three samples were made using a single batch of 15 nm monodispersed
nanocrystals. This series included well-spaced nanocrystals made by dispersing as-synthesized
ligand capped nanocrystals in a wax matrix, closely spaced nanocrystals linked with a short
bidentate oxalic acid linker, and those same linked nanocrystals mixed with TTF-CA. The coercive
field was then measured as a function of temperature for these samples, as shown in the bottom
panel of figure 4.3. Markers represent experimental data, while the solid lines show the results of
Monte Carlo simulations (see Appendix section for details of modeling). The as-synthesized
nanocrystals dispersed in paraffin wax (a, red) serve as a control for a non-coupled system, which
we model using only blocking phenomenon contributions— i.e. the coercive field depends only
on the particle anisotropy and magnetic moment. The nanocrystals linked with oxalic acid (b, green)
show an increased coercivity at all temperatures relative to the control. In this system, we expect
that in addition to blocking contributions, the coercive field will also be influenced by both dipole-
dipole interactions and exchange coupling contributions. Unfortunately, we cannot accurately
differentiate between the changes in coercivity from dipole-dipole interactions and exchange
coupling contributions, and so the diacid linked data (b, green) is fit using only blocking
phenomenon contributions and dipole-dipole interactions. While we know that this assumption is
not correct, and that some exchange coupling occurs in this sample, the exact fraction of each
coupling component in the diacid linked sample is not particularly important for the conclusions
of this work. The limiting assumption of only dipole-dipole coupling in the absence of a
ferroelectric, lets us use this system as a baseline for the exchange coupling calculations described

below. A more detailed explanation of how the dipole-dipole and exchange coupling interactions
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are considered can be found in the Appendix section, under the subsection on modeling the

temperature dependence of TTF-CA GMF composites.

When the exact same diacid linked nanocrystals are now incorporated into a TTF-CA
matrix (c, blue), the resulting GMF composite shows both increased coercivity and an increased
T,,. We thus assign both the 22 K increase in T}, and the fact that the coercive field is greater than
that measured for the diacid linked sample without TTF-CA (b, green) at all temperatures, to the
increased dielectric constant of the TTF-CA. This dielectric increase should enhance exchange
coupling between the nanocrystals. For the TTF-CA containing sample (c, blue), the data is now
fit by adding exchange coupling contributions to the parameters previously used to fit the diacid
linked only sample (b, green). Generally, the ferroelectric should have a temperature dependent
dielectric constant, &, which would lead to a temperature dependent exchange interaction; however,
we do not have independent data on the £(T) dependence and our modeling procedure can not
uniquely define such a dependence. Therefore, we fit the experimental data assuming a
temperature independent ¢ in the studied region. This is a reasonable assumption considering that
our experimental samples are highly disordered and the ferroelectric phase transition could be
smeared leading to a weak dependence of € on T. This model gives a good fit to the experimental
data. Thus, the increased exchange coupling our GMF samples is most likely related to the

influence of dielectric properties on exchange coupling.

We note that we do not expect the observed change in magnetic anisotropy to be due in
any part to the type of strain-mediated magnetoelectric effects that occur for rigid systems, such
as epitaxial thin film on inorganic ferroelectric substrates > 77> 88 TTF-CA, as an organic

103

ferroelectric, is very soft **° and should not be able to stretch or squeeze metallic nanocrystals,
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which have a bulk Young’s modulus of 220 GPa. For the Ni nanocrystal grain sizes used in this
work, the Young’s modulus is expected to be similar to the bulk value '**. We also do not expect
the ferroelectric to change the dipole-dipole coupling between nanocrystals because the average
distance between the particles is governed by the diacid linker length and is thus fixed by the cross-
linking. Therefore, the only likely effect from the TTF-CA is to tune the exchange coupling

through changes in the dielectric environment.

4.3.3. Electric Field dependent Magnetic Properties. We next studied the influence of
the electric field on Ni nanocrystal based GMF. This was done using two different ferroelectric
materials, TTF-CA and KDP, using capacitor structures described in the Methods section. The
dielectric constant of TTF-CA is sensitive to applied electric fields, particularly just above the T¢,
where an applied electric field can be used to drive the system back through the paraelectric to
ferroelectric phase transition. For samples at or just above the T, we thus expect a large increase
in dielectric as a bias is applied, followed by a decrease in dielectric at higher field as the phase
transition is complete. For lower temperature samples that are fully in the ferroelectric phase,
dielectric changes are still expected upon application of a bias due to domain alignment, but the
changes in the dielectric environment should be smaller. Here again, the dielectric constant is
expected to first increase as the ferroelectric domains begin to polarize and then decrease as

saturation is reached.

The coercivity as a function of applied voltage for a TTF-CA GMF composite is plotted in
figure 4.4a. Markers show experimental data and solid lines are the results of Monte Carlo
simulations. The composite GMF material was biased to a maximum of 400 V in a parallel plate

capacitor setup with a total gap of roughly 500 um. Measurements were taken very near the T, of
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TTF-CA, at 80 K, and well below the T, at 65 K. The average coercivity at 80 K is smaller than
at 65 K, which is due to increased thermal fluctuations at the higher temperature. For both
temperatures, there is a peak in coercivity around 80 V, but the magnitude of the change is much
larger for the 80 K samples. According to our model, which describes how the dielectric constant
of the ferroelectric changes with an applied electric field (see Eq. (2) in the Methods section),
exchange coupling for the two temperatures should have a peak around the ferroelectric switching
field. Assuming a 500 pm sample thickness, the switching field is estimated to be 1.6 kV/cm
(approximately the same value for 65 K and 80 K), which is in reasonable agreement with the
5kV/cm switching field reported in literature for pure TTF-CA at 65 K.'°! The difference in values
could be due to a number of factors, including uncertainty in our parallel plate capacitor sample
thickness, the crystallinity of the TTF-CA, or due to the influence of grains and the complex system
geometry. Regardless, the samples show a dramatic change in nanocrystal coercivity as the system
is tuned through the TTF-CA curie transition using an electric field, indicating that exchange

coupled GMF composites can indeed be realized in practical materials systems.

At 65 K, far from the T, the relative change in coercivity is fairly small (around 6% total variation of
the coercive field). We assume that at this temperature, the dominant processes that can result in changes
to the dielectric constant are domain reorientations, and so the dielectric changes should be modest. The
fact that at 80 K, very near to the phase transition temperature, we see a much larger change in the coercivity

(about 50% total variation of coercive field) is strong evidence that a different mechanism is active
here. We conclude that at 80 K, in addition to domain reorientations, the electric field is also
driving the neutral-to-ionic phase transition in TTF-CA, significantly enhancing the dielectric

dependent exchange coupling interaction.
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Figure 4.4. Electric field dependence for two different GMF composites. In both cases, the
markers represent experimental data and the solid lines represent theoretical models. (a)
Coercivity as a function of applied voltage is plotted for a TTF-CA GMF composite, with data
obtained at 65 K and 80 K. The inset shows a cartoon schematic of the parallel plate capacitor
setup used for biasing. At both temperatures, coercivity can be modified with a voltage and in
both cases we observe, first an increase in the coercivity followed by a decrease, which is likely
caused in part by ferroelectric domain reorientation. For the 80 K sample near the T of the TTF-
CA, the magnitude of the change in coercivity is much larger, suggesting that the dielectric
changes are enhanced by contributions from the paraelectric to ferroelectric phase transition. (b)
Coercivity across the full temperature range for a KDP GMF composite at 0 V, 100 V, and 200
V. The inset shows a cartoon schematic of the parallel plate capacitor setup used for biasing the
KDP GMF composite. Again, we observe that the coercivity first increases, when a moderate
voltage of 100V is applied to the sample, and then decreases somewhat, when a larger voltage is
applied. KDP should not have any phase transitions in this temperature range, so these changes

are likely to be a purely domain alignment effect.
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The experimental data is again fit using Monte Carlo simulations described in the Methods
section and detailed in the Appendix section, in the subsection on modeling the voltage dependence
of a TTF-CA GMF. The simulation results (solid lines) are generated using our dependence of the
exchange interaction on electric field (Eq. (1) in the Methods section), combined with a simple
model for the electric field dependence of the dielectric constant in the vicinity of the T, (Eq. (2)
in the Methods section). In general, the FE parameters (g,, A¢g, E;, AE, and y) as well as the
electronic properties of the grains characterized by J,, /1, and a are dependent on temperature. The
parameters that give the best fit are presented in the Appendix section. The modeling results are in
excellent agreement with the experimental results (markers). Note that again in this case, strain-
mediated magnetoelectric coupling should not be contributing to the observed data because of the

very soft nature of the TTF-CA organic ferroelectric.

The 65 K data in figure 4.4a shows that some field dependent changes can be observed in
the absence of a phase transition due to domain reorientation. We thus chose to further explore
these effects in a GMF composite where there was no possibility of competing influences from
phase transitions; and so, we repeated a similar voltage dependent experiment using the
commercially available ferroelectric, KDP. KDP does not have any phase transitions in the
temperature range of interest for exchange coupling. Thus, the voltage dependence of the
coercivity for a KDP GMF composites can be investigated across the full temperature range where
Ni shows a transition from ferromagnetic to superparamagnetic behavior. Specifically, in this set
of experiments, a near monolayer of as-synthesized 15 nm monodispersed nanocrystals were spin
coated onto a KDP wafer. The nanocrystals were then sputter coated with an insulating Si0O; layer,
followed by gold electrodes, as shown in the inset figure 4.4b. From previous work, we know that

mechanical coupling between nanocrystals and a ferroelectric surface are inhibited by the organic
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surface ligands on the nanocrystals,!” and so we can disregard any strain-mediated magnetoelectric

coupling in this sample.

Figure 4.4b shows the voltage dependence of a KDP GMF composite from 15 K to 145 K
under a bias of 0 V (red), 100 V (green), and 200 V (blue). As before, the markers show
experimental data and solid lines result from Monte Carlo modeling. In the model, we assume that
the exchange interaction is independent of temperature, but strongly depends on the applied
voltage, growing at moderate fields and decreasing at higher fields, as would be expected for
domain alignment and saturation. One can see that the behavior of the coercive field as a function
of voltage is similar to that observed for the TTF-CA GMF composite. The coercive field grows
at low voltage, then decreases at high voltage as the system saturates, leading to what would be a
peak in the coercive field as a function of voltage. The magnitude of the exchange coupling effect
is quite large. At low temperature the coercive field increases almost 2-fold (increases 176% at 15
K) with an applied voltage. This large change at low temperature is in agreement with our model.
More details of the simulations can be found in the Appendix section in the subsection on Modeling

of KDP GMF composites.

Taken together, these results provide strong evidence that exchange coupled multiferroic
composites can indeed be fabricated, and that the magnetic properties of the nanocrystals can be
tuned using an applied electric field. Our work shows consistent observations using two
fundamentally different ferroelectric materials. This is highly encouraging that this novel class of

multiferroics could be generalized to a broader range of materials.

4.4. CONCLUSION
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In the present work, we experimentally demonstrate a new type of multiferroic material,
where a coupled nanocrystal array can be controlled by tuning the dielectric environment, which
in turn effects the inter-particle exchange coupling interaction that governs the magnetic properties
of the composite material. The composite material consists of an ensemble of metallic magnetic
nanocrystals embedded in, or placed directly on top of, a ferroelectric matrix. We develop two
GMF composites, using Ni nanocrystals integrated with the organic ferroelectric TTF-CA and Ni
nanocrystals placed on top of the inorganic ferroelectric KDP. Using these materials, we
demonstrated that one can tune the coercive field of the nanocrystals using an applied electric field.
At low temperatures, the coercive field increases almost 2-fold with an applied electric field on
the order of 3 kV/cm. We further performed Monte Carlo simulations to model the experimental
data and showed that reasonable agreement between the experimental and theoretical results could
be obtained. In the model, the mechanism of coupling depends on the interplay between Coulomb
blockade effects, screening of Coulomb interactions, and exchange interactions in a granular
material. This novel magnetoelectric coupling mechanism is unique to nanocrystal systems and
cannot be observed in bulk or thin film composites. These multiferroic composite materials thus
represents an entirely new class of multiferroics, unique in their coupling mechanism, but

generalizable to any number of nanocrystal/ferroelectric designs.

4.5. METHODS

4.5.1 Synthesis of Ni nanocrystals. All reactions were carried out under an argon
atmosphere using standard air-free techniques on a Schlenk line. Nickel (II) acetylacetonate
(Aldrich, Tech., 90%), Oleylamine (Aldrich, 70%), trioctylphosphine (Aldrich, 97%), oleic acid

54



(alfa Aesar, Tech., 90%), and 1-octadecene (Acros Org., Tech., 90%) were all used without further

purification.

The synthesis of nickel nanocrystals followed a modified version of the method developed
by Carenco, S. et al.>” The synthesis used standard air-free techniques on a Schlenk line under and
argon atmosphere. Nickel nanocrystals were synthesized by the thermal decomposition of 1 mmol
nickel acetylacetonate in the presence of ~18 mmol oleylamine (5.78 mL), 1 mmol oleic acid
(0.315 mL), 2 mmol trioctylphosphine (0.91 mL), and sufficient 1-octadecene to fix the total
volume at 7 mL. The solution was stirred while undergoing three pump/purge cycles over the
course of 30 minutes at room temperature and then another three cycles at 90 °C, again over the
course of 30 minutes, to remove trace oxygen/water from the precursors. The solution was then
heated under inert atmosphere at 15 °C/min and refluxed at 220 °C for 45 minutes, followed by
rapid cooling to room temperature after completion. The nanocrystals were then purified by adding
1 mL hexanes and 40 mL of ethanol to precipitate the nanocrystals. To improve monodispersity,
a N52 neodymium magnet (25.4 mm diameter) was used to collect the nanocrystals in place of the
standard centrifugation methods. Samples were then cleaned two addition times by resuspending
the nanocrystals in 1 mL of hexane, reprecipitating with 40 mL ethanol, and collecting the powder
by magnetic separation. The final solution was suspended in 20 mL of hexanes and used
immediately. Nanocrystal sizes used for this work ranged from 15 nm to 35 nm in diameter, which

could be tuned by varying the trioctylphosphine and oleylamine ratio.

4.5.2. Ferroelectric materials. Potassium dihydrogen phosphate substrates (4x4x0.3 mm,
C-cut perpendicular to the 4x4 mm surface) were purchased from United Crystals Inc. and used as
purchased. Bulk TTF-CA powder was synthesized using a modified version of the method

described by Lapidus S. et al. ', Tetrathiafulvalene (TCI, 98%) and p-chloranil (Alfa Aesar, 97%)
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were used without further purification. Generally, equimolar amounts of tetrathiafulvalene and p-
chloranil were dissolved in toluene until saturated and then slowly dried under argon with mild
mechanochemical mixing. The largest crystallites from the initial recrystallization were separated
from any discolored or poorly crystalized sample. The samples were then recrystallized and sorted

a second time to improve purity.

4.5.3. Controlling nanocrystal inter-particle distances. Here, we describe how the
nanocrystal samples shown in the top panel of figure 4.3 were created. For the two diacid linked
samples using oxalic and glutaric acid, small aliquots of as-synthesized nanocrystals were gently
mixed with 10 mM solutions of the specific diacid dissolved in a 1:1 THF/hexane solvent, until
the as-synthesized nanocrystals aggregated due to cross-linking. The now linked nanocrystals were
then magnetically separated from the solution. The resulting powder was then washed three times
in a solution of 1 ml of hexanes and 40 mL of ethanol, and recollected using a strong magnet, as
described above. For consistency, both the wax dispersed and the aggregated samples followed
identical processing methods as the diacid linked nanocrystals, except that their 1:1 THF/hexane

solutions did not contain diacids.

To create the ligand stripped aggregated samples, a small aliquot of as-synthesized
nanocrystals was sonicated in 20 mL of pure hexanes until the ligands had been removed by mass
action. Precipitated nanocrystals could be removed with a strong magnet and would be further
sonicated with pure hexanes until there were no longer any nanocrystals suspended in the
supernatant. To make sure that sonication itself had no effect on the magnetic properties, all other

samples were sonicated for the same total duration in their original solutions.
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4.5.4. Granular multiferroic composite. The TTF-CA granular multiferroic (GMF)
composite shown in the bottom panel of figure 4.3 was produced by mixing powders of TTF-CA
crystals with diacid linked nanocrystals (1:10 Ni:TTF-CA ratio). The TTF-CA crystals in the
mixture were then partially dissolved using small amounts of toluene and mild mechanical mixing
to facilitate infiltration into the nanocrystal powder. The resulting slurry was then drop casted into
a plastic pill capsule and measured by superconducting quantum interference device (SQuID)

magnetometry as a powder.

The TTF-CA GMF composite for figure 4.4a used the previously discussed methods in
Chapter 2 to adhere a monolayer of as-synthesized nickel nanocrystals to a titanium layer sputtered
onto a doped silicon wafer. A slurry of TTF-CA crystals, again partly dissolved in toluene, was
then drop casted onto the monolayer of nanocrystals and sandwiched between a second conductive
silicon wafer to form a capacitor. Electrodes were bonded to the back of both conductive silicon

wafers with conductive carbon tape.

The potassium dihydrogen phosphate (KDP) GMF composite, shown in figure 4.4b, was
produced by spin coating a very thin (near monolayer) film of the as synthesized Ni nanocrystals
directly onto the KDP wafer. The sample was then sputtered with 25 nm of SiO», followed by gold

electrodes.

For all samples, only data from the same synthetic batch of nanocrystals and/or
ferroelectric were compared to ensure consistency within a set of data. Due the nature of our
materials, having both temperature and electric field dependent dielectric properties leading to

rapidly changing dielectric constants, we reported only the applied bias for poled samples. In all
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cases, when applied voltages are reported for a sample, the data is from a single sample so that

relative changes can be accurately compared.

4.5.5. Magnetic and electrical measurements. Magnetization measurements were
conducted using a Quantum Design MPMS superconducting quantum interference device
(SQuID) based magnetometer using VSM mode. Electrical biasing was done in-situ using a
Stanford Research System, Inc. power supply, model PS350/5000V-25W. Powder X-ray
diffraction patterns (XRD) were measured using a PANalytical X Pert Pro using a Cu Ko (A =
1.5418 A) source, operating at 45 kV and 40 mA. XRD patterns were recorded in the range of
30° <26 < 60°. Transmission electron microscope (TEM) images were taken using a FEI T12

Quick CryoEM system, operating at 300 kV.

4.5.6. Modeling of GMF composites. To understand the experimental data, we modeled
the GMF using a Monte Carlo approach (see all details in the Appendix section). We took into
account the uniaxial magnetic anisotropy of grains, as well as dipole-dipole interaction and
exchange interactions between grains. We used different geometric arrangements of the grains in
our simulations, which is shown to play an important role in dipole-dipole and exchange coupling
interactions (see more details in the Appendix section). The magnetoelectric coupling effect was
introduced into the model through the dependence of the inter-grain exchange coupling, J(E), on
electric field, E. Such a dependence appears due to the interplay of the Coulomb blockade and
specific dependence of the ferroelectric dielectric constant on the electric field. The dependence

of ] on the dielectric constant, ¢, is given by,

J(&) = Jo + J1(1 — Vaeatan(1/Vae)), (1)
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where a, J,, and J; are defined by internal electronic structure of magnetic grains. In ferroelectric
materials the dielectric constant strongly depends on electric field, growing with the applied
electric field until it reaches a maximum at the ferroelectric polarization switching field. Further
increasing the electric field leads to a reduction of the dielectric constant. We describe this behavior

with the function,

Ae
— E<E
1+(|E~Es|/AE)Y1’ s
g(E) =¢& + Ae (2)
JE > E,,

1+(|E—Es|/AE)"?

where, E; is the ferroelectric switching field, AE is the peak width, y, , defines the behavior for
the slope of the curve, g, defines the dielectric constant at high field, and A¢ is the variation of the
dielectric constant. This function captures the main dependencies of the dielectric constant and
allows us to fit the experimental data by varying the parameters in Eq. (2). Note, that all the

parameters in the Eq. (2) are in general temperature dependent.

APPENDIX

Modeling of granular multiferroic composites: For this work, we described our system

using the following Hamiltonian,

(mymj;)  3(myr;;)(m;r;;)
H = —=Y; 4,(mny)* + J(e(E)) Y<ij>(mymy) + 3 MiMj( - — . . >, (1)

|rg;13 |rg;]®

where m; are the unit vectors co-directed with i particle magnetization and M; is the particle
magnetic moment. We used the uniaxial anisotropy constant, A4; and randomly distributed the

anisotropy axes, n;, over all possible directions. To mimic the nanocrystals used experimentally,
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we took a log-normal size distribution of particles with the dispersion, ;. This size distribution
provides a more realistic distribution of the anisotropy energies that are present in the experimental
system. Interactions between nanocrystals are described by the inter-particle exchange coupling

constant, J, using the vector, r;;, to describe connections between the particles i and j. J is

K
dependent on dielectric constant of the ferroelectric matrix &, which in turn depends on the external

electric field, E. Brackets, <>, denote a summation over the nearest neighbors only. To study the

Hamiltonian and our experimental results we used the Monte Carlo approach.

Here, we present the relevant assumptions used in our model. We note that according to
the literature, the bulk Ni anisotropy constant depends on temperature [34]. However, the
dependence is rather weak at lower temperatures (below 50 K) and so we neglect this phenomenon.
We do not expect any Ni/NiO exchange bias effects to be present in our system based on our
hysteresis loop measurements for this work and previous work investigating Ni/NiO nanocrystal
exchange bias effects in Chapter 2. Therefore, our model does not take any exchange bias effects
into account. We considered several different arrangements of particles: 1) randomly distributed
particles far from neighboring particles (non-interacting); 2) a close-packed system; 3) randomly
distributed and oriented chains of particles. The number of particles modeled in the ensemble

varied from 50 to 300 for this work.

The dependence of the exchange interaction, /, on electric field: According to recent
theoretical predictions, the exchange interaction between two magnetic particles depends in part
on the dielectric constant of the ferroelectric matrix and therefore on the electric field applied to

the system. Following Ref.*!, we used the equation Eq. (1), from the Methods section, to describe
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the exchange coupling, where a is defined by internal electronic structure of magnetic grains.

Using Eq. (1) we fit our experimental data by varying the parameters J, /;, and a.

The most important contribution from our model is describing this exchange coupling
interaction, /, and how it depends on the dielectric constant of the ferroelectric matrix. This
dependence represents the novel magnetoelectric coupling, which is the fundamental goal driving

the bottom-up design for our nanocrystal-based GMF composite.

The dependence of the dielectric constant, £, on electric field: In our simulations we
assumed that the dielectric constant depends on the applied electric field. In general, the dielectric
constant grows with the electric field until it saturates at the ferroelectric polarization switching
field. Increasing the electric field further reduces the dielectric constant. We describe this behavior
with Eq. (2), in the Methods section, where E is the ferroelectric switching field, AE is the peak
width, y; , defines the behavior for the slope of the curve, &, defines the dielectric constant at high
field, and Ae is the variation of the dielectric constant. This function captures the main
dependencies of the dielectric constant and allows us to fit the experimental data by varying the

parameters in Eq. (2).

Monte Carlo modeling procedure: We followed a standard approach in which at each
Monte Carlo step we randomly chose a magnetic particle and randomly rotated its magnetic
moment. The maximum deviation of magnetic moment is chosen to obtain a high enough
acceptance rate, where the acceptance probability is 1 if the energy of the new system state is less

than the energy of old state. The acceptance probability is described as ~e~2E/kBT

, if the energy
difference between the new and old state AE is positive. Using this Monte Carlo approach, we

calculated the coercive field dependence of the system with respect to the temperature, T
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We must also account for the simultaneous effects of dipole-dipole and exchange
interaction between the particles. The dipole-dipole interaction was treated as finite for all pairs of
particles and we used both open and periodic open boundary conditions for dipole-dipole
interactions. In general, the results were qualitatively similar for both boundary conditions types.
For the exchange interaction, we treated it as non-zero only for nearest neighbors and assumed the

exchange coupling was the same for all interacting pairs of grains.

Modeling of a TTF-CA based GMF. Temperature dependence: This section describes
the general model used to fit experimental data for nanocrystals that are considered non-interacting,
i.e. native ligand samples that are dispersed in paraffin wax. The coercive field for these non-
interacting samples depends only on the particle anisotropy and magnetic moment. As a specific
example, the solid red line in the bottom graph in figure 4.3 represents the theoretical fit for non-
interacting particles using our Monte Carlo simulations. For clarity, we will detail all of the
relevant parameters for this specific simulation. We set the magnetization to be the same as the
bulk Ni value, My = 450 Gs. We assume that the anisotropy axes are randomly distributed among
all possible directions. We set the value for the average anisotropy constant A = 1.6 - 10° erg/cm’.
83,106

Note, this value is rather close to the data obtained in other experiments with Ni particles

One can see that the behavior of the H.(T) does not plot a straight line, which would be expected

based on the well-known Neel-Brown law ~ 1 — /T /T, 9719 The curvature in our fit reflects

the distribution of particle sizes in our synthesized nanocrystals. The best fit is obtained when the

relative particle dispersion is about 0.6.

Next, we detail the general model used to fit closely-spaced nanocrystals, referred to as

diacid linked in the experiment, which have aspects of both exchange coupling and dipole-dipole
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coupling. As an example, the coercive field H.(T) for such fits can be seen in the bottom graph of
figure 4.3, by the solid green line. The inter-particle distance for diacid linked samples is assumed
to be on the order 0.5 nm. Therefore, the inter-particle distance is estimated as 1 nm. With such
small inter-particle distances and high packing densities, the dipole-dipole interactions and
exchange coupling interactions will both strongly influence the coercive field of the system. To fit
this data set, we used the previous parameters obtained from the non-interacting sample model to

set the magnetic anisotropy constant and the magnetic moment.

We will address the influence of dipole-dipole interaction for this diacid linked system.
Because we cannot separate the effects of dipole-dipole interactions and exchange coupling
interactions experimentally, we err on the conservative side and first attempt to explain our diacid
linked system only with dipole-dipole interactions. There is a vast literature on the influence of
dipole-dipole interactions on the magnetic properties of granular systems ''%1!>_ For dilute samples,
dipole-dipole interactions typically behave as one would expect, causing only a slight increase in
the coercive field !'% "7, However, for high density 3D particle geometries, such as our diacid
linked samples, the dipole-dipole interactions are expected to produce a decrease in the coercive
field '''. As one can see in the bottom graph of figure 4.3, the coercive field for our diacid linked
sample (green squares) is in opposition to this statement, having a higher Hc, across all
temperatures compared to the non-interacting sample (red triangles). In some cases, modeling
shows that the dipole-dipole interaction for densely packed systems can indeed increase the
coercive field, but this is only at high temperature 7. It would be tempting to explain this enhanced
coercive field simply due to exchange coupling interactions, however we first explored two other
approaches to potentially explain this increased Hc. At first, we introduced ferromagnetic

exchange coupling into our model. It is well known that such a coupling increases the coercive
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field and might explain our data !'®'°, While one can produce an increased H, with ferromagnetic
exchange coupling, the whole curve cannot be fitted using this approach. The second approach
seeks to mimic the disorder found in experimental systems by varying the geometric configurations
of the magnetic particles. From the TEM images shown in the Appendix, figure A1, the sample
geometry is both chaotic and ordered in very complex configurations, potentially having chains of
particles and even needles like structures in the sample. In a chain the dipole-dipole interactions
would align all magnetic moments along the chain in head to tail manner. The dipole-dipole
interactions of such chains could increase the coercive field based on literature '?°. Thus, we
modeled our system as a number of chains (non-interacting) randomly oriented and distributed in
space. The magnetic anisotropy of each particle is randomly oriented and independent of chain
position and direction. We tried different length of magnetic chains from about 3 to 15 particles.
Our Monte Carlo simulations show that using this chained geometry, dipole-dipole interactions
alone can lead to an enhanced coercive field across the whole temperature range of interest.
However, even with this complex geometry, our model produced a poor fit using solely dipole-
dipole interactions. In order to obtain the best fit with a reasonable chain length configuration, we
required both dipole-dipole coupling and exchange coupling interactions to be modeled. The best
fit is shown by the solid green curve in the bottom graph of figure 4.3. With this model, we have
developed a more realistic sample geometry, consisting of particle chains, and shown evidence for

exchange interactions between our particles.

Because our modeling is based on geometry, there are in fact multiple configurations of
chain lengths and widths that could yield similar best fits of the experimental. We limited our
survey of chain configurations to 1x2xL ribbon chains and 2x2xL rectangular prism chains, where

the chain length, L is varied in our model. For example, a ribbon chain of length L also gives good
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agreement with the experimental data, when L is about 15 particles. This is quite reasonable based
on our work with TEM characterization of nanocrystal clusters. In general, the magneto-dipole
interaction induced anisotropy depends on the chain form factor. If one makes the chain thicker
one has to make it longer. There are however, important differences between the chains with
different lateral sizes, since the average number of nearest neighbors grows with lateral size. In a
chain 1x1xL most of the particles have 2 neighbors, while in the 2x1xL ribbon there are three
nearest neighbors for most particles. This is quite important when we consider the behavior of
exchange coupling, which directly depends on the interactions with nearest neighbors. It is well-
known that the effective Weiss field (the effective field produced by the inter-particle exchange)
linearly depends on the number of nearest neighbors. In a linear chain (1 by 1 transversal size) the
Weiss field is weaker than in a ribbon (1 by 2 transversal size) at the same exchange coupling
constant /. In a ribbon, the field is weaker when compared to a rectangular prism chain (2 by 2
transversal size) and etc. The transversal size of clusters in the real sample can be significantly
larger. Therefore, the effective Weiss field is bigger. In our model we increase the two-particle

exchange interaction to model large transversal size of clusters.

Finally, we discuss the methods for the model for the GMF sample, which consists of a
ferroelectric added to the magnetic chains, shown by the solid blue line in the bottom graph of
figure 4.3. In our model, we assume the ferroelectric does not change the magnetic anisotropy of
individual particles. Because the organic ferroelectric used in the experiment is soft, it is unlikely
to stretch or squeeze magnetic particles. We also assume the ferroelectric does not alter the distance
between the particles. One can see that adding the ferroelectric increases the coercive field at
higher temperatures. To explain the increase in the coercive field we assume that the TTF-CA

influences the exchange interaction between particles. The detailed mechanism of such an
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influence is considered in Refs. !+ In general, the ferroelectric matrix tunes the average dielectric
environment surrounding the nanocrystals, leading to variation in the exchange coupling. We fit
the data using the anisotropy, magnetization, and particle arrangement obtained in previous
experiments and only tuned the exchange coupling for this GMF sample, solid blue line, bottom
graph figure 4.3. We found that the exchange interaction increased to 600 K for this system with
ferroelectric matrix, compared to 100K for the previously discussed diacid linked sample.
Probably this value is grossly overestimated, since we expect real systems to potentially have
massive chains and higher coordination number (number of nearest neighbors). In our chain model
(1x1xL) only the neighboring particles interact, so the coordination number is 2. Moreover, the
chains do not interact with other chains. In the real system, the chains may interact with each other
and instead of chains, the particles may form agglomerates with unique shape anisotropy and

higher average coordination numbers.

Modeling of a TTF-CA based GMF. Voltage dependence: We fit the experimental data
in figure 4.4a using Monte Carlo simulations. To fit the data, we assumed that the exchange
interaction depends on the applied electric field according to Egs. (1) and (2). In the modeling we
used the same anisotropy constant, particle size, and size distribution as in the previous section.
We also modeled the system as an ensemble of particle chains. Good agreement can be obtained
with different types of chains, for example 2x1x15 ribbons and 1x1x3 chains have similar
agreement. However, the fitting parameters in the latter case are not very realistic. In particular,
the exchange interaction should be of order of 5000 K for 1x1x3 chains. This is related to the fact
that exchange interaction has only a minor effect in linear chains, where the average number of
nearest neighbors is less than 2. A real system would be expected to have a much higher

coordination number. With a higher coordination number, the effect of the exchange coupling
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becomes more pronounced and the magnitude of the exchange coupling becomes much more

reasonable.

Here we detail the list of relevant parameters used to produce the fit for figure 4.4a. Chain
dimensions are 2x1x15, &, = 10, Ae = 50 (for 80 K) and Ae = 20 (for 65 K), y; = 2.5,y, = 0.8,
V. =E;d=80V,AE =50V, J; = 1300 K (for 80 K) and /; = 900 K (for 65 K), « = 0.15. Note
that the voltage dependence of the dielectric constant is different for different temperatures. This
is because in the vicinity of the ferroelectric phase transition, T = 80 K, the dielectric constant is
significantly more sensitive to an applied electric field. This gives a higher variation of the
exchange coupling and finally the coercive field. We also note that the obtained value of the
dielectric constant is much smaller than experimental data for TTF-CA from other papers '°!. This
is due to two factors. First, in Eq. (2) the effective dielectric constant is used, which is the average
dielectric constant of the whole mixture of grains and ferroelectric. This effective dielectric
constant should be smaller than that of pure ferroelectric. Second, the dielectric constant of TTF-
CA could be much smaller in our samples simply due to defects or impurities during synthesis.
The complicated geometry of the sample most likely also contributes to the lowered average

dielectric constant.

Modeling of a KDP GMF: We assumed that the influence of the electric field tunes the
dielectric constant of the ferroelectric. It is also assumed that the dielectric constant is independent
of temperature and therefore the exchange interaction is also temperature-independent. Three
Monte Carlo curves in figure 4.4b are plotted for the same system parameters excluding the
exchange coupling. We used the similar parameters as in previous experiments and similar particle

arrangements.
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Aggregated Oxalic Acid Linked Glutaric Acid Linked

; )

Appendix figure Al: Cartoon schematic and microscopy images of diacid linked Ni
nanocrystals. (a) 0 carbon, aggregated nanocrystals without diacid linkers. (Inset) SEM of
aggregated nanocrystals (b) 2 carbon, oxalic acid linked Ni nanocrystals. (c) 5 carbon, glutaric

acid linked Ni nanocrystals.

Transmission electron microscopy images of diacid linked nanocrystals: Cartoon schematics
of nanocrystals with varied inter-particle distances. TEM images of nanocrystals that have
modified surfaces to control inter-particle distances. From the TEM images it is clear that the
diacids used have not significantly altered or etched the nanocrystal surface. There is a well-
defined inter-particle spacing for glutaric acid, however due to aggregation, we were not fortunate

enough to characterize the spacing for other samples.
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Appendix figure A2: M-H curves across a range of temperatures for ligand stripped nanocrystal
sample used in the top panel figure 3. Shape markers represent experimental data and solid lines
are provided as a guide for the eyes. Inset provides the full range of the applied magnetic field.

Increasing coercivity is observed as a function of decreasing temperature.

M-H curves for ligand stripped nanocrystals: Magnetic as a function of applied
magnetic field (M-H) loops were collected via SQuID magnetometry using VSM mode. A
maximum 30 kOe applied magnetic field was used. To reduce measurement time, half M-H loops
were taken after establishing that this did not alter the collected data. The half loops were fitted
using a non-linear BiDoseRep function in Origin Pro. Typically fits were rejected if adjusted R-
squared value is below 0.999. Coercivity (Hc = 0) was defined as the horizontal intercept of the

half M-H hysteresis loop fit. Some data points are manually removed due improper fitting from
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the built-in MPMS SQuID magnetometer software. This is the general method used to develop all

coercivity plots presented in this work.
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