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ABSTRACT OF THE DISSERTATION

Tailoring the Magnetic and Magnetoelectric Properties of Nanostructured Materials Using

Solution-Phase Methods

by

Shauna Robbennolt

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2016

Professor Sarah H. Tolbert, Chair

Magnetic nanomaterials are an important and widely studied class of materials with a wide
variety of applications. The work presented here is aimed at both developing techniques to control
the nanoscale structure of these materials and understanding the relationship between that structure
and the overall material properties. The techniques used here are primarily solution-phase methods

which offer a high degree of control and versatility.

The first part of this work is focused on thin films of magnetic oxide materials which are
particularly applicable to radio frequency (RF) devices. Here, both sol-gel and nanocrystal
precursors are used to create thin films where the film composition, grain size and porosity are
controllably tuned. We then investigated both the static and dynamic magnetic properties of the
films to better understand how the nanoscale structure impacts the overall properties. These

investigations provide valuable insights that can allow us to design materials with properties
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tailored to meet the requirements of individual devices. Importantly, these insights are applicable

to a wide variety of magnetic materials and are not limited to the specific materials studied here.

The second part of this work is focused on metallic alloy nanocrystals which have potential
applications as elements in high density data storage devices. First, in chapter 5, the
magnetoelectric properties of FePd nanocrystals is investigated. FePd is a good candidate for use
in magnetoelectric memory devices which are highly energy efficient. By using nanocrystals of
FePd, we hope to find a route to potentially reducing bit size in those devices which can lead to
increased data storage densities. Then, in chapter 6, we move on to explore shape effects by
looking at FePt nanorods. FePt has a very high magnetic anisotropy which in memory devices
translates to increased bit stability and potentially allows for smaller bit sizes. In nanorods, shape

anisotropy can enhance the already high magnetic anisotropy to create even stronger nanomagnets.
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Figure 2.1.

Figure 2.2.

Figure 2.3.

Characterization of both dense and porous sol-gel derived cobalt ferrite (CFO) films.
(a) Top-view SEM showing the pore structure of a templated, sol-gel derived thin
film annealed at 500 °C. (b) Pore radius distribution of a templated film annealed at
500 °C. The average pore size (black), calculated from the adsorption isotherm, is 12
nm while the average neck size (grey), from the desorption isotherm, is 10 nm. (c)
X-ray diffractograms dense and porous films annealed at 500 °C and 600 °C showing
that all films are the desired spinel crystal structure with no observable impurities.
Magnetic characterization of sol-gel CFO films. (a) Magnetic hysteresis loops for
dense (solid) and porous (dashed) films annealed at 500 °C and 600 °C collected on
a MOKE magnetometer. The dense films have a higher coercivity than porous films
and the films annealed at higher temperatures were more coercive than those annealed
at lower temperatures. (b) Magnetic hysteresis loops for films annealed at 500 °C
collected on a SQUID magnetometer which shows that the volume-normalized
saturation magnetization is much higher for dense films. Note that the MOKE
magnetometer cannot probe the saturation magnetization values which is why the
SQUID magnetometer was employed here.

Characterization of CFO nanocrystals both as-synthesized and ligand-stripped. The
ligand stripping process is required in order to template nanocrystals into mesoporous
thin films. TEM images of as-synthesized 5 nm (a) and 8 nm (b) nanocrystals and
ligand stripped 5 nm (c) and 8 nm (d) nanocrystals. The ligand-stripping process is
seen to increase the size dispersion of the nanocrystals slightly, but the general size

and the shape are preserved. XRD diffractograms of as synthesized and ligand
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Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

stripped 5 nm (e) and 8 nm (f) nanocrystals showing that the desired spinel structure
is present both before and after ligand-stripping.

Magnetic characterization of thin films made from CFO nanocrystals. (a) Room
temperature, in plane magnetic hysteresis loops of films annealed at 400 °C made
from as synthesized 5 nm nanocrystals and 8 nm nanocrystals, including data for a
dense sol-gel derived film annealed at 500 °C for comparison. The 5 nm nanocrystals
have the smallest coercivity, followed closely by the 8 nm nanocrystals. In both cases,
the nanocrystal-based films have significantly smaller coercivities than the sol-gel
derived films. Magnetic hysteresis loops for films made from as synthesized 5 nm (b)
and 8 nm (c) nanocrystals annealed at various temperatures. Higher annealing
temperature correlates to increased coercivity. (d) Measured coercivity and crystallite
size calculated from the Scherrer equation as a function of annealing temperature.
Top-view SEM images of porous CFO films made from 5 nm (a) and 8 nm (b)
nanocrystals. (¢) The pore radius distribution of a representative templated film made
from 5 nm nanocrystals annealed at 400 “C showing a pore size of 14 nm and neck
size of 7 nm. (d) X-ray diffractograms of both dense and porous nanocrystal-based
films confirming the spinel structure.

Room temperature, in plane magnetic hysteresis loops of both dense and mesoporous
thin films annealed at 400 °C from 5 nm nanocrystals (a), 8 nm nanocrystals (b).
Temperature-dependent FMR spectra of a representative film made from as-
synthesized 5 nm CFO nanocrystals annealed at 400 °C. The peak to peak linewidth
(AHpp) decreases with decreasing temperature, consistent with a ferromagnetic

material.
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Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

TEM images of CFO nanocrystals, as synthesized, with average diameters of 5 nm
(a), 8 nm (b), 12 nm (c), 15 nm (d) and 25 nm (e). XRD spectra for the same
nanocrystals showing that they all have a spinel crystal structure with no detectable
secondary phases. The stick pattern on the bottom is a reference pattern (JCPDS Card
#22-1086) and peak assignments are included above the spectrum of 5 nm
nanocrystals.

Room-temperature magnetic hysteresis loops for nanocrystals of various sizes
dispersed in wax. The observed anisotropy field decreases with increasing particle
size from 5 nm particles (purple line) to 25 nm particles (red line). The anisotropy
field is calculated by using the intersection of the line tangent to the curve at y=0 and
the saturation magnetization, as is graphically shown in the insert.
Room-temperature magnetic hysteresis loops of 8 nm nanocrystals deposited onto a
Si substrate in the presence of a 2000 G field. (a) The nanocrystals deposited alone
measured parallel (blue, solid line) and perpendicular (red, dashed line) to the applied
deposition field and the nanocrystals dispersed in wax (black, dotted line) is included
for reference. (b) The nanocrystals alone (black, dotted line) and the nanocrystals
deposited with polyethylene (PE) as a spacer (blue, solid line). The insets are the
same plots zoomed in between 1 and 2 kOe.

TEM images of 8 nm nanocrystals (a) as synthesized, (b) after ligand removal and
(c) coated in SiO;. (d) Room-temperature M vs. H loops of as synthesized (black,
dotted line) ligand exchanged (blue, dashed line) and coated in SiO> (red, solid line).

Each of the samples was deposited onto a Si substrate in the presence of a 2000 G
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Figure 3.5.

Figure 4.1.

Figure 4.2.

Figure 4.3.

field and data was measured along the direction parallel to that field. Note that the as
synthesized and ligand exchange particles show nearly identical magnetic properties.
Room-temperature M vs. H loops for (a) silica coated 15 nm nanocrystals (yellow,
solid line) and (b) silica coated 25 nm nanocrystals (red, solid line). M vs. H loops of
the as synthesized nanocrystals (black, dotted lines) are included for comparison in
both panels. All samples were deposited onto a Si substrate in the presence of a 2000
G field and data was measured parallel to that field direction. The insets show TEM
images of the silica coated (a) 15 nm and (b) 25 nm nanoparticles.

Top-view SEM micrographs of Nio.3Zno7Fe2O4 films annealed to (a) 800 “C (b) 900
°C(c) 1000 °Cand (d) 1100 °C (all images are set to the same scale.) Higher annealing
temperatures are seen to increase grain size. (e) X-ray diffractograms of the same
films showing the spinel crystal structure for all films with an Fe203 impurity
appearing only in samples annealed to 800 “C (dotted line). (f) FMR spectra of the
same films showing the lowest linewidth for films annealed to 1100 °C (solid line).
(a) Room-temperature magnetic hysteresis loops for Nio3Zno.7Fe204 films annealed
at various annealing temperatures. (b) Plotted coercivity (HC, black squares) and
anisotropy field (HA, grey circles) measured from the M-H loops as a function of
annealing temperature.

Top-view SEM images of films annealed (a) using rapid thermal annealing (RTA) at
1100 °C, (b) using a standard tube furnace anneal at 800 °C followed by RTA at 1100
°C and (c) using a standard procedure in a tube furnace at 1100 °C. (d) XRD

diffractograms for the same films showing an iron oxide impurity in RTA processed



Figure 4.4.

Figure 4.5.

Figure 5.1.

Figure 5.2.

Figure 5.3.

films and (e) FMR spectra showing increased linewidths in RTA films compared to
standard annealing.

(a) FMR linewidth (black, left axis) and centerfield (grey, right axis) as a function of
composition in NixZn(-xFe204 films. (b) FMR spectra for films with x=0.1 (solid
line), x=0.5 (dashed line) and x=1.0 (dotted line).

Room-temperature coercivity (black, left axis) and anisotropy field (grey, right axis)
as a function of Ni content. (b) Room-temperature saturation magnetization as a
function of Ni content.

TEM images of as-synthesized FePd nanocrystals with an average diameter of (a) 9
nm and (b) 5 nm.

(a) Cartoon schematic of the stack structure used for electric field testing: Si/SiO2(100
nm)/MgO(10 nm)/FePd/Ta(10 nm). (b) Room temperature M-H loops of a sub-
monolayer of 9 nm nanocrystals deposited in the stack described in panel (a). These
stacks were heated to 650 °C in reducing conditions in the presence of a 3000 G
external magnetic field and held at that temperature for 10 hours. Measurements were
taken both in plane (dashed lines) and out of plane (solid lines) at a number of
voltages with the OV (black curves), 200 V (red curves), and -200 V (blue curves)
presented here. Other voltages were omitted for visual clarity. (c) The effective
anisotropy as a function of applied electric field. The slope of the plotted data is given
to be the VCMA coefficient, found here to be £&=19 £ 5 fJ/Vm.

(a) Room temperature M-H loops of a sub-monolayer of 5 nm nanocrystals deposited
into the same stack as for the 9 nm nanocrystals above: Si/SiO2(100 nm)/MgO(10

nm)/FePd/Ta(10 nm). These stacks were heated to 750 °C in reducing conditions in
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Figure 6.1.

Figure 6.2.

the presence of a 6000 G external magnetic field and held at that temperature for 30
minutes. In the same manner as above, the OV (black curves), 200 V (red curves),
and -200 V (blue curves) are presented here with other measured voltages were
omitted for visual clarity. (b) The effective anisotropy as a function of applied electric
field determined in an identical manner as for the 9 nm nanocrystal sample. Here, the
VCMA coefficient was found to be £&=36 £ 4 fJ/Vm.

(a) Cartoon schematic of the capillary reaction apparatus. TEM images of (b) As
synthesized FePt nanorods, (¢) MgO coated FePt nanorods, (d) annealed and MgO
stripped FePt nanorods.

(a) X-ray defractograms of FePt nanorods at various stages of preparation. (b) Room
temperature magnetic hysteresis of as synthesized (solid black), MgO coated and

annealed (dashed blue), and MgO stripped (solid red) FePt nanorods.
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Chapter 1. Introduction

Nanoscience is a powerful field because the nanoscale architecture of a material dictates
many of that material’s properties. This means that if we can control the nanoscale structure, we
can create materials optimized to meet the requirements of individual devices. The work presented
here aimed to investigate how nanoscale structure impacted the magnetic and magentoelectric
properties of a variety of magnetic materials. Magnetic materials are an interesting and widely
investigated class of materials with a wide range of applications including data storage, catalysis,
biomedical technology and RF devices. The work presented here includes two classes of magnetic
materials: soft magnetic oxides which are particularly useful for RF devices and magnetic, metallic

alloys which are promising for data storage applications.

Chapters 2 and 3 are focused on the magnetic oxide cobalt ferrite (CoFe2O4, CFO). Chapter
2 is an investigation into how the nanoscale structure of CFO thin films affects both their static
and dynamic magnetic properties. Here, thin films are made from both sol-gel and nanocrystal
precursors. For both precursors, we fabricate thin films that are porous using a removable block
copolymer template and “dense” films in which we did not induce any porosity. We investigate
the effect that precursor, porosity and annealing time have on the structural and magnetic
properties of the thin films. We found that the static magnetic properties of coercivity and
remanence could be tuned over a wide range using our techniques. Furthermore, we found that the
dynamic magnetic behavior as probed by ferromagnetic resonance measurements (FMR) remained
unaffected by changes in the nanoscale architecture. This is potentially useful in developing
materials for RF devices where the dynamic behavior can be controlled through material choice
and the static behavior can be independently tuned using nanoscale structuring methods. Having

tuned the coercivity and remanence of CFO thin films in chapter 2, we sought to develop methods



to tune the anisotropy field, or saturation field in chapter 3. This chapter is focused on CFO
nanocrystals and we found that nanocrystal size, spacing and orientation were all important factors
in determining the anisotropy field. Importantly, the techniques utilized in this chapter are

applicable to a wide variety of materials and not limited to CFO.

Chapter 4 focuses on another magnetic oxide system, NiZn ferrite (NZFO). NZFO is
intrinsically magnetically soft and as such is useful as a component in RF devices. Bulk NZFO is
currently commercially used in a variety of RF components, however thin film NZFO is not
commonly used in RF devices because making high quality films with good properties proved
difficult. In this chapter, we developed a sol-gel route to fabricating high quality thin films of
NZFO. We then investigate how the composition and annealing conditions impact both the static

and dynamic magnetic properties of the films.

Chapters 5 and 6 are concerned with nanocrystals of magnetic alloys which are promising
for use in data storage applications. Chapter 5 details our work on developing a synthesis for FePd
nanocrystals and investigating their magnetoelectric properties. Magnetoelectric memory
(MeRAM) is a highly energy efficient form of data storage in which information can be stored in
magnetic bits, but written and read out electrically. One of the major challenges in the field is
developing methods to further decrease bit size which can increase storage density. The magnetic
properties of FePd have been shown to be sensitive to changes in applied electric field making it a
suitable material for use in MeRAM devices. By using nanocrystals of FePd, we aimed to create

small elements (<10 nm) for potential use in MeRAM devices.

Chapter 6 is focused on FePt which is another material that has attracted a great deal of
attention for its potential use in high density data storage devices (other than MeRAM devices).

FePt is interesting because it has a very high magnetocrystalline anisotropy (MCA) constant which
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translates to high bit stability in devices. In this chapter, we aimed to use shape anisotropy to add
to the high MCA of FePt, to create an even stronger magnetic material. We developed a synthesis
that yielded FePt nanorods in the magnetically soft A1 phase. In order to obtain to the desired L1o
phase, we recrystallized the rods using an MgO coating to prevent sintering during the annealing
process. The MgO coating was then removed leaving just L1o FePt nanorods. The L1y rods were

found to have a high coercivity of up to 19.9 kOe.

The work presented here includes a wide range of synthetic, processing and
characterization methods applied to a number of magnetic materials. All of this work was aimed
at developing methods to control the nanoscale architecture and understanding how that structure
influenced the overall material properties. In many cases, the techniques used in this work and the
structure-function relationships investigated are applicable to a wide range of magnetic materials

and not limited to the specific materials chosen here.



Chapter 2. Fine Tuning the Magnetic Properties of Cobalt Ferrite Thin Films by Controlling

Nanoscale Structure

2.1 Introduction

There is great research interested in magnetic spinel ferrites (MFe2O4; M = Mn, Fe, Co, Ni,
etc.) due to their widespread use in areas such as ferrofluids,!”’ magnetic recording media,!?
biomedical applications'*!® and RF devices.'”?® In particular, cobalt ferrite (CoFe2O4, CFO) is a

hard magnetic material with a bulk coercivity of >4000 Oe and reasonably high saturation

magnetization of 500 emu/cm®, which has led to its use in magnetic recording media.?*=°

However, its high coercivity also limits its use in other applications, especially high frequency
applications, where soft ferrites are extensively used.?3-?’-31-33

Advances in nanoscience now allow us to control a wide range of material properties
through nanostructuring.>**! This allows us to effectively, and often selectively, tune material
properties to tailor them to specific applications. Here, we apply nanostructuring techniques to the
CFO material system to create a magnetically soft system, opening up further use in high frequency
applications. This is accomplished by controlling magnetic domain size and structure, which
determines the coercivity and remanence without significantly influencing the dynamic properties,
such as the ferromagnetic resonance (FMR). We specifically investigate two methods for
controlling the domain size and dipolar coupling: introducing mesoporosity and using nanocrystals

as building blocks.

Introducing mesopores has been widely explored as a method to increase surface area,*%- 424

4547 46, 48 20, 34, 47 34,42,

limit crystallite size and tune the electric, magnetic and mechanical properties

4749 in thin films. An open porous network can increase the surface area in a thin film by orders

40, 42

of magnitude, which is useful in areas where surface reactivity is important, such as



43, 45, 48, 3051 a9 well as areas where large interfacial areas are desired, such as

catalysis,
pseudocapacitive energy storage.** *% 32 Porosity can also control crystalline and magnetic domain
size by breaking up the material and limiting domain size to be equal to or smaller than the wall
thickness, or the thickness of the material between two pores.?*3* We have previously shown that
in sol-gel derived thin films of CFO with 14-nm pores, the coercivity of the films could be tuned
by changing the wall thickness, and therefore the maximum magnetic domain size. In these films,
the porous structure also promoted a preference for out-of-plane magnetic orientation, which is
unusual in thin films. This is thought to be due to a difference in the mechanical strain state of the
system.>* In that system as well as the work presented here, the mesoporous structure is achieved
by a block copolymer templating method.

Block copolymer templating is a facile route to creating mesoporous structure in thin films.3*
45-47.53-54 In this method, an amphiphilic diblock copolymer is mixed in solution with an inorganic
precursor material, such as a sol-gel solution or nanocrystals. The amphiphilic nature of the
polymer induces the formation of polymer micelles such that in a polar solvent the hydrophobic
block aggregates in the micelle core while the hydrophilic block interacts with the solvent keeping
the micelle soluble. This mixture is then deposited onto a substrate where the polymer and
inorganic material undergo evaporation induced self-assembly (EISA). This composite is then
calcined to crosslink or sinter the inorganic material and thermally degrade and remove the
polymer, leaving behind a robust, mesoporous film. In the case of sol-gel derived films, the films
can then be crystallized at higher temperatures. The film morphology is determined by the initial
organic-inorganic composite structure and can be tuned by changing the size or composition of the

polymer as well as the ratio between polymer and inorganic precursor material in solution.>* 7



Another route to controlling domain structure is to make thin films using nanocrystals as
precursor materials. Nanocrystals are attractive because they are solution-processable, highly
tunable, and can be synthesized at relatively low temperatures, usually below 300 °C.33-36 3561
Below a critical size, each nanocrystal is a single crystalline domain as it is energetically
unfavorable to form a grain boundary in such a small structure. Similarly, in magnetic materials,
there is a critical size below which domain wall formation is unfavorable, so each nanocrystal is
also a single magnetic domain.>® In the case of CFO, it has been shown that nanocrystals have both
a single crystallographic and magnetic domain when they are below 40 nm in diameter.’’
Therefore, the size of the magnetic domain can be controlled by changing the nanocrystal size,
which is easily achieved synthetically.>> 16> These nanocrystals with well-defined domain
structure can then be deposited into thin films with magnetic properties determined by the original
nanocrystal properties.

Additionally, recent work has shown that nanocrystals can be made compatible with block
copolymer templating techniques leading to mesoporous, nanocrystal-based films.>* Traditionally,
nanocrystals were not well suited to this type of templating. This is due to the fact that they are
generally synthesized with long organic ligands on the surface which serve to both keep the
nanocrystals soluble and prevent aggregation.*-% 6162 However, while useful, these ligands also
prevent the nanocrystals from sintering to form a robust network during the annealing process
causing the film to collapse upon removal of the polymer template. Recently, new ligand-stripping
chemistries have been developed that create bare nanocrystals with charges on the surface that
stabilize them in solution.>’® These charge-stabilized nanocrystals can then be successfully

templated using block copolymer—based methods. Templated nanocrystal films combine the



advantages of nanocrystals, such as domain size control and low temperature crystallization, with
the benefits of structured, porous thin films.

In this work, we present wide range tunability over the magnetic properties of cobalt ferrite
thin films by tuning their nanoscale architecture. We investigate films made from sol-gel methods,
as well as different sizes of nanocrystals, both mesoporous and dense, and processed over a range
of annealing temperatures. We find that the room temperature coercivity is tunable from 3100 Oe
for dense, sol-gel derived films down to 70 Oe for mesoporous, nanocrystal-based films. Finally,
we investigate the dynamic properties of these films by looking at the ferromagnetic resonance
(FMR) in X-band and find that the FMR remains constant across all measureable films despite
drastic differences in static magnetic properties.

2.2 Experimental Methods
2.2.1 Materials

Cobalt(Il) acetylacetonate (>99%) and 1-octadecanol (97%) were purchased from Alfa
Aesar. Iron(Ill) acetylacetonate (>99%) and benzyl ether (99%) were purchased from Acros
Organics. Cobalt(Il) nitrate hexahydrate (99.99%), iron(Ill) nitrate nonahydrate (99.999%) 1,2-
hexadecanediol (technical grade, 50%) and 2-methoxyethanol (99.8%%) were purchased from
Sigma-Aldrich. Poly(styrene-b-N,N-dimethylacrylamide) with M,: PS(51000)-PDMA(8500), was
obtained from Polymer Source. All chemicals were used without further purification.

2.2.2 Fabrication of sol-gel derived CFO thin films

Sol-gel derived films were fabricated a described in our previous work.** Co(NO3)2-6H.0
(0.11 g) and Fe(NOs3)3-9H>O (0.11 g) were dissolved in 1 mL of 2-methoxyethanol, 1 mL of
ethanol and 0.02 mL glacial acetic acid. This solution was allowed to age for 3 days with magnetic

stirring at room temperature and was always found to be clear at this point. The templating polymer



used to make porous structures was PEP-PEO. To make mesoporous films, 40 mg of PEP-PEO
was dissolved in 1 mL of ethanol before being added to a 2-mL solution and stirred for 1 hour.
Both dense and porous films were deposited via dip-coating at <20% humidity onto cleaned silicon
substrates. These films were then calcined at 180 °C for 24 hours to allow for solvent removal and
to crosslink the CFO to form a more rigid inorganic-organic composite. Subsequently, the films
were annealed at either 500 °C or 600 °C for 5 hours to both remove the polymer template and
crystallize the film. Film thickness can be fine-tuned using the rate at which the substrate is pulled

out of the solution. For this work films with thicknesses of ~100 nm were studied.

2.2.3 Synthesis of CFO nanocrystals

The nanocrystals were synthesized following a procedure previously published by Song et
al. with few modifications.*> Dibenzyl ether was used as the solvent and oxygen source, rather
than phenyl ether. For the synthesis of nanocrystals with a 5-nm diameter, Co(acac), (2 mmol,
0.5143 g), 1,2-hexadecanediol (20 mmol, 5.169 g), oleic acid (10 mL), oleylamine (10 mL) and
benzyl ether (40 mL) were all heated to 140 °C under flowing argon and rapid magnetic stirring.
Fe(acac)s; (4 mmol, 1.413 g) well dissolved in benzyl ether (20 mL) was then injected and the
mixture was then quickly heated to 240 °C where it was allowed to react for 30 minutes before
being cooled down to room temperature. The product was then precipitated with ethanol via
centrifugation and redispersed in hexanes three times before being redispersed in either hexanes
or toluene (20 mg/mL) for storage in air.
These 5-nm nanocrystals were then used as seeds to grow nanocrystals with a diameter of 8§ nm.
In this synthesis, 100 mg of 5-nm nanocrystals were mixed with Co(acac)> (1 mmol, 0.257 g),
Fe(acac)s (2 mmol, 0.706 g), 1-octadecanol (10 mmol, 2.7049 g), and oleic acid (5 mL), oleylamine

(5 mL) under argon flow and magnetic stirring. The mixture was heated to 240 “C and allowed to



react for 30 minutes before being cooled to room temperature and being washed in the same

manner as for the 5-nm nanocrystals.

2.2.4 Ligand-stripping of CFO nanocrystals

The ligands were stripped using a previously published procedure by Rosen et al. in which
tetracthyloxonium tetrafluroborate (Meerwein’s Salt) is used to reactively strip the native oleic
acid ligands.*® In a typical ligand-stripping procedure, 10 mg of Meerwein’s Salt was dissolved in
I mL of dry acetonitrile in a nitrogen glovebox. The solution was then removed from the glovebox
and 0.2 mL of that solution was added to 2 mL of CFO nanocrystals (20 mg/mL) in a centrifuge
tube. The mixture was vortexed for approximately 30 seconds, 5 mL of chloroform was added,
and it was centrifuged at 4000 RPM for 5 minutes. Any nanocrystals left in solution were assumed
to be incompletely exchanged and the supernatant was discarded although most of the nanocrystals
had precipitated. The precipitate was then dissolved in either DMF or NMP, often a 1:1 ratio with
a total volume of 1 mL. The ligand-stripped nanocrystals were then stable in solution for weeks

and stored in air.

2.2.5 Fabrication of Nanocrystal-based Thin Films

Nanocrystal-based films were deposited by dip-coating and it was found that the relative
humidity did not have a large impact on film quality, so it was not strictly controlled, although
most films were pulled at humidity levels between 20—-40%. Here, we refer to films cast without a
block copolymer templating agent as dense nanocrystal films and those with a templating agent as
porous films. Dense films of as-synthesized nanocrystals (with ligand) were pulled from the initial
20 mg/mL solution in hexanes and the ligand-stripped nanocrystal films were pulled from solutions
in 1:1 DMF:NMP. It was found that the nanocrystals were more stable in DMF, but DMF alone

does not wet substrates well, making it difficult to produce quality films.



Mesoporous nanocrystal films were made using poly(styrene-b-N,N-dimethylacrylamide),
(PS-PDMA) as the templating agent. In a typical synthesis, 20 mg of PS-PDMA was added to 1
mL of DMF and mixed on a rotary mixer at room temperature until dissolved (~1 hour). 1 mL of
the ligand-stripped nanocrystal solution was then added to the polymer solution and the mixture
was sonicated for 10 minutes. The solution was then left gently mixing on a rotary mixer until
deposited. It is worth noting that all of the films here were deposited within 5 hours of initially
dissolving the polymer. Films deposited over a day after the polymer was dissolved were found to
be of low quality. Both dense and porous films were then annealed for 4 hours at annealing
temperatures from 200—-600 °C. For the porous films, temperatures at or above 400 °C were
required to remove the polymer template.

2.2.6 Characterization

A JEOL JSM-6700F field emission scanning electron microscope (FE-SEM) was used to
characterize the microstructure of the films. An FEI T12 Quick CryoEM and CryoET transmission
electron microscope (TEM) operating at 300 kV was used to characterize the nanocrystal size and
shape. Ellipsometric porosimetry was performed on a PS-1100 instrument from Semilab using
toluene as the adsorbate at room temperature. A UV-visible CCD detector adapted to a grating
spectrograph analyzes the signal reflected by the sample. The light source is a 75-W Hamamatsu
Xenon lamp and measurements were performed in the spectral range from 1.24—4.5 eV. Data
analysis was performed using the associated SEA software.

The static magnetic characterization was done using both a magneto-optic kerr effect
magnetometer (MOKE) and a Quantum Design MPMS superconducting quantum interference
device (SQUID) magnetometer. The homebuilt MOKE system uses a 620-nm laser, a photoelastic

modulator modulating the beam at 60 Hz and a lock-in detector set to that frequency. All
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measurements were done in transverse mode measuring in-plane magnetization. X-ray diffraction
patterns were the result of 2D grazing incidence wide angle X-ray scattering experiments
(GIWAXS) performed at the Stanford Synchrotron Radiation Lightsource (SSRL). These
experiments were carried out using beamline 11-3. The resulting 2D images were integrated to
create the 1D patterns presented here. FMR spectra were collected using a Bruker EMX X-band

EPR spectrometer operating at 9.72 GHz.

2.3 Results and Discussion

The effect of mesoporosity on the properties of sol-gel derived films was investigated first.
Both dense films and polymer-templated, mesoporous films were fabricated, as described above.
The pore structure was investigated using top-view SEM, as seen in figure 2.1a. The pores are seen
to be circular, fairly well ordered and hexagonally packed. While top-view SEM is useful for
characterizing pore structure, it cannot determine whether the polymer was indeed removed, or to
what degree. In order to confirm that the polymer template was removed to leave an open porous
network, ellipsometric porosimetry was used. In this technique, a small molecule, in this case
toluene, is adsorbed into the pores and then desorbed out of the pores while the change in film
thickness is measured ellipsometrically. The pore size distribution, shown in figure 2.1b, was
determined by fitting the adsorption and desorption isotherms using the Kelvin equation.®* The
adsorption process is a function of the pore volume while the desorption process is limited by the
neck size, or the size of the tunnel connecting two pores. Therefore, the adsorption curve was used
to determine that the average pore radius is 12 nm while the average neck radius is 10 nm in this
sample. This correlates well to the SEM image in figure 2.1a in which the top view of the pores

shows them to be on the order of 20 nm in diameter.
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Figure 2.1. Characterization of both dense and porous sol-gel derived cobalt ferrite (CFO) films.
(a) Top-view SEM showing the pore structure of a templated, sol-gel derived thin film annealed
at 500 °C. (b) Pore radius distribution of a templated film annealed at 500 °C. The average pore
size (black), calculated from the adsorption isotherm, is 12 nm while the average neck size (grey),
from the desorption isotherm, is 10 nm. (¢) X-ray diffractograms dense and porous films annealed
at 500 °C and 600 °C showing that all films are the desired spinel crystal structure with no

observable impurities.
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X-ray diffraction was used to confirm that the films had the desired spinel crystal structure.
Representative diffractograms of both a dense and porous film, both crystallized at 500 °C, are
shown in figure 2.1c. In both samples, the films were found to have a spinel crystal structure with
no impurity phases present at measureable levels. Information about average crystallite size can

also be extrapolated using the Scherrer equation:

K2
T _/.?COSG (1)

where 7 is the average crystallite size, K is the shape factor, A is the wavelength of the X-rays,
is the peak broadening, or full width at half maximum of the peak, and 0 is the Bragg angle. In
this work, we assume spherical domains and use a shape factor of 0.9. For the films crystallized at
500 °C, the approximate average crystalline domain size was found to be 26.2 nm for the dense
film and 13.1 nm for the porous film. The estimated crystallite size in the porous film is
approximately the same size as the pore walls, 10 nm, as determined by SEM. In the absence of a
limiting pore structure, the crystalline domain size is determined by crystallization kinetics which
is why the domains are larger in the bulk samples. This trend was found for films, regardless of
crystallization temperature.

The static magnetic properties of these films was probed using two instruments: MOKE
and SQUID magnetometers. These techniques measure magnetization in different ways, and on
different time scales, so by comparing them, we can gain further insight into the magnetic
properties of our films. In MOKE magnetometry, circularly polarized light interacts with the
magnetic spins which rotates the polarization, referred to as Kerr rotation. The time constant of
the measurement in this case is about 3 ms. SQUID magnetometry on the other hand is a
measurement of the inductance caused by moving the sample through the center of the

measurement coils. Its measurement time is longer than that of MOKE magnetometry, generally
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1-10 seconds. By comparing magnetic hysteresis loops for a given sample between these two
methods, we can gain valuable insight into the time dependence of properties.

Figure 2.2a shows the room temperature magnetic hysteresis loops for both dense and
porous films as measured by MOKE magnetometry. The solid black and grey curves are dense
films crystallized at 500 °C and 600 °C respectively and the corresponding dashed curves are from
the respective porous films. The dense films have coercivities of 2590 Oe (annealed at 500 °C) and
3100 Oe (annealed at 600 °C) while the porous film show lower coercivities of 1960 Oe (annealed
at 500 °C) and 2350 Oe (annealed at 600 °C).

The drastic lowering of the coercivity due to induced porosity is mainly attributed to the
decrease in the magnetic domain size. As described above, the maximum magnetic domain size is
limited by the wall thickness in porous films. The reduction in domain volume reduces the
coercivity by reducing the magnetocrystalline anisotropy energy (MCA), as described in the
Stoner—Wohlfarth model:®

Eyicq = KVsin?6 )
Where K is a material-specific magnetocrystalline anisotropy constant, V is the domain volume
and 6 is the angle between an applied field and the easy axis. Coercivity is a measure of the MCA
energy so by reducing domain size (), the MCA energy and therefore coercivity are also reduced.
This is also the reason that the films crystallized at 600 °C have a higher coercivity. The higher
crystallization temperature causes grain growth, leading to larger domains and therefore larger
MCA and higher coercive widths. It is interesting to note that grain growth also occurs in the
porous films. At elevated temperatures, the CFO structure can more freely rearrange leading to

films with thicker pore walls and slightly larger pores, as discussed in our previous work.>*
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Figure 2.2.  Magnetic characterization of sol-gel CFO films. (a) Magnetic hysteresis loops for
dense (solid) and porous (dashed) films annealed at 500 °C and 600 °C collected on a MOKE
magnetometer. The dense films have a higher coercivity than porous films and the films annealed
at higher temperatures were more coercive than those annealed at lower temperatures. (b)
Magnetic hysteresis loops for films annealed at 500 °C collected on a SQUID magnetometer which
shows that the volume-normalized saturation magnetization is much higher for dense films. Note
that the MOKE magnetometer cannot probe the saturation magnetization values which is why the

SQUID magnetometer was employed here.
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In order to more fully probe the magnetic properties, magnetic hysteresis loops measured
using SQUID magnetometry were collected and are presented in figure 2.2b. Here again the
coercivity is reduced from 1420 Oe in the dense film and 610 Oe in the porous film annealed at
500 °C. In both cases, the coercivities measured using SQUID magnetometry are lower than those
measured using MOKE magnetometry. The longer measurement time of SQUID magnetometry
allows more time for the spins to reorient due to thermal fluctuations leading to a lower observed
coercivity and remanent magnetization. Finally, whereas sample magnetization must be
normalized in our MOKE measurements, SQUID magnetometry shows that there is a large
difference in saturation magnetization between the samples. The dense film has a saturation
magnetization of 440 emu/cm?, which is approaching the bulk value of 485 emu/cm?, while the
porous film has a saturation magnetization of 90 emu/cm?. This decrease can be attributed to the
reduced density due to induced porosity.

In addition to making mesoporous films, another route to limiting domain size is to use
nanocrystals as building blocks for thin films. Nanocrystals of two different sizes were synthesized
and characterized using TEM. Figure 2.3 shows micrographs of the 5-nm as-synthesized (a) and
8-nm as-synthesized (b) nanocrystals. The nanocrystals are very monodisperse in size and shape
and pack hexagonally which is indicative of monodispersity in spherical nanocrystals. The spacing
between the nanocrystals is due to the organic ligands on the surface which cannot be seen in
TEM.5! These ligands can then be chemically removed in a manner that leaves charges on the
surface, which can stabilize the nanocrystals in solution but does not physically separate them. As
expected, TEM images of the ligand-stripped nanocrystals, as shown in figure 2.3c—d, show that
the nanocrystals are no longer spaced apart on the grid, but instead are touching. From these

micrographs it can be seen that the ligand-stripping process increases the polydispersity in size
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Figure 2.3.
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Characterization of CFO nanocrystals both as-synthesized and ligand-stripped. The

ligand stripping process is required in order to template nanocrystals into mesoporous thin films.

TEM images of as-synthesized 5 nm (a) and 8 nm (b) nanocrystals and ligand stripped 5 nm (c)

and 8 nm (d) nanocrystals. The ligand-stripping process is seen to increase the size dispersion of

the nanocrystals slightly, but the general size and the shape are preserved. XRD diffractograms of

as synthesized and ligand stripped 5 nm (e) and 8 nm (f) nanocrystals showing that the desired

spinel structure is present both before and after ligand-stripping.
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somewhat, but the average size and shape are maintained. XRD shows that both sizes of
nanocrystals were synthesized in the expected spinel crystal structure and that structure is
preserved through the ligand-stripping process (figure 2.3e—f).

Thin films were made from both as-synthesized and ligand-stripped nanocrystals of each
size. While the nanocrystals are crystalline as synthesized, the films were still annealed in order to
sinter them together enough to make a mechanically robust film. Figure 2.4a shows representative
hysteresis loops of films made from both sizes of nanocrystals both as-synthesized and ligand-
stripped with data from a dense sol-gel film for comparison. The films annealed at 400 “C have
coercivities of 140 Oe for the film of 5 nm nanocrystals and 210 Oe or the film 8 nm nanocrystals.
For comparison, the 5-nm nanocrystal film had a coercivity of 50 Oe as measured by SQUID
magnetometry.

As expected, there is very little difference between the as-synthesized and ligand-stripped
nanocrystals. This suggests that despite some observed change in size dispersity as shown in figure
2.3, the ligand-stripping process has a minimal impact on the nanocrystal properties which makes
it useful tool for nanocrystal processing in various situations. It also suggests that in these films,
the contribution of the surface to the magnetization is minimal.

The effect of annealing temperature on the magnetic properties was also investigated and
the resulting hysteresis loops are shown in figure 2.4b—c. The data shown is from the films of as-
synthesized nanocrystals; in each case, the ligand-free analogs were also investigated and the
differences between them remained minimal. The films were annealed between 200 °C and 600
°C and for both smaller and larger nanocrystals, the coercivity increased with increasing annealing
temperature. This is attributed to increased grain growth due to nanocrystal sintering at higher

temperatures.
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Figure 2.4. Magnetic characterization of thin films made from CFO nanocrystals. (a) Room
temperature, in plane magnetic hysteresis loops of films annealed at 400 °C made from as
synthesized 5 nm nanocrystals and 8 nm nanocrystals, including data for a dense sol-gel derived
film annealed at 500 °C for comparison. The 5 nm nanocrystals have the smallest coercivity,
followed closely by the 8 nm nanocrystals. In both cases, the nanocrystal-based films have
significantly smaller coercivities than the sol-gel derived films. Magnetic hysteresis loops for films
made from as synthesized 5 nm (b) and 8 nm (c¢) nanocrystals annealed at various temperatures.

Higher annealing temperature correlates to increased coercivity. (d) Measured coercivity and

crystallite size calculated from the Scherrer equation as a function of annealing temperature.
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In order to characterize the effect of annealing temperature on domain size, XRD was done
on all of the films and the average crystallite size was calculated using the Scherrer equation (1)
as described above. The calculated crystallite sizes and observed coercivity are plotted in figure
2.4d as a function of annealing temperature for both sol-gel and nanocrystal-based films. For all
films the calculated crystallite size and coercivity show similar trends. This is particularly
noticeable in the nanocrystal-based films between 400 °C and 500 °C where there is a large jump
in both values. This suggests that in that temperature range there is a point at which the nanocrystal
sintering or melting occurs more rapidly. This correlation supports our conclusion that crystallite
size is the primary factor in determining the coercivity.

Both inducing porosity in sol-gel derived films and using nanocrystals to make thin films
have been shown to lower the coercivity of CFO thin films. In order to further tune the magnetic
properties, porous, nanocrystal-based films were fabricated. It is worth noting that ligand stripping
is required for the block copolymer templating process used here. Top-view SEM images shown
in figure 2.5 show the pore structure in films made from 5-nm nanocrystals (a) and 8-nm
nanocrystals (b). The pores in the nanocrystal-based films are larger than their sol-gel counterparts
because a different, larger block copolymer was used for the nanocrystals due to the difference in
solvent requirements for the two precursors. As for the sol-gel films, the templating polymer was
removed via thermal annealing, as discussed below.

To investigate the open porosity of the post-annealed films, ellipsometric porosimetry was
performed and the results for an example film based on 5-nm nanocrystals and annealed at 400 °C,
are presented in figure 2.5c. The porosimetry confirms that the templated nanocrystal-based films
have an open pore structure with an overall porosity of 38%, an average pore radius of 14 nm and

an average neck radius of 7 nm. This corresponds well to the top-view SEM images shown in
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Figure 2.5. Top-view SEM images of porous CFO films made from 5 nm (a) and 8 nm (b)
nanocrystals. (¢) The pore radius distribution of a representative templated film made from 5 nm
nanocrystals annealed at 400 “C showing a pore size of 14 nm and neck size of 7 nm. (d) X-ray

diffractograms of both dense and porous nanocrystal-based films confirming the spinel structure.
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figure 2.5a. XRD was again employed to determine that the spinel structure was indeed retained
during the templating process, and the resulting diffractograms are in figure 2.5d.

Figure 2.6 shows magnetic hysteresis loops of both dense and porous nanocrystal-based
films annealed at 400 °C. In the case of these nanocrystal-based films, dense films refer to films
with no polymer template, and therefore no mesopores, but these films do have some nanoporosity
due to the limitation on spherical packing of the nanocrystals. As described above, the addition of
mesopores to sol-gel derived films serves to limit the crystalline, and therefore magnetic, domain
size, as does making nanocrystal-based films. However, if the coercivity were solely dependent on
physical domain size, we would expect to see no change due to porosity in the nanocrystal-based
samples, which is not the case. There is an observable decrease in coercivity of ~10 Oe due to
porosity for 5-nm-nanocrystal-based films and ~40 Oe in 8-nm-nanocrystal-based films. This
suggests that there is a secondary mechanism by which pores decrease magnetic coercivity, which
we believe is the limiting of dipolar interactions in porous films. Spins near a pore have fewer
neighboring spins with which to dipole couple, which can allow them to more easily align with
the external field, hence lowering the observed coercivity.

In addition to characterizing the static magnetic properties, ferromagnetic resonance
(FMR) measurements were used to explore the dynamic behavior. FMR is an absorptive
phenomenon in which a magnetic material absorbs microwave radiation causing the magnetic
spins to precess around the axis of an applied bias field. It is well described by the Landau—
Lifshitz—Gilbert (LLG) model of precessional motion.®® Within this model, high frequency losses
are taken into account by the Gilbert damping coefficient (a). Damping is when a precessing spin

stops its precession and returns to static alignment with the applied field. The peak to peak
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Figure 2.6. Room temperature, in plane magnetic hysteresis loops of both dense and

mesoporous thin films annealed at 400 °C from 5 nm nanocrystals (a), 8 nm nanocrystals (b).
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linewidth (AHpp) is a common figure of merit because it is related to the Gilbert damping

coefficient through the following relation:

_ YAHy,
a=-_—c -, 3)

Where y is the gyromagnetic ratio, which is 2.8 GHz/kOe, and f” is the measurement frequency.
For most applications, losses should be minimized, so low values for o, and therefore low AHpp,
are desired.

Here, despite the large range of observed coercivities, almost all of the films showed
identical room temperature FMR. In these cases the AHp, was found to be 39 G, which corresponds
to a = 0.0009 and the center field Hy, = 3519 G. This suggests that while the static properties
such as coercivity and remanence are dependent on domain level structure, the dynamic behavior
is more a function of the material or atomic level composition.

The only films that did not show identical FMR were the sol-gel derived films and the 8-
nm-nanocrystal-based films annealed at or above 500 °C, which showed no resonant behavior at
the measurement frequency (X-band, 9.7 GHz). Those films have the highest coercivities, which
is likely the cause of the lack of resonance. A requirement for FMR is that the sample is
magnetically saturated such that all of the spins are aligned with the applied bias field. In the
samples with high coercive fields, it is probable that the bias field at which FMR occurs in CFO
at 9.7 GHz was insufficiently high to fully saturate the sample, thereby eliminating the resonance.
It is for this reason that CFO has not been widely investigated for microwave applications where
strong FMR and low losses are desired.

However, the lower coercivities achieved in the nanocrystal-based films ensure that the
spins are saturated thereby allowing FMR. Temperature-dependent FMR spectra, or the derivative

of microwave power absorption spectra, of an example film made using 5-nm nanocrystals is
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presented in figure 2.7. The intensities were normalized for easier comparison, although the
intensity decreased with increasing temperature which is why the data at higher temperatures
appears noisier. At room temperature, the linewidth is 39 G and a is 0.0009 which is fairly low for
a ferrite material at such a high frequency. Commercially produced ferrites such as lithium ferrite
and nickel zinc ferrite have damping coefficients of 0.008 and 0.009 respectively.’!: ©” This
suggests that nanostructured CFO is an intrinsically low-loss material which makes it promising
for use in microwave applications.

The temperature dependent FMR measurements reveal that linewidth increases linearly
with temperature, which is consistent with a ferromagnetic material. It has been shown that
linewidths increase with increasing temperature until the blocking temperature and then decrease
with further increasing temperature in the superparamagnetic regime.’® %-° The asymmetry
between the positive and negative peaks of the spectra is commonly found in solid magnetic
materials and is due to magnetic anisotropies and dipolar interactions within the film. This also
suggests that the film is ferromagnetic in this temperature range. If the sample were above the
Curie temperature and in a paramagnetic state, the magnetic anisotropies would be zero and the
resulting spectra would be perfectly isotropic.”® It is also worth noting that at higher temperatures,
the absorption intensity does not return to zero immediately. This is due to non-resonant

microwave absorption and has been observed both in CFO and other ferrite materials.?! 2

2.4 Conclusions

Here we have presented two methods for tuning the static magnetic properties of cobalt
ferrite thin films: making mesoporous films and making nanocrystal-based films. By controlling
the film precursor, porosity and annealing temperature, the coercivity was successfully tuned from

3100 Oe down to 70 Oe. We postulate that the major mechanism for reducing the coercivity in
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Figure 2.7.  Temperature-dependent FMR spectra of a representative film made from as-

synthesized 5 nm CFO nanocrystals annealed at 400 °C. The peak to peak linewidth (AHpp)

decreases with decreasing temperature, consistent with a ferromagnetic material.
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these samples was limiting crystalline and magnetic domain size through nanostructuring, while
decreasing dipolar interactions played a secondary role. Furthermore, we have shown that despite
the large range of attainable coercivities, the dynamic magnetic properties remain largely the same
between samples suggesting that the static magnetic properties arise from domain level structure

while the high frequency behavior is dominated by atomic level structure.
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Chapter 3. The Effects of Nanostructuring on the Observed Anisotropy Field in Cobalt Ferrite

Nanoparticle Systems

3.1 Introduction
Magnetic nanomaterials are an important class of materials that have been widely
investigated for use in a number of applications including data storage,”'”’* MRI contrasting

13.17.75-19 and RF devices.?"-#* Magnetic spinel ferrites are particularly attractive due to the

agents
high degree of chemical tunability in this system. This has led to a range of applications where
high electrical resistivity and/or high chemical/thermal stability are required, such as RF devices.5!"
82, 8487 Historically, the most common way to tune ferrite properties has been to change
composition. Spinel ferrites have the formula MFe>O4 where M can be a wide variety of elements
(Fe, Co, Ni, Mn etc., or any combination thereof). It has been shown that by changing the metal
cation composition or distribution within the lattice sites, the electronic, magnetic and optical

properties can be tuned over a wide range.”* 8% 88-94

While tuning composition has been useful, it is inherently limited by the fact that changes
in composition change a number of properties at once. In order to selectively control individual
properties, other methods are needed, and nanostructuring has emerged as a powerful option. It
has been shown that magnetic properties such as coercivity (Hc, the field required to flip the spin
state), anisotropy field (Ha, the field required to mostly saturate the magnetization) and saturation
magnetization (Ms, the value of the magnetization at saturation) are all dependent on the nanoscale
architecture of the material.>> 7! 81:91. 9598 Nanocrystals are particularly interesting because they
are often too small to support magnetic domain walls, ensuring that they remain single domain
structures.”” % Furthermore, these single domain nanocrystals can either be ferromagnetic or, if

sufficiently small, can become superparamagnetic. In the superparamagnetic state, thermal

28



fluctuations provide enough energy that the spins can overcome the magnetocrystalline anisotropy
(MCA) and flip quickly between easy axes leading to sigmoidal M-H loops with zero observed
coercivity.”>®% 190 This effect has been widely exploited in biological applications where
superparamagnetic particles are used as MRI contrasting agents, often coupled with targeted

therapeutics. ! !7- 757

Unfortunately, in addition to having a lower Hc value, nanocrystals also generally have
lower Ms and higher Ha values than their bulk or thin film counterparts.>>*>°7? This has limited
the appeal of nanocrystal-based materials in areas such as RF devices. Many of these devices, such
as antennae, operate at or near magnetic saturation and are used with small switching fields. This
means that both Hc and Ha need to be small and often a high Ms is desired.®® 32 To address this
challenge, here, we investigate ways to use nanostructuring to control the anisotropy field of ferrite
nanocrystals using cobalt ferrite (CFO, CoFe204) nanocrystals as the test system. Cobalt ferrite is
a heavily studied material and has one of the highest Ms and saturation magnetostriction values of
the spinel ferrites. It is also a traditionally hard magnetic material, however, with a bulk coercivity
greater than 3000 Oe.?% % 191193 [ts high coercivity has led to its historic use in magnetic recording
media, but has also limited its use in strain-mediated RF devices where its high magnetostriction
and Ms could be highly desirable.” %84 Nanocrystals of CFO have the benefit of lowering the
coercivity significantly while only moderately lowering the Ms, but the resulting increase in Ha
still limits their use in RF devices. Here, we overcome this issue by further modifying the nanoscale
architecture using both nanocrystal size control and the addition of non-magnetic shells to lower
Ha in CFO nanocrystal systems while maintaining low coercivities. The techniques explored here
are not specific to the CFO system and can be applied to a wide variety of magnetic nanocrystal

systems.
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3.2 Experimental Methods

Materials. Cobalt(Il) acetylacetonate (>99%), cobalt chloride hexahydrate (98%) and 1-
octadecanol (97%) were purchased from Alfa Aesar. Iron(Ill) acetylacetonate (>99%), benzyl
ether (99%) and tetraorthosilicate (98%) were purchased from Acros Organics. 1,2-
hexadecanediol (technical grade, 50%), polyethylene and tetracthyloxonium tetrafluroborate
(97%) were purchased from Sigma-Aldrich. Ammonium hydroxide (28%) was purchased from

Fisher scientific. All chemicals were used without further purification.

Synthesis of CFO nanocrystals. The nanocrystals were synthesized following previously
published procedures with few modifications. For the synthesis of nanocrystals below 15 nm in
diameter, the procedure outlined by Song et al. was used.’® Here, dibenzyl ether was used as the
solvent and oxygen source, rather than phenyl ether. An example synthesis for nanocrystals with
a 5-nm diameter begins with Co(acac), (2 mmol, 0.5143 g), 1,2-hexadecanediol (20 mmol, 5.169
g), oleic acid (10 mL), oleylamine (10 mL) and benzyl ether (40 mL). All of the reagents were
heated to 140 °C under flowing argon with rapid magnetic stirring. Fe(acac); (4 mmol, 1.413 g)
well dissolved in 20 mL of benzyl ether, was then injected into the hot solution and the mixture
was quickly heated to 240 °C where it was allowed to react for 30 minutes before being cooled
down to room temperature. The product was then precipitated with ethanol, centrifuged to collect
the powder, and redispersed in hexanes. This process was repeated three times and then the
nanocrystals were redispersed in either hexanes or toluene (20 mg/mL) and stored in air. These
particles were used as is, or were used as seeds to grow larger nanocrystals up to 15 nm in diameter.

In the seeded growth of larger nanocrystals, 5 mL (~100 mg) of the previously made
nanocrystals were added to Co(acac)> (I mmol, 0.2572 g), Fe(acac); (2 mmol, 0.707 g), 1-

octadecanol (10 mmol, 2.705 g), 5 mL of oleylamine and 5 mL of oleic acid. This mixture was
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then quickly heated to 260 °C and held at that temperature for 30 minutes before being cooled
down to room temperature. The particles were then washed and stored using the same process
described above for the smaller particles.

Even larger nanocrystals were synthesized following the procedure developed by Lopez-
Oretga et al.®? Here, CoCl> was used as the cobalt source instead of Co(acac), and the reaction
temperature was increased to 270 °C. Here, Fe(acac); (4 mmol, 1.413 g), CoCl; (4 mmol, 0.5136
g), oleic acid (4 mmol, 1.26 mL), oleylamine (4 mmol, 1.32 mL) and benzyl ether (50 mL) were
all heated to 120 °C under flowing argon and rapid magnetic stirring for 30 minutes. The reaction
was the heated to 270 °C and held there for 1 hour before being allowed to cool to room temperature
and washed with centrifugation as described above.

Ligand-stripping of CFO nanocrystals The ligands were stripped from the CFO nanocrystals

using a previously published procedure by Rosen et al.®

Tetraethyloxonium tetrafluroborate
(Meerwein’s Salt) was used to reactively strip the native oleic acid ligands before the particles
were coated in SiO. In a typical ligand-stripping procedure, 10 mg of Meerwein’s Salt was
dissolved in 1 mL of dry acetonitrile in a nitrogen glovebox. The solution was then removed from
the glovebox and 0.2 mL of that solution was added to 2 mL of CFO nanocrystals (20 mg/mL) in
a centrifuge tube. The mixture was vortexed for approximately 30 seconds, 5 mL of chloroform
was added, and the sample was centrifuged at 4000 RPM for 5 minutes. Most of the nanocrystals
precipitated and were spun down, and any nanocrystals left in solution were assumed to be
incompletely exchanged and were discarded with the supernatant. The precipitate was then
dissolved in 0.5 mL of DMF and was stored in air until used. While smaller particles were stable

for weeks when ligand exchanged, larger particles were used immediately as they would generally

irreversibly agglomerate within a day.
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SiO:2 coating. The silica coating procedure used here was adapted from the procedure described
by Cannas et al.’’ In a typical coating reaction, 3 mL of ethanol, 0.5 mL of water and 0.5 mL of
DMF were mixed in a vial. To this mixture, 0.1-0.2 mL of DMF, containing 2-3 mg of ligand
exchanged nanocrystals, were added, and the mixture was agitated for 15 minutes. TEOS (20 pL)
was then quickly injected and the mixture was agitated for 30 minutes. After that, NH4OH (28
vol%, 35 mL) was added dropwise to the mixture under agitation. The reaction was then allowed
to proceed under agitation for 24 hours, although the reaction was likely complete much earlier.
The coated particles were the precipitated with methanol and collected via centrifugation. To
prepare samples, the coated particles were dispersed in ethanol with sonication; these particles
were not fully dissolved and they generally settled out of solution within an hour. Various types
of agitation were used to disperse the nanoparticles throughout the coating process, including high
speed magnetic stirring with octagonal and cross-type stir bars, vortexing, and high speed
mechanical stirring. While all of these methods worked well for small nanocrystals, larger

nanocrystals were coated much better when vortexed or mechanically stirred.

Characterization. An FEI T12 Quick CryoEM/CryoET transmission electron microscope (TEM)
operating at 300 kV was used to characterize the nanocrystal size and shape. The magnetic
properties were measured using a Quantum Design MPMS V-XL superconducting quantum
interference device (SQUID) magnetometer. Samples for magnetometry were either dispersed in
wax to limit coupling or dropcast onto a Si wafer as a substrate. For each instance of magnetometry
data, the type of sample is noted. The anisotropy field was calculated as the intercept of the line
tangent to the curve at zero sample magnetization and the saturation magnetization value. X-ray
diffraction patterns were measured using 2D grazing incidence wide angle X-ray scattering

experiments (GIWAXS), performed at the Stanford Synchrotron Radiation Lightsource (SSRL).
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These experiments were carried out using beamline 11-3. All samples used for diffraction were
randomly oriented, so the isotropic 2D images were integrated to create the 1D patterns presented

here.

3.3 Results and Discussion

Generally, one of the most important factors for determining properties in nanocrystal
systems is particle size. To investigate the effect of particle size on the anisotropy field, particles
ranging from 5 to 25 nm in diameter were synthesized, as shown in the TEM images in figure 3.1
(a-e). The smaller nanoparticles (5-12 nm) were synthesized using the methods outlined in Song
et al. where Co(acac), was used as the cobalt source and the smaller (5 nm) particles were used as
seeds to grow the 8 nm particles which were then used as seeds for 12 nm particles.’® As seen in
figure 3.1a, the 5 nm particles have a narrow size distribution, but the size distribution was found
to increase slightly with each seed reaction, which is most noticeable in the 12 nm particles (figure
3.1c). Particles larger than 12 nm were difficult to synthesize using this method, so a method
described by Lopez-Oretga et al.®? was used. In this method, CoCl, was used as the cobalt source
instead of Co(acac); and the particle size was tuned by changing the reaction temperature and time.
As shown in figure 3.1d-f, the particles synthesized using this method have a wider size dispersion
than the method used to make the smaller particles. XRD was used to characterize the crystal
structure, and the resulting diffractograms are shown in figure 3.1g. All of the particles were found
to have the expected spinel crystal structure with no secondary phases observed. In order to gain
more information about average crystallite size, we analyzed the XRD spectra peak widths using

the Scherrer equation:

KA

T= (1)

- p cos
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Figure 3.1. TEM images of CFO nanocrystals, as synthesized, with average diameters of 5 nm
(a), 8 nm (b), 12 nm (c), 15 nm (d) and 25 nm (e). XRD spectra for the same nanocrystals showing
that they all have a spinel crystal structure with no detectable secondary phases. The stick pattern
on the bottom is a reference pattern (JCPDS Card #22-1086) and peak assignments are included

above the spectrum of 5 nm nanocrystals.
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where 7 is the average crystallite size, K is the shape factor (we assumed a spherical shape, K =
0.9), A is the wavelength of the X-rays, f is the peak broadening, or full width at half maximum
of the peak, and 6 is the Bragg angle. The calculated average grain size for the smallest particles
was found to be 5.2 nm, in good agreement with the diameter determined from TEM images of 5
nm. However, for the largest particles, the calculated grain size was found to be 29.1 nm, larger
than the average diameter determined from TEM images of 25 nm. This difference is
understandable since the size dispersion in the largest nanocrystals is higher than in the smaller
particles, and the Scherrer equation tends to favor larger crystallite sizes.

The effect of particle size on the magnetic properties was probed using SQUID
magnetometry. Figure 3.2a shows room-temperature M-H loops for particles of different sizes
dispersed in wax in order to limit coupling. The anisotropy field (Ha) values here were taken to be
the intercept of the line tangent to the loop at zero sample magnetization and the saturation
magnetization (graphically represented in the inset in figure 3.2). Ha was found to decrease with
increasing particle size, from 1217 Oe for 5 nm particles, down to 144 Oe for 25 nm particles
(figure 3.2b). The data shows that Ha exponentially decreases with increasing particle size, which
can be understood in terms of suppression of thermal fluctuations. Within this system, both the
field applied during the measurement and the magnetocrystalline anisotropy of the particles work
to pin the spins along the saturation direction. However, if there is sufficient thermal energy (~ksT)
available, the spins can overcome the applied field and MCA and hop between easy axes. In this
system, the temperature, and therefore ambient thermal energy available to the particles, is held
constant by keeping the temperature of all of the samples 298 K. However, the MCA of the
]:65

nanoparticles is determined by their volume, as described in the Stoner—Wohlfarth mode

EMCA = KVSinZH (2)
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Figure 3.2. Room-temperature magnetic hysteresis loops for nanocrystals of various sizes
dispersed in wax. The observed anisotropy field decreases with increasing particle size from 5 nm
particles (purple line) to 25 nm particles (red line). The anisotropy field is calculated by using the
intersection of the line tangent to the curve at y=0 and the saturation magnetization, as is

graphically shown in the insert.
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Where K is the MCA constant, which is material specific, V' is the domain volume and 8 is the
angle between the applied field and the particle’s easy axis. Here, the MCA constant (K) is the
same for all samples since they are all the same material, and 0 is a random distribution since the
nanoparticles are randomly distributed in wax. Therefore, it is primarily the nanoparticle volume,
which is equivalent to the domain volume,’’ that determines the MCA energy. Smaller particles
have smaller MCA energies, which means that a higher applied field is needed to overcome
equivalent thermal fluctuations and reach magnetic saturation. This is in agreement with the trend
seen in figure 3.2 where the smallest particles have the highest Ha.

This model also suggests that in addition to tuning particle size, controlling the orientation
of the magnetic easy axes with respect to the applied field can change the MCA energy, and
therefore the Ha. We would expect that if each particle aligns such that an easy axis is along the
applied field, then Ha measured along that direction would be minimized. In order to investigate
this, 8 nm nanoparticles were deposited via dropcasting onto a 5x5 mm Si wafer in the presence
of a 2000 G magnetic field, which was used to align the particles during solvent evaporation. The
resulting magnetic hysteresis loops are presented in figure 3.3a. Measurements were taken parallel
to the direction of the field applied during deposition (blue, solid line) as well as the other in plane
direction that was perpendicular to the deposition field (red, dashed line). For reference, a
hysteresis loop for these same particles dispersed in wax is also included (black, dotted line). A
small difference in anisotropy field is observed, with the parallel direction having an Ha value of
981 Oe, and the perpendicular direction showing a higher Ha value of 1093 Oe. However, in both
cases, the particles deposited onto a substrate have higher anisotropy field than the reference wax
sample which has an Ha value of 894 Oe. The major difference between the field-aligned samples

and the one in wax is that in the wax, the particles are fairly well dispersed, but on the substrate,
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Figure 3.3. Room-temperature magnetic hysteresis loops of 8 nm nanocrystals deposited onto
a Si substrate in the presence of a 2000 G field. (a) The nanocrystals deposited alone measured
parallel (blue, solid line) and perpendicular (red, dashed line) to the applied deposition field and
the nanocrystals dispersed in wax (black, dotted line) is included for reference. (b) The
nanocrystals alone (black, dotted line) and the nanocrystals deposited with polyethylene (PE) as a

spacer (blue, solid line). The insets are the same plots zoomed in between 1 and 2 kOe.
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they are in close proximity. This suggests that dipolar coupling in the field-deposited sample is
responsible for the observed increase in Ha.

Previous work has shown that dipolar interactions are relatively strong in magnetic
nanocrystals deposited both with and without an external applied field.!%'%7 Dipolar coupling is
well known to be a function of distance and can therefore be reduced by increasing interparticle
distance.!% In order to increase interparticle distance, we mixed the nanocrystals with polyethylene
(PE), which can interact with the native ligands and act as a spacing agent. We mixed 20 mg
polyethylene with 10 mL of a dilute solution (2 mg/mL) of nanocrystals in hexanes. The polymer-
nanocrystal mixture was then deposited onto a substrate in the presence of a 2000 G field, as
described above. Figure 3.3b shows the M-H loops measured along the direction of the deposition
field for both the nanocrystals alone (black, dashed line) and the nanocrystal-polymer mixture
(blue, solid line). The Ha is found to decrease from 981 Oe for the nanocrystals alone down to 909
Oe with the addition of the polymer spacer. While modest, this change suggests that increasing
interparticle spacing to reduce dipolar coupling is effective at reducing Ha in this system.

In order to expand upon the idea of increasing interparticle spacing to reduce dipolar
coupling, we investigated coating the individual nanocrystals with silica (SiO2). Silica-coated
particles have a number of advantages over PE-spaced composites including the fact that each
particle can be coated individually and controllably, the silica coating is more robust while the
polymer-nanocrystal composite can be easily redissolved, and the silica coating is biocompatible
for medical applications, and the silica coating has a higher Young’s Modulus for strain-based
applications.” 194 10112 Tp order to coat the nanocrystals, the native ligands were first removed,
as described by Rosen et al. to allow an intimate CFO-SiO; interface.*® Figure 3.4a-b shows a

TEM image of the 8 nm nanocrystals before (a) and after (b) the ligand stripping process. It is clear
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Figure 3.4. TEM images of 8 nm nanocrystals (a) as synthesized, (b) after ligand removal and
(c) coated in SiO,. (d) Room-temperature M vs. H loops of as synthesized (black, dotted line)
ligand exchanged (blue, dashed line) and coated in SiO> (red, solid line). Each of the samples was
deposited onto a Si substrate in the presence of a 2000 G field and data was measured along the
direction parallel to that field. Note that the as synthesized and ligand exchange particles show

nearly identical magnetic properties.
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that the size and shape of the nanocrystals is preserved, but the particles are now in direct contact,
providing evidence that the native ligands separating them previously are indeed removed. The
ligand stripping process leaves the particles charged which allows them to be effectively dispersed
in solution. The nanocrystals in a DMF solution were then coated with silica using a method
adapted from Cannas et al. and described above.!** Figure 3.4c shows a TEM image of the silica
coated 8 nm nanocrystals. These particles are almost all individually coated with the shell thickness
remaining fairly consistent at ~10 nm.

Magnetic hysteresis loops of the uncoated and SiOz-coated CFO nanocrystals, all deposited
in an applied field, are presented in figure 3.4d. Note that the data presented corresponds to curves
taken parallel to the direction of the applied field. There are minimal differences between the as
synthesized (black, dotted line) and ligand exchanged (blue, dashed line) nanocrystals, as
expected. The Ha value of the ligand exchanged particles is found to be 986 Oe, only 5 Oe larger
than that of the as synthesized particles (Ha = 981 Oe). This change is likely due to decreased
interparticle spacing, as described above. For the SiO2 coated particles (red, solid line) on the other
hand, the anisotropy field drops by 41% down to 580 Oe. In addition to having a lower Ha, the
silica coated particles also have an increased coercivity. The uncoated particles are
superparamagnetic (zero coercivity), but the silica coated particles have a coercivity of 144 Oe.
We attribute this change to the pinning of surface spins caused by the silica.

In order to further investigate this phenomenon, we coated larger particles with silica to
compare to the 8nm nanocrystals shown in figure 3.4. Figure 3.5a shows the M-H loops of silica
coated 15 nm nanocrystals (yellow, solid line) with the as synthesized particles (black, dotted line)
for comparison; a TEM image of those particles is included as an inset. The observed change in

coercivity is larger in the 8 nm particles than the 15 nm particles, where the uncoated nanocrystals
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Figure 3.5. Room-temperature M vs. H loops for (a) silica coated 15 nm nanocrystals (yellow,
solid line) and (b) silica coated 25 nm nanocrystals (red, solid line). M vs. H loops of the as
synthesized nanocrystals (black, dotted lines) are included for comparison in both panels. All
samples were deposited onto a Si substrate in the presence of'a 2000 G field and data was measured
parallel to that field direction. The insets show TEM images of the silica coated (a) 15 nm and (b)

25 nm nanoparticles.
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are again superparamagnetic and the coated particles have a coercivity of only 104 Oe. This
supports the idea that pinning of surface spins is the cause of the coercivity change. Since the 8
nm have a higher surface-to-volume ratio, changes to the surface states in those nanocrystals
should have a larger impact than in the case of the 15 nm nanocrystals. The Ha value for the 15
nm particles also decreases as a result of the coating, and the fractional change is quite similar to
the 8 nm particles. The anisotropy field drops by 43%, from 301 Oe to 171 Oe. The increase from
a41% drop in the 8 nm nanocrystals to a 43% drop in the 15 nm particles is quite small, but it may
arise because dipole-dipole coupling is stronger in the large nanocrystals.

We also attempted to coat the largest, 25 nm particles and the resulting M-H loops as well
as a TEM image are shown in figure 3.5b. From the TEM images we see that particles up to 15
nm in size, are able to be mostly separated and coated individually. However, the larger, 25 nm
particles could not be separated during the coating process and were coated as chained
agglomerates. It is worth noting that for the coating process to be successful, high stirring speeds
were required for particles of all sizes. In an effort to individually coat the large particles, we tried
a number of agitation methods including fast magnetic stirring, vortexing, and high speed
mechanical stirring, but in all cases, the particles remained chained. The coating on the 25 nm
particles (red, solid line) causes a modest increase in coercivity from 43 Oe for the uncoated
particles and 64 Oe for the coated ones which in agreement with the idea that the increase is due
to surface spin pinning. However, in these large particles, the coating does not significantly
improve the anisotropy field which goes from 168 Oe for the uncoated and 161 Oe for the coated
particles. This is attributed to the fact that the particles are not individually coated. Agglomeration
within the coating both leaves the particles close enough to dipole couple and prevents them from

align properly with the applied field during deposition.
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3.4 Conclusions

Here we have shown that by altering the nanoscale architecture of cobalt ferrite
nanocrystals, the anisotropy field can be effectively tuned over a wide range while maintaining
nanocrystals that are superparamagnetic or nearly superparamagnetic. We found that increasing
particle size decreased the observed Ha value from 1217 Oe for 5 nm particles down to 144 Oe for
25 nm. Depositing the nanocrystals onto a substrate in a 2000 G to align the easy axes produced a
further modest decrease in Ha. For small and medium sized nanocrystals, more significant changes
could also be achieved by individually coating the nanocrystals with silica. This coating tended
to pin surface spins, increasing the intrinsic nanoparticle magnetic anisotropy. It also separated
nanoparticles, preventing near-neighbor dipole-dipole coupling from pulling spins away from the
applied field direction. Similar decreases in Ha were observed for 8 and 15 nm nanocrystals, both
of which are superparamagnetic. When large (25 nm) ferromagnetic nanocrystals were used,
however, strong coupling between nanocrystals prevented nanocrystals from being coated
individually, so that Ha was not decreased by coating. The larger nanocrystals already have a
fairly low Ha value, however, in many cases, further reduction may not be needed. Together, these
results paint a broad picture of how to decrease Ha values in magnetic nanocrystals, with different
methods applicable to different size ranges. Moreover, while this work focused exclusively on
CFO nanocrystals, these techniques should be widely applicable to nanoparticles made from many

types of magnetic materials.
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Chapter 4. Fabrication and Magnetic Properties of Sol-Gel Derived NiZn Ferrite Thin Films for
Microwave Applications
4.1 Introduction

Soft ferrites are widely used in microwave applications such as phase shifters, circulators
and isolators, largely due to their high electrical resistivity and low losses at high frequencies.?*
2627, 33, 80, 87, 13-117" Cyrrently, most of these applications use bulk-processed ferrite powders.
However, there is a significant push towards miniaturized and fully integrated microwave devices,
which requires that routes to high quality, thin films of these materials be developed.?>-26 33 87, 113
Soft ferrites can be divided into three classes based on their structure: garnets, hexaferrites and
spinel ferrites. The most commonly used garnet is yttrium iron garnet (YIG)®7> !13-114. 116, 118-120
which is an incredibly low loss material,'?! but is difficult to fabricate as a thin films as it often
requires expensive gadolinium gallium garnet (GGG) substrates.!!® 2! Hexaferrites, such as
barium M-type hexaferrite (BaM), have the advantage of uniaxial anisotropy which can reduce the
required biasing field in devices, but they are also difficult to fabricate and generally have lower
room temperature magnetization and higher coercivity than other ferrites.?% 3% 122126 Qpinel
ferrites, such as nickel zinc ferrite (NZFO), are promising for use in integrated microwave devices
due to their high tunability, ease of fabrication and relatively improved magnetic properties, such
as higher magnetization, 2’13

The spinel structure consists of a cubic close-packed oxygen lattice with both octahedral
and tetrahedral sites occupied by cations. The general formula for these materials is AB20O4 where
A represents divalent cations and B represents trivalent cations. In spinel ferrites, there are
generally two iron atoms per formula unit and the remaining metal cation can be a wide variety of

other metals (e.g. Co, Ni, Mn, Zn, Cu, Ti, Cr), and any combination of them, which leads to a high
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degree of tunability. The coupling between spins in adjacent cation sites in spinel ferrites is
antiferromagnetic, but often the magnetic moment between the sites is unequal creating a net
magnetization along the direction of the stronger moment. This type of magnetism, termed
ferrimagnetism, is thus highly dependent on the distribution of the cations within these sites.® 12
131 This grants spinel ferrites another level of tunability since the cation distribution is sensitive to
the fabrication methods and processing conditions.

Nickel-zinc ferrite (NZFO) in particular is a spinel ferrite that has attracted a lot of research
interest. As a bulk powder, it is currently used commercially in a number of discreet microwave
components. Due to its high resistivity and thermal stability, it is often used in devices operating

above 5 MHz or at high temperatures.''® In an effort to integrate it into micro-devices, there have

been a number of attempts to fabricate NZFO thin films. The methods employed have included

127, 137 138-139

pulsed laser deposition (PLD),!3>"13¢ alternative sputtering, chemical bath deposition,

and spin-spray methods.'**!* In the cases of PLD and alternative sputtering, the resulting films

127. 135-137 or high stress-induced anisotropy

were found to have high losses,'3> 137 high coercivities,
fields.!**13* The magnetic and high frequency properties of the films made using the chemical bath
deposition method were not investigated, however this method yielded films with a flake
morphology. While this structure is beneficial for the pseudocapacitive applications they were
investigating, these films had a high degree of porosity which often increases losses, making it not
an ideal method. Currently, the most promising route to NZFO thin films are spin-spray methods
in which a solution of dissolved metal ions or metal-oxide oligomers is sprayed onto a spinning,

often heated, substrate. The spin-spray method has a number of advantages including low

processing temperatures, a high degree of uniformity in thickness and composition and being
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highly scalable. However, NZFO films fabricated using this method often have poor crystallinity
which leads to low saturation magnetization and, often, a high anisotropy field.'!

Here we report a solution-phase, spin-coating route to NZFO thin films with low high-
frequency losses, high saturation magnetization and low coercivity. Solution-phase methods to
thin film fabrication are advantageous because they are relatively cheap, scalable and create very
compositionally uniform materials. Aqueous solutions have been used extensively as precursors
to powders of NZFO and other ferrites as well as being used as the precursor in spin-spray
deposition methods.!*!: 1¥+151 In addition, high-quality thin films of NFO!3!: 132153 and other
ferrites® 129 128 154 have been fabricated using spin-coating and dip-coating methods. In these
examples, organic solvents containing small amounts of water are often used in order to improve
the substrate wetting as compared with purely aqueous systems. Here, we utilize a propanol
solution of dissolved metal precursors to fabricate NZFO thin films and investigate the effect of
annealing conditions and composition on the static and dynamic magnetic properties of the films.
We find that films with the optimal composition and annealing conditions have a narrower FMR
linewidth than any previously reported NZFO thin films, and a higher saturation magnetization

than films prepared using spin-spray methods.

4.2 Experimental Methods

Materials. Iron(IIl) nitrate nonahydrate (99.999%) and zinc(Il) acetate dihyrdate (97%) were
purchased from Alfa Aesar and used without further purification. Nickel(II) acetate tetrahydrate
(98%) and 1-propanol (99.7%) were purchase from Sigma-Aldrich and used without further
purification.

Preparation of sol-gel precursor solution. The solutions were prepared by dissolving the metal

salts in the desired molar ratio into 1-propanol to form a solution with a final concentration of 0.2
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M. In a typical synthesis for Nig3Zno7Fe2O4, Fe(NO3)3-9H>O (0.808 g, 2 mmol),
Zn(OOCCH3)2-2H20 (0.128 g, 0.7 mmol), and Ni(OOCCH3)2:2H20 (0.075 g, 0.3 mmol) were
dissolved in 10 mL of 1-propanol. The mixture was magnetically stirred at room temperature for
1 hour at which point the solution was red-orange in color and completely clear. The metal
compounds were not dissolved if the solutions were not stirred for more than 30 minutes, and the
solutions turned cloudy and unusable after 5 hours.

Film deposition and annealing. The solutions were deposited by spin coating onto clean (100) Si
wafers (2 x 2 cm in size) at 2000 RPM for 2 minutes. The film was then immediately calcined at
200 °C in air for 10 minutes to ensure complete dehydration and then cooled down to room
temperature. The films were then annealed in a quartz tube in a tube furnace under flowing O>.
The temperature was increased to the desired temperature (800-1100 °C) at a rate of 20 “C/minute,
and then held at temperature for 30 minutes before the oven was turned off and the films were
allowed to cool down slowly.

Characterization. A JEOL JSM-6700F field emission scanning electron microscope (FE-SEM)
was used to characterize the microstructure of the films. X-ray diffraction patterns were the result
of 2D grazing incidence wide angle X-ray scattering experiments (GIWAXS) performed at the
Stanford Synchrotron Radiation Lightsource (SSRL). These experiments were carried out using
beamline 11-3, and the resulting 2D diffractograms were integrated to create the 1D patterns
presented here. FMR spectra were collected using a Bruker EMX X-band EPR spectrometer
operating at 9.72 GHz. The magnetic properties were measured using a Quantum Design MPMS

superconducting quantum interference device (SQUID) magnetometer.
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4.3 Results and Discussion

The effect of annealing temperature was investigated on films with a fixed composition of
Nio.3Zno.7Fe204. Figure 4.1a-d shows top-view SEM images of films show that grain size increases
with increased annealing temperature. XRD analysis performed on the same films (figure 4.1¢)
indicates that the films are the desired spinel crystal structure with no detectable impurities in films
annealed above 900 °C. The film annealed at 800 °C however has an impurity peak at 33.189°
which corresponds to the (311) peak of Fe>Os. The appearance of this phase at temperatures below
900 °C is consistent with previous work on ferrite powders. !>

In order to probe the high frequency properties of these films, X-band (9.72 GHz) FMR
used, and the resulting spectra are presented in figure 4.1f. The main figure of merit we use to
evaluate these films is peak-to-peak linewidth of the FMR spectra, which is a measure of magnetic
losses. This linewidth can be used to determine the Gilbert damping coefficient, a unitless

parameter used to characterize losses in the LLG model,%® through the following relation:

YAH,

a=—- (1)

anfr
Where y is the gyromagnetic ratio, which is determined by the FMR resonance field (H,,) as
discussed below, and f” is the measurement frequency. For most microwave applications, minimal
losses corresponding to low values for a, and therefore low linewidths, are desired. As seen in
figure 4.1f, the FMR linewidth decreases with increasing annealing temperature from 379 G
(0=0.013) for films annealed at 800 °C to 93 G (a=0.003) for films annealed at 1100 °C. All of the

linewidths and Gilbert damping coefficients calculated from them are presented in table 4.1.
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Figure 4.1.

°C (c) 1000 °C and (d) 1100 °C (all images are set to the same scale.) Higher annealing
temperatures are seen to increase grain size. (¢) X-ray diffractograms of the same films showing

the spinel crystal structure for all films with an Fe;O3 impurity appearing only in samples annealed

to 800 °C (dotted line). (f) FMR spectra of the same films showing the lowest linewidth for films

annealed to 1100 °C (solid line).
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. : . : : Saturation
Annealing o FMR linewidth G|Ibert' I?ampmg Coercivity (Oe} Masnetization
Temperature (°C) (G) Coefficient (a)

(emu/cc)

800 379 0.013 0 130

900 314 0.011 2 180

1000 183 0.006 5 270

1100 93 0.003 14 330

Table 4.1. Numerical values for the observed X-band FMR linewidth, calculated Gilbert
damping coefficient, room temperature coercivity and saturation magnetization for Nig3Zno.7Fe2O4
films annealed at various temperatures.
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The static magnetic properties of these films were investigated using SQUID
magnetometry, and the resulting M-H loops are presented in figure 4.2a. The saturation
magnetization (Ms) increases significantly with annealing temperature reaching a maximum of
330 emu/cm? for the film annealed at 1100 °C. In addition to increasing Ms, the anisotropy field
(Ha) decreases and the coercivity (Hc) increases with increasing annealing temperature. The Hc
and Ha of the M-H loops in figure 4.2a are presented graphically in figure 4.2b for clarity and
included in table 4.1. The film annealed at 1100 °C has the lowest anisotropy field (62 Oe), which
is desired for most applications, but it also has the highest coercivity (14 Oe), which is not desired.
From these investigations, we decided that 1100 °C was the optimal annealing temperature to
fabricate low-loss NZFO films suitable for microwave applications, and thus we used this
temperature for the subsequent studies.

The decrease in FMR linewidth and increase in saturation magnetization with higher
annealing temperatures is likely due to differences in the cation distribution. Previous work has
shown that cation distribution plays a large role in determining the magnetic properties of NZFO
and analogous systems,!?? 131: 150-131. 156 pyre NiFe,0y4 is an inverse spinel structure in which the
Ni?" cations preferentially occupy octahedral sites while the Fe*" cations occupy the remaining
octahedral sites and the tetrahedral sites. However, in ZnFe,O4, which is a normal spinel, the Zn**
cations preferentially occupy the tetrahedral sites leaving the Fe** occupying the octahedral sites.”
When Zn?" cations are substituted into the NiFe>O4 system, they preferentially occupy tetrahedral
sites which forces more Fe** into octahedral sites. This change in Fe** cation distribution can have

a large effect on the overall magnetic properties.”® 13
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Figure 4.2.  (a) Room-temperature magnetic hysteresis loops for Nig3Zno7Fe2O4 films annealed
at various annealing temperatures. (b) Plotted coercivity (HC, black squares) and anisotropy field

(HA, grey circles) measured from the M-H loops as a function of annealing temperature.
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In the current work, high annealing temperatures can allow for more cation migration
during crystallization, while at low annealing temperatures, cation migration is more limited. This
likely led to a more thermodynamically-favored cation distribution in films annealed at 1100 °C,
and a more kinetically-controlled cation distribution in films annealed at 800 °C. In a kinetically-
controlled distribution, the Fe** cations are more likely to be evenly distributed between octahedral
and tetrahedral sites which would cause those magnetic moments to cancel out, leading to lower
saturation magnetization. Furthermore, cation ordering has been shown to effect electrical
conductivity in spinel ferrites where the primary conduction mechanism is charge-hoping through
percolation networks.®? 136 This increase in conductivity, along with a probable increase in density
at higher annealing temperatures'®’ likely contribute to the low linewidth observed in films
annealed at 1100 °C.

In order to more fully understand the effects of annealing conditions on these NZFO films,
we also crystallized films using rapid thermal annealing (RTA). In our standard annealing, as
discussed above, the NZFO films are heated in a tube furnace under flowing oxygen for 30 minutes
in addition to the time needed for heating up and cooling down. RTA on the other hand is able to
crystallize films on the order of a few minutes. The NZFO films were heated in oxygen to 1080
°C over 1 minute and then annealed at that temperature for 1 minute before being quickly cooled
to room temperature. Note that 1080 °C was used because it is the highest temperature that our
system can achieve. Using this method, we investigated two annealing procedures: films annealed
via RTA only, and films pre-annealed at 800 °C using our standard anneal and then annealed to
1080 °C

Top-view SEM images of films annealed using various methods (figure 4.3a-c) show little

difference in microstructure, XRD analysis (figure 4.3d) reveals that films annealed using RTA
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have the desired spinel structure with same Fe;O3 impurity that was previously found in films
annealed standardly at 800 °C, which is not desired. FMR investigations found that both films
prepared using RTA have larger linewidths than films annealed through our standard method, as
shown in figure 4.3e. The film pre-annealed at 800 °C (dashed line) has a linewidth of 348 G,
which is an improvement over films that were annealed standardly at 800 °C only, which have a
linewidth of 379 G. However, the RTA treatment is unable to remove the Fe>O3 impurity, or reduce
the linewidth to be as low as the films annealed through the standard method to 1100 °C. The film
annealed directly to 1080 ‘C using RTA had an even higher linewidth of 451 G. This is in
agreement with our previous discussion about cation distribution. We found that films annealed to
higher temperatures have lower losses which suggests that thermodynamic cation distributions are
favorable. In RTA, the short duration of heating leads to a kinetically determined cation
distribution which is likely why the observed linewidths are relatively high.

After determining that the optimal annealing procedure is using a standard tube furnace
anneal heating to 1100 °C, we investigated the effect of composition. Here, changed the ratio of
nickel and zinc was changed while the amount of iron was held constant. Figure 4.4a shows the
FMR linewidth (black squares) and center field (grey circles) as a function of composition. For
clarity, example spectra for samples of NixZn(1-x)Fe204 where x=0.1, 0.5 and 1.0 are presented in
figure 4.4b. Lower nickel content samples have generally lower linewidths with the minimum
linewidth of 93 Oe being at x=0.3, Nio3Zno.7Fe204. The FMR center field, or the field at which the

intensity reaches 0 between the peaks, reaches a minimum at x=0.5

56



[a] 1400 - 3s00 [b]
1200 + ]
o i &— 3000
& L 9
= i ] =
5 800 + ‘ | 2
L g |-
= i + 2500 §
£ r 1 o
S 600 | ] 3
= o
= i =
400 - i =
, — + 2000
200 + 1
0o +——t : 1500 S :
0 02 04 06 08 1 500 1500 2500 3500 4500
Composition, x (Ni,Zn, ,Fe,0,) Applied Field (G)

Figure 4.4. (a) FMR linewidth (black, left axis) and centerfield (grey, right axis) as a function
of composition in NixZn(-x)Fe204 films. (b) FMR spectra for films with x=0.1 (solid line), x=0.5

(dashed line) and x=1.0 (dotted line).
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(figure 4.4b, dotted line). The center field is a material dependent property and thus the change
with composition is expected. This value is used in combination with the measurement frequency

to determine the gyromagnetic ratio (y):

y=2L )

Hrcs

where f’ is the measurement frequency. In addition to being used in calculating the Gilbert
damping coefficient (eq. 1), the gyromagnetic ratio is used to determine a device’s operation
frequency and biasing field.

The room temperature coercivity, anisotropy field and saturation magnetization as a
function of composition are presented in figure 4.5. The coercivity (figure 4.5a, black squares) is
generally lower for films with low nickel content reaching a minimum of 10 Oe for x=0.1. Hc
reaches a maximum value of 50 Oe at x=0.7 and then decreases as nickel content further increases.
On the other hand, Ha (figure 4.5a, black squares) generally increases with increasing nickel
content. The Ms (figure 4.5b) slowly increases with increasing nickel content until it reaches a
maximum at x=0.6 and then it decreases more rapidly as nickel content further increases. From
this data, low nickel content films are the most promising for most microwave applications where
low Hc, low Ha, and high Mg are desired. Taking into account the FMR properties of these films,
Nio.3Zno.7Fe204 1s found in this work to be the optimal composition for microwave applications.
4.4 Conclusions

Here we present the synthesis of high-quality, low-loss NZFO thin films using a sol-gel
method. We found that annealing in a tube furnace under flowing oxygen at 1100 °C yields films
with the lowest FMR linewidths and highest saturation magnetization. Investigations into the effect

of composition suggest that Nig.3Zno 7Fe>04 is the optimal composition for
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microwave applications. Films with the optimal composition and annealing conditions were found
to have a low coercivity (14 Oe), low saturation field (62 Oe), high saturation magnetization (330

emu/cm®) and a low FMR linewidth (93 G at 9.72 GHz).
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Chapter 5. Voltage Control of Magnetization in FePd Nanocrystals for the Next Generation of

Magnetoelectric Memory

5.1 Introduction

Spintronic devices comprised of magnetic tunnel junctions (MTJs) are one of the most
promising candidates for high-density, non-volatile memory and logic devices.”> 1°%161 The
discoveries of tunneling magnetoresisitance (TMR) and spin-transfer torque (STT) allowed for
electrical reading and writing of magnetically-stored information respectively.’? 9216 In the years
following those discoveries, the field advanced significantly and in particular MTJs that use heavy
metal-capped CoFeB on MgO have attracted a great deal of attention.!'>% 117! This system has a
number of advantages including smaller STT switching currents than other systems and
perpendicular magnetic anisotropy (PMA) which allows for a really smaller bits and therefore
higher storage densities. More recently it has been shown that CoFeB/MgO-based MTJs can have
voltage controlled magnetic anisotropy (VCMA) which provides a route to much higher energy
efficiency than the current-based STT method. !38-15% 171172

While VCMA-based devices provide a route to ultralow energy consumption, further scale
down to smaller bit size remains a major challenge in the field. These MTJs require high PMA
energy in order to have sufficient bit stability.!®”> 1> However, as size decreases and the
superparamagnetic limit is approached, PMA approaches zero. In order to overcome this, new
materials with high PMA are needed to replace CoFeB. Other Fe-based intermetalics, such as FePd
and FePt, have some of the highest PMA values. In recent work by Bonell et al., stacks containing
an ultrathin, blanket films of FePd on MgO were found to have a high VCMA coefficient of 602

fJ/Vm, compared to CoFeB/MgO devices which range from 20-80 fJ/Vm, 3% 166-168. 171174 Dyegpite

its high VCMA coefficient, FePd has not been incorporated into MTJs because patterning this type
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of intermetallic material is difficult with current top-down approaches, especially for small bit
sizes.'

Nanocrystals provide an alternative route to incorporating FePd and similar materials into
increasingly smaller device structures without the need to pattern blanket films. Nanocrystals are
generally synthesized using solution-phase methods in which the starting materials are salts or
complexes of the target metals that are heated to mild temperatures (>300 °C) in the presence of
organic ligands.*”> '7>17° The metal precursors are either thermally degraded or chemically reduced
in solution allowing them to form metallic nanocrystals which are stabilized in solution by organic
ligands bound to the surface. The ligands allow the nanocrystals to be processed in a number of
ways and can be later removed if desired. Since the size, shape and composition of the nanocrystals
is controlled during synthesis, there is no need for patterning to achieve small bit size.

There has been a lot of previous work on the development of robust synthesis methods for
nanocrystals of the analogous material FePt, with some work done on FePd nanocrystals. 75176 178-
183 One of the most widely used syntheses was developed by Sun et al. for monodisperse FePt
nanocrystals.!”®> Here, we adapted the procedure used by Sun et al. to create FePd nanocrystals and
investigate the VCMA performance of stacks containing a sub-monolayer of those nanocrystals.
A change in magnetic anisotropy with applied electric field was observed in stacks containing 9
nm and 5 nm nanocrystals. To our knowledge, these 5 nm nanocrystals represent the smallest
element size in which electric switching of magnetic moments has been observed. We would like
to note that our aim was to determine whether VCMA effects could be observed in nanocrystal-
based systems and so these investigations focused on the ensemble magnetic properties of 5x5 mm

samples. Addressing individual nanocrystals as individual bits remains a challenge.
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5.2 Experimental Methods
5.2.1 Materials

Iron pentacarbonyl (98%) and oleic acid (97%) were purchased from Acros Organics.
Palladium (II) acetylacetate (99%), oleylamine (technical grade, 70%), 1,2-hexadecanediol and
dioctyl ether were purchased from Sigma Aldrich. All chemicals were used without further

purification.

5.2.2 Synthesis of FePd Nanocrystals

Palladium acetylacetate (152 mg), 1,2-hexadecanediol (500 mg), oleylamine (1.32 mL),
oleic acid (1.26 mL) and 20 mL of dioctyl ether were mixed in a 3 neck flask under flowing argon
and gentle magnetic stirring. After 10 minutes of stirring at room temperature, the mixture was
heated to 120 °C. It was maintained at that temperature for 20 minutes at which point the stirring
speed was increased to high and 0.2 mL of Fe(CO)s was injected rapidly. The temperature was
immediately set to increase to 270 °C at arate of 5 “C/min (30 minutes) and held at that temperature
for 1 hour. The heating tape was then removed and the reaction was allowed to rapidly cool to
room temperature, still under flowing argon. The nanocrystals were then precipitated with ethanol
via centrifugation for 30 minutes and redispersed in hexanes. This washing procedure was
completed twice, and the final precipitate was redispersed in hexanes and stored under argon. All
of the solvents used in the washing steps were degassed by bubbling with argon.
5.2.3 Deposition of nanocrystal monolayers

10 nm of MgO was sputter-deposited onto a doped Si wafer. Note that MgO is hydroscopic
and therefore stored in an inert gas glovebox after preparation until use. Next, dilute solutions of
FePd nanocrystals in hexanes (0.1-0.5 mg/mL) were prepared and sonicated for 5 minutes to

ensure that the nanocrystals are maximally dispersed. In a typical instance, 20 mL of this dilute
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solution was placed in a standard scintillation vial (height 3 cm, diameter 1.5 cm). A ~1 x 3 cm
substrate (MgO coated Si) was then placed in the vial diagonally with the MgO facing up. The
hexane solution was then slowly evaporated under an Ar atmosphere which causes the FePd
nanocrystals to deposit on the MgO. After the solvent is evaporated, the dry substrate was loaded
into the same sputtering chamber. The ligands remaining on the surface of the nanocrystals were
removed by Ar plasma cleaning the substrate for 10 seconds before sputter depositing 10 nm of

tantalum on top.

5.2.4 Film Annealing with an Applied Magnetic Field

Films were annealed in a ceramic holder placed in a quartz tube, under flowing forming
gas (5% Ha, 95% Ar). An electromagnet was used to apply a magnetic field of 3000 G around the
oven containing the sample. The samples were held in place with a ceramic holder such that the

applied magnetic field was out of the plane of the substrate.

5.2.5 Characterization

An FEI T12 Quick CryoEM and CryoET transmission electron microscope (TEM)
operating at 300 kV was used to characterize the nanocrystal size. The magnetic properties were
characterized using a Quantum Design MPMS superconducting quantum interference device
(SQUID) magnetometer. Electric fields were applied in situ during SQUID magnetometry
measurements.
5.3 Results & Discussion
The FePd nanocrystals were synthesized using a method adapted from an FePt nanocrystal
synthesis developed by Sun et al., as described above.!” Figure 5.1 shows TEM images of
nanocrystals with average diameters of 9 nm (a) and 5 nm (b). The as-synthesized nanocrystals

were then incorporated into stacks appropriate for voltage-based studies, the geometry of which is
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Figure 5.1. ' TEM images of as-synthesized FePd nanocrystals with an average diameter of (a)

9 nm and (b) 5 nm.
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presented in figure 5.2a. First, a Si wafer with 100 nm of SiO2 on top was sputter coated with 10
nm of MgO. That substrate was then placed vertically in a vial containing a very dilute solution of
the nanocrystals dispersed in hexanes and the solvent was then slowly evaporated under flowing
argon resulting in a sub-monolayer of nanocrystals deposited on the substrate. 10 nm of Ta was
then sputtered on top of the nanocrystals to prevent oxidation as well as to prevent aggregation
during annealing.

The stacks were then annealed for a few reasons. First, FePd has two common phases: the
random alloy (A1) phase and the ordered intermetallic (L1o) phase. Nanocrystals are generally
synthesized in the A1 phase, but L1o phase, which is alternating layers of Fe and Pd, is the most
commonly investigated phase and has better magnetic properties.!’#175 182 184185 The Jayered
structure results in a high, uniaxial magnetic anisotropy with the easy axis perpendicular to the
plane of the layers. It has been shown previously that FePt nanocrystals synthesized in the Al
phase and coated in MgO or alumina could be converted to the L1¢ phase.'®'%¢ Here we annealed
the stacks in order to promote the transition to the more desirable L1¢ phase. The annealing was
done in slightly reducing conditions (5% H> forming gas) to prevent oxidation and in the presence
of an external magnetic field. The applied field was used to drive the orientation of the particles to
have a magnetic easy axis perpendicular to the plane of the substrate, thereby creating coherent
PMA across the sample.

The in and out of plane M-H loops of the annealed samples were then measured using a
SQUID magnetometer. A custom sample holder was used allowing us to apply a voltage across
the sample in situ. M-H loops for both in and out of plane were collected at a number of voltages.

For samples containing 9 nm nanocrystals, the annealing procedure was to heat them to 650 “C
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Figure 5.2. (a) Cartoon schematic of the stack structure used for electric field testing:
Si/S102(100 nm)/MgO(10 nm)/FePd/Ta(10 nm). (b) Room temperature M-H loops of a sub-
monolayer of 9 nm nanocrystals deposited in the stack described in panel (a). These stacks were
heated to 650 °C in reducing conditions in the presence of a 3000 G external magnetic field and
held at that temperature for 10 hours. Measurements were taken both in plane (dashed lines) and
out of plane (solid lines) at a number of voltages with the OV (black curves), 200 V (red curves),
and -200 V (blue curves) presented here. Other voltages were omitted for visual clarity. (c) The
effective anisotropy as a function of applied electric field. The slope of the plotted data is given to

be the VCMA coefficient, found here to be &=19 + 5 {J/Vm.
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and held there for 10 hours in the presence of a 3000 G magnetic field. Figure 5.2b shows the
resulting in (dashed lines) and out of plane (solid lines) hysteresis loops for the sample containing
9 nm nanocrystals at 0 V (black curves), 200 V (red curves), and -200 V (blue curves). Looking at
the 0 V loops (black), it is clear that there is a significant difference between the out of plane (solid)
and in plane (dashed) loops which means that the sample has an overall PMA. The PMA can be
quantized by integrating to find the area between the out of plane and in plane curves. If the y-axis
is converted from emu/cm’® to G, the area between the curves can be found in units of J/m?. This
value is the observed or effective anisotropy, which will be denoted here as Kefr.

Kefr is shown to change as a function of applied electric field. When a positive field is
applied (200 V, red curves), the in and out of plane curves become closer together and the Kesr
decreases. On the other hand, when a negative field is applied (-200 V, blue curves), Kefr increases
as the in and out of plane curves get further apart. The VCMA coefficient, which is the primary
figure of merit used here, can be determined by looking at changes in Kefr in response to an applied
electric field. Since the stacks contain both MgO and SiO2, the electric field was calculated using

the following formula:

VX £si0,

(tsio, Xe&r, Mgo)+(tmgo X &r.sio,)

(1

Figure 5.2c plots the change in Kefr * t (Where t is the sample thickness, here 9 nm) as a function
of applied electric field. The data was fit to a best fit trend line and the slope of that line is the
VCMA coefficient, found here to be 19 £ 5 fJ/Vm. Note that the data plotted in figure 5.2¢ is from
two different, but identically prepared samples which were combined in an effort to reduce noise
from random error. The two samples are distinguished here by using different markers (closed and

open circles).
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It is worth noting that the VCMA coefficient determined here of 19 fJ/Vm is significantly
lower than that observed by Bonell ef al. when investigating ultrathin films of FePd on MgO. This
difference is attributed to a number of factors. First, the stacks used by Bonell et al. included a
large polymer layer and the ionic conductivity in that layer was found to enchance the VCMA
effect. The authors report an observed VCMA coefficient of 602 fJ/Vm and also report that the
ionic conductivity likely enhanced the coefficient by a factor of 6. Correcting for that, the VCMA
due to the FePd/MgO interface was likely ~100 fJ/Vm. In addition, in their work, the FePd was
deposited via molecular beam epitaxy (MBE) and the films were made to be 3 atomic layers thick.
This was beneficial for them because both epitaxial films and thin films are more strongly effected
by interfacial interactions such as VCMA. Nanocrystal-based samples on the other hand have
limited interfacial area and are significantly thicker which means that interfacial effects contribute
significantly less to the overall anisotropy. Despite these disadvantages, we were able to observe
VCMA effects in these nanocrystal-based samples.

As mentioned above, nanocrystals offer a method to decreasing bit size and so in order to
further investigate the potential of nanocrystal-based VCMA devices, we investigated the size
dependence of the VCMA coefficient by looking at 5 nm nanocrystals. Samples were fabricated
using the same methods and with the same stack geometry as was used for the 9 nm nanocrystals.
However, the annealing conditions needed to be reoptimized for the smaller particles. We found
that using the same annealing conditions, the observed Kefr was very low in the 5 nm sample. In
order to increase Kefr, a higher applied field of 6000 G (as compared to 3000 G for 9 nm
nanocrystals) was used. Optimization studies also showed that a higher annealing temperature (750
°C) for shorter soak times (30 minutes) was beneficial. It is worth noting that samples annealed

too long had lower Ms values suggesting that the nanocrystals started alloying with the Ta layer.
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Figure 5.3. (a) Room temperature M-H loops of a sub-monolayer of 5 nm nanocrystals
deposited into the same stack as for the 9 nm nanocrystals above: Si/SiO2(100 nm)/MgO(10
nm)/FePd/Ta(10 nm). These stacks were heated to 750 °C in reducing conditions in the presence
of a 6000 G external magnetic field and held at that temperature for 30 minutes. (b) The effective

anisotropy as a function of applied electric field determined in an identical manner as for the 9 nm

nanocrystal sample. Here, the VCMA coefficient was found to be £=36 + 4 fJ/Vm.
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Figure 5.3a shows M-H loops for stacks containing 5 nm nanocrystals annealed at 750 °C for 30
minutes in a 6000 G field. Both the PMA and MS are found to be lower in the 5 nm sample than
in the 9 nm case, which is expected from smaller nanocrystals. The data was analyzed in an
identical manner and resulting plot of Kt versus electric field is shown in figure 5.3b. Note that
since the PMA was lower to begin with, the absolute value of Kefr and therefore the units of the y-
axis are lower. However, the VCMA coefficient was found in this case to be slightly higher
meaning that while Kefr is lower, its dependence on applied field is larger. This result is in
agreement with the idea discussed above that thinner magnetic layers have higher VCMA

coefficients because the interfacial anisotropy becomes more influential in the overall anisotropy.

5.4 Conclusions

Here we have presented the synthesis of FePd nanocrystals with both 5 nm and 9 nm
average diameters. These nanocrystals were then deposited as a sub-monolayer into test stacks and
the effect of applied electric field on the observed magnetic anisotropy was investigated. We found
that both 9 nm and 5 nm nanocrystal-based samples showed observable voltage control of
magnetic anisotropy (VCMA). While the 9 nm nanocrystal sample had a higher perpendicular
magnetic anisotropy than the 5 nm nanocrystal sample, it had a lower VCMA coefficient (19 + 4
fJ/Vm) than the 5 nm nanocrystal sample (36 £ 5 fJ/Vm). The 5 nm nanocrystal sample represents
the smallest elements in which VCMA effects have been reported to be observed. However, it is
important to note that the data presented here characterizes the overall sample, and does not address

individual nanocrystals as individual bits.
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Chapter 6. Synthesis and Magnetic Properties of Magnetically-Hard, .19 FePt Nanorods

6.1 Introduction

FePt nanostructures have been widely investigated for use in the areas of high density data

173, 176, 187 188-190

storage, catalysis and biomedical technology.!8% 1119 The FePt alloy has two
forms: the random alloy structure (A1) and the ordered intermetallic structure (L1o). The Llo
structure is the more widely studied phase and consists of alternating layers of Fe and Pt with a
magnetic easy axis normal to the planes of the layers.!®” Due partially to this layered structure, the
anisotropy constant for L1o FePt is very large (K~1 x 107 Jm™).!7® Due to its large anisotropy
constant, L1o FePt nanoparticles can remain ferromagnetic even at very small sizes (>3 nm).'*?
Previously, robust syntheses have been developed for FePt nanoparticles, but one of the
major challenges in this field has been that as-synthesized, the particles are almost always in the
Al phase which has inferior magnetic properties.!”>176- 179 181,194 The A1 FePt nanoparticles can
be thermally converted to the L1o phase, but this thermal treatment causes agglomeration and loss
of the nanoscale structure.!’® 85 To address this issue, Kim et al. developed a method to
individually coat the A1 FePt nanoparticles with MgO to protect them during the annealing
process.'®> After the particles were thermally converted to the L1o phase, the MgO coating was
then able to be removed, and the particles resuspended yielding dispersible L1¢ FePt nanoparticles.
In an effort to achieve even better magnetic properties, shape effects in FePt nanocrystals
have been investigated as well.!87-191-192.195-202 By creating 1D structures, it is possible to use shape
anisotropy to enhance the overall anisotropy creating structures that are even harder magnetically.
Both nanorods and nanowires have been investigated and it has been found that nanorods (often

defined as 1D structures with a length <100 nm) have higher coercivities often than nanowires

(length >100 nm).'** This is likely due to the fact that nanowires often kink and bend whereas
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nanorods are able to maintain a straight shape. Similar to the nanoparticle case, previous work on
nanorods suffered the same agglomeration problem during the thermal conversion to the L1lo
phase. 187 192, 198-201

Here, we present a synthesis for A1 FePt nanorods in which the rods are grown in a heated
capillary tube yielding straight rods. We then utilize the MgO coating procedure developed by
Kim et al. and thermally anneal the coated rods to create non-agglomerated L1¢ FePt nanorods.
We find that the as synthesizes nanorods are superparamagnetic and the annealed rods in the MgO

coating have a high coercivity. However, we also find that the MgO removal process is slightly

harmful to the nanorods and the coercivity decreases for the MgO-stripped nanorods.

6.2 Experimental Methods

Materials. Iron (IIT) acetylacetonate (%), platinum (II) acetylacetonate (%) and benzyl ether were
purchased from Acros Organics. Iron pentacarbonyl (%), oleylamine (technical grade, 70%),
magnesium (II) acetylacetonate dehydrate (98%), 1,14-tetradecanediol were purchased from
Sigma Aldrich. All chemicals were used without further purification.

Synthesis of FePt nanorods. Iron acetylacetonate (30 mg), platinum acetylacetonate (70 mg) and
oleylamine (20 mL) were added to a 3-neck flask and maintained under flowing argon. The mixture
was heated to 60 °C and held for 10 minutes at that temperature before being increased to 120 °C
at a rate of 10 “C/minute. The reaction was held for 5 minutes at 120 °C before iron pentacarbonyl
(0.1 mL) was injected rapidly. The mixture then stirred an additional 5 minutes and then a capillary
tube (2 mm inner diameter) was inserted and the solution was pushed by the argon through the
tube. The tube was L-shaped. An 8-inch section went into the solution and then outside of the
flask, a 6-inch section was wrapped in heating tape and insulation and kept at 180 “C. The nanorods

are believed to have formed while the solution was flowing through the heated capillary tube. The
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flow rate was kept at 0.5 mL/minute and the final solution was collected in a scintillation vial
(uninsulated) under flowing argon to prevent oxidation. The solution was put into a centrifuge tube
and filled to 40 mL with ethanol and centrifuged at 4000 RPM for 20 minutes. The precipitate was
dispersed in 5 mL of hexanes and then 30 mL of ethanol was added and it was again centrifuged
at 4000 rpm for 20 minutes. A third washing was done identically to the second one and the rods
were then stored under argon for future use.

We found that the capillary tube helped to create straight rods, but rods with some curves
can be synthesized without the capillary tube in a more traditional, one-pot synthesis. In that
synthesis, the procedure remained the same through the injection of the iron pentacarbonyl. In the
one-pot synthesis, immediately after the injection, the flask was heated at 10 °C/min to 180 °C and
then allowed to react at that temperature for 10 minutes before being quickly cooled to room
temperature. The washing procedure remained the same for both syntheses.

MgO Coating. The nanorods were coated in MgO following the procedure developed by Kim et
al.'® Briefly, magnesium acetylacetonate dihydrate (517 mg), 1,14-tetradecanediol (923 mg), oleic
acid (1.2 mL), oleylamine (1.3 mL), and benzyl ether (20 mL) were added to a 3-neck flask under
argon and magnetically stirred. The solution was heated to 80 "C and held there for 10 minutes.
FePt nanorods (~100 mg in 5 mL of hexanes) were rapidly injected and the solution was stirred
vigorously as the temperature was increased to 120 °C and held for 20 minutes. The stirring was
then returned to a medium setting and the solution was heated to 298 °C and held there for 1 hour
before being cooled to room temperature. The coated rods were washed using the same procedure
as above and then stored in hexanes for further use. Note that it was helpful to store the coated

nanorods in a minimal amount of hexanes because the next step required evaporating the hexanes

off.
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Annealing the MgO-coated rods. To anneal the coated nanorods, they were deposited into a
ceramic boat and the hexanes were allowed to evaporate off. Once the coated rods were fairly dry,
they were annealed in a tube furnace under flowing forming gas (5% Haz, 95%N5). The temperature
was increased from room temperature (~20 “C) to 750 °C at a rate of 100 °C/hour and held at that
temperature for 7 hours before being cooled down to room temperature. To cool, the oven was set
to stop heating, but remained closed and was left to cool naturally. The powder was then scraped
from the ceramic boat and handled in air.

Removal of the MgO-coating. The MgO coating was removed also according to the procedure
outlined by Kim et al.'®® Briefly, the powder of converted rods was added to a mixture of 5 vol%
aqueous HCI (5 mL) and toluene containing oleic acid and 1-heptadecanethiol (HDT, 5 mL). The
toluene solution was made by adding 1 mL of oleic acid and 1 mL of HDT to 50 mL of toluene
and mixing well. The oleic acid is expected to bind to surface iron atoms and the HDT to surface
platinum atoms. The MgO-stripped rods were never able to stay dispersed in solution, likely due
to strong magnetic interactions causing agglomeration. In order to prepare the TEM grid to image
these rods, a dilute solution of the rods was made and sonicated for 5 minutes and then a drop was
immediately deposited onto a waiting TEM grid which was on top of a magnet. The hope was that
the magnet would pull the rods onto the grid before they had time to agglomerate. TEM grids
prepared with the magnet and sonication were unusable due to magnetically induced aggregation.
Characterization. An FEI T12 Quick CryoEM and CryoET transmission electron microscope
(TEM) operating at 300 kV was used to characterize the nanocrystal size. X-ray diffraction patterns
were the result of 2D grazing incidence wide angle X-ray scattering experiments (GIWAXS)
performed at the Stanford Synchrotron Radiation Lightsource (SSRL). These experiments were

carried out using beamline 11-3. The resulting 2D images were integrated to create the 1D patterns
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presented here. The magnetic properties were characterized using a Quantum Design MPMS

superconducting quantum interference device (SQUID) magnetometer.

6.3 Results & Discussion

Figure 6.1a shows a cartoon schematic of the experimental reaction setup. As described
above, the reactants were mixed at 60 °C and then held at 120 °C for 5 minutes before the Fe(CO)s
was injected. The reaction then stirred for 5 minutes at which point the capillary tube was pushed
into the liquid and the back pressure from the flowing argon pushed the solution through the tube.
The capillary tube was heated using heating tape and kept at the reaction temperature, 180 °C. The
solution was pushed though the capillary which had an inner diameter of 2 mm at a rate of 0.5
mL/minute. We believe that the capillary tube aids in the nanorods synthesis is a couple of ways.
First, the laminar flow through the capillary can encourage a more oriented growth compared to
the turbulent flow of liquid being stirred in a round-bottom flask, yielding straighter rods. Second,
within the capillary tube, heating can be more evenly than in a heated flask, promoting more
uniform growth. Finally, typical syntheses utilize magnetic stirring, but in the capillary tube, the
reaction happens without magnetic fields present, although it is unclear how those fields affect
nanorod formation.

We have identified three other important factors for nanorod growth: iron precursor, ligand
choice and reaction time. Most previously published syntheses use Fe(CO)s as the iron precursor.
We found that at first, Fe(CO)s worked very well, but as the precursor aged, it degraded and over
time, the synthesis stopped producing rods and instead produced particles. In order to develop a
more robust synthesis, we began using Fe(acac); instead, as was done by da Silva et al.'>> We
found that using Fe(acac); alone, it was difficult to synthesize nanorods or nanowires suggesting

either that the CO molecules are beneficial or that too much acetylacetone is detrimental to the
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Figure 6.1. (a) Cartoon schematic of the capillary reaction apparatus. TEM images of (b) As
synthesized FePt nanorods, (¢) MgO coated FePt nanorods, (d) annealed and MgO stripped FePt

nanorods.
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formation of rods. It has been previously shown that CO can be very active in nanocrystal synthesis

by passivating certain crystal faces," 203

so it is possible that CO is promoting rod growth here.
Since Fe(CO)s was found to be important for shape control, our final synthetic procedure utilized
a combination of Fe(CO)s and Fe(acac)s. The Fe(acac); enhances the robustness of the synthesis
by limiting the dependence on Fe(CO)s, which while important for rod growth, caused
reproducibility issues as it degraded overtime.

Ligand choice and reaction times were also found to be very important to nanorod
formation, consistent with previously published work.!87: 191-192. 195, 198-201 [t iq known that

oleylamine forms 1D micelles!'8”-2%

which can help support 1D growth in FePt nanostructures. In
previous work, oleic acid was used in conjunction with oleylamine to break up the micelles. This
meant that the ratio of oleic acid to oleylamine could be changed to tune the size of the final
nanorods with more oleylamine yielding longer structures.!®”- 18290 We also found that reaction
time could be tuned to control nanorod length. Previously, Liao et al. investigated the reaction
mechanism of 1D FePts nanostructures.?* They found that the reaction began with the formation
of spherical particles and then those particles chain together to form rods and wires. In that work,
they found that once rods began to form, the process was very quick. If our synthesis proceeds
through a similar mechanism, then there should be a narrow time window in which rods should be
the primary product. Here, we chose to use only oleylamine which should promote longer rod
growth and balance that with short reaction times which favor shorter rod formation. We would
like to note that we were also able to grow nanorods using 1:1 oleylamine to oleic acid and longer

reaction times (30 minutes at 180 °C) using a one-pot synthesis without the capillary tube. This

suggests that both ligand choice and reaction time can be used to promote nanorod formation.
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Figure 6.1b shows a TEM image of the nanorods as-synthesized using the capillary tube
synthesis. Note that both nanorods and spherical nanoparticles were formed, which is consistent
with the mechanism published by Liao ef al., although we cannot be sure of the mechanism from
this data.?’* These rods were coated in MgO following the procedure developed by Kim et al.'%
A TEM image of the MgO coated rods can be seen in figure 6.1c. The almost fluffy-looking, round
structures are the MgO coating and the nanorods are darker and can be seen within the MgO. The
coated rods were annealed in forming gas for 7 hours at 750 °C after which the MgO was removed
using a procedure also used by Kim et al.'®® The MgO was removed using a dilute acid solution
and at the same time, a ligand containing toluene solution was present in an effort to ligate the
MgO-stripped rods to stabilize them and make them dispersible in solution.

Figure 6.1d shows a TEM image of the MgO-stripped nanorods. It is clear from this image
that the nanorods are aggregated. We were unable to get the MgO-stripped rods to stay dispersed
in solution and we believe that at least part of the reason for that is magnetic interactions between
the rods. The TEM grid was prepared, as described above, using a dilute solution of rods after
sonication and the grid was on top of a magnet in an effort to get the rods to stick to the grid before
they could aggregate. While the image in figure 6.1d still shows aggregation, it is important to note
that this is an improvement over grids prepared without the magnet and sonication which were
unusable due to aggregation. It also appears that there are more particles after the MgO removal
which could be within random sampling error, or could be due to the MgO removal process
destroying some rods. While the acid is intended to only remove the MgO, it can also degrade the

FePt.
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Figure 6.2a shows x-ray diffractograms for the nanorods at various stages in the process.
The bottom diffraction pattern is from the as-synthesized nanorods (black), followed by MgO-
coated rods (green), followed by annealed rods still in MgO (blue) and finally MgO-stripped rods
(red) on top. The diffraction pattern of the as-synthesized rods confirms that they are in the Al
phase. Upon coating with MgO, the FePt Al peaks remain and MgO peaks can be seen. After
annealing at 750 °C for 7 hours, the MgO peaks remain and now peaks corresponding to the L1o
phase of FePt are present (red stick pattern). After the MgO is removed, the FePt retains the L1o
structure and the MgO peaks are almost, but not entirely, gone. This suggests that both the thermal
conversion of the FePt from Al to L1o was completed and that the MgO was removed without
affecting the L1y structure.

Next, we investigated the magnetic properties of the nanorods. Figure 6.2b shows the
magnetic hysteresis loops of the nanorods at various stages. The as-synthesized (A1) nanorods
(black line) are superparamagnetic, which is expected for A1 FePt nanostructures. After the
particles are annealed at 750 °C for 7 hours, and while still in the MgO coating (blue, dashed line),
the L1o nanorods have a large coercivity of 19.9 kOe. This is higher than most previously reported
values for L1¢ FePt nanorods and nanowires which range from 1.5 kOe to 19.5 kQe, !87: 198-199. 201
In these reports, the annealing was done without a protective MgO coating, in forming gas between
650-750 °C for 1 hour. It is worth noting that our values are lower than one report we found.
Poudyal et al. reported coercivities as high at 25 kOe for nanowires annealed at 700 °C for 1 hour
and deposited on a silicon substrate for the magnetometry measurements.'”® However, in that
work, there is still significant sintering of the nanorods.

The MgO-stripped nanorods are found to have a lower coercivity (17.1 kOe) than those

still encased in MgO. There are two possible reasons for the decreased coercivity: surface effects
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Figure 6.2. (a) X-ray defractograms of FePt nanorods at various stages of preparation. (b) Room
temperature magnetic hysteresis of as synthesized (solid black), MgO coated and annealed (dashed
blue), and MgO stripped (solid red) FePt nanorods.
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from the MgO enhanced the coercivity or the FePt nanorods were negatively impacted by the MgO
removal process. As discussed above, the acid treatment used to remove the MgO can be harmful
to FePt, so that likely played some role in the coercivity reduction. However, since the nanorods
generally maintained their structure, as evidenced by the TEM image in figure 6.1d, it would
appear that the negative effects from the acid treatment were minimal. For this reason, we believe

that most of the difference in coercivity between those samples was caused by surface effects.

6.4 Conclusions

Here we have presented a new synthesis for FePt nanorods in which a traditional flask-
based nanocrystal synthesis was modified such that the final nanorod formation was done in a
heated capillary tube. Those nanorods were then coated in MgO according to a previously
published procedure and annealed to convert them to the more magnetically hard L1o phase. The
MgO coating prevented sintering during the annealing process and was then removed leaving
uncoated, L1o FePt nanorods. We found that the annealed rods with MgO still attached had a room
temperature coercivity of 19.9 kOe, which is higher than most previously reported annealed FePt
nanorods. However, in previous work on FePt nanorods, the rods were annealed without a coating
and significant sintering occurred. To our knowledge, this is the first instance of FePt nanorods

fully thermally converted to the L1 phase with maintenance of the nanoscale structure.
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