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Magnetically-active nanocrystals have long attracted significant attention for their prospective
applications in spintronics and other emergent technologies. Additionally, nanocrystals doped with
magnetic impurities are also of interest for various phosphor, and other opto-electronic technologies.
In order to improve and facilitate the use of these materials for devices, a thorough understanding of
their electronic and magnetic properties is needed. Here, we explore the incorporation and speciation
of transition metal-dopants in luminescent nanocrystals by taking advantage of their magnetic
properties, as well as the effects of size confinement on the magnetic properties of nanocrystals.
Chapter 1 introduces nanocrystals with magnetically-active dopants, explores the spectroscopic
techniques used to investigate said nanocrystals, and expands upon the evolution of magnetism upon
size confinement. Chapter 2 investigates through a combination of electron paramagnetic resonance

(EPR) and photoluminescence spectroscopies the speciation of Mn** dopants in halide perovskite



nanocrystals during typical post-synthetic anion exchange manipulations. This study reveals that
during the anion exchange process, Mn** dopants cluster into regions of high lighter-halide (i.e., CI-
ions) concentrations forming antiferromagnetic domains. Chapter 3 discusses using variable-
temperature magnetic circular dichroism (MCD) spectroscopy to study the magnetic band gap
splittings in colloidal EuS and EuSe nanocrystals as well as EPR spectroscopy to investigate the
magnetization of EuS nanocrystals and the role trivalent impurity ions have on this magnetism. These
studies document the giant band-gap splittings in europium(Il) monochalcogenide nanocrystals as
well as reveal how common approaches for mediating the magnetic ordering temperature (Curie
temperature) of bulk EuS may not be suited for accomplishing the same in nanocrystals. This latter
study also addresses what role of trivalent impurity ions play in the magnetization of EuS nanocrystals.
In Chapter 4, we introduce the first preparation of nanocrystals of the chromium trihalides (Br~, I7).
These materials have been shown to have layer-dependent magnetism as exfoliated bulk materials. We
show that these effects also apply to nanocrystals of the materials though magnetic circular dichroism
spectroscopy measurements. We additionally investigate the effects of lateral size miniaturization. In
short, this work focuses on using unique magnetic spectroscopic tools to investigate the properties

opto-electronic and magnetic properties of materials at the nanoscale.
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Chapter 1:  Introduction

1.1 Overview

Semiconductor nanocrystals (NCs) have attracted considerable research attention for their potential
in several applications such as in solid-state lighting, solar energy conversion, and bioimaging.' The
desired properties of NCs for these various applications can further be tuned through the introduction
of impurity defects, or dopants.”!'" For example, dopant ions can impart new luminescence pathways
in NCs that then affect how these materials are used in lighting and phosphor technologies. In order
to fully utilize these materials, a thorough understanding of their electronic and magnetic properties,
including how these can be further tuned through strategies such as doping, is required. First, we begin
with an introduction to the general effects of doping NCs with transition metals and lanthanide ions,
paying particular attention to the effects of doping paramagnetic ions. Second, the effects of size
confinement on fundamental magnetic properties will be introduced. This will involve a discussion of
how one of the most distinct “defects” in NCs, the surface, affects magnetic properties. Third, we will
discuss how magnetic spectroscopies can be used to study these systems. This section will introduce
the fundamentals of electron paramagnetic resonance (EPR) spectroscopy and how, in conjunction
with magnetic circular dichroism (MCD) spectroscopy, it can be used to elucidate the long-range
magnetic ordering properties of NCs. We demonstrate that these tools can provide magnetic
information as well as information about the speciation of dopants in NCs. This work is intended as
an overview of the types of effects that incorporating magnetic dopants and modifying other types of
defects have on the electronic and magnetic properties of NCs with particular focus on the

spectroscopies used.

1.2 A brief introduction to doping nanomaterials with magnetically-active impurities
1.2.1  Doping nanocrystals for luminescence applications

Photoexcitation of semiconductor NCs moves an electron from the valence band (VB) to the
conduction band (CB) forming an excitonic excited state. In undoped NCs, this excited state
commonly relaxes to the ground state either through emission of a photon, or through various
nonradiative processes such as ones involving additional trap states that may be present in the system
(Scheme 1.1).° When luminescently-active dopant ions, often referred to as activators, are incorporated
into these NC systems, they introduce new pathways for the relaxation from the excited state to the
ground state. Two well-studied examples of transition metal dopants for this process are Mn** and
Cu+.11—14

Cu" incorporation in NCs introduces a well-defined “engineered” hole trap to the electronic

structure. With this Cu* hole trap state present, the excitonic state formed upon photoexcitation of



Cu’-doped NCs first relaxes nonradiatively to the Cu* hole trap state and then subsequently radiatively
to the ground state." This process results in luminescence that is both considerably red-shifted from
that of the exciton and very broad, a result of the large reorganization energy associated with this
transition." This process is depicted below in Scheme 1.1. In contrast, Mn** activator NC systems do
not introduce a specific Mn-based trap to the electronic structure. Rather, Mn?* dopants introduce

Mn?*-based 4~ states that can be activated through an energy transfer processes as depicted below in
Scheme 1.1."2

Scheme 1.1 Common photoluminescence mechanisms in doped-nanocrystals.
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To further expand upon this process, we can use the example of Mn?*:CsPbCl; NCs, a doped-
perovskite NC material that is attracting interest for its possible use in LEDs and other phosphor-
based technologies.'*'*'® This system is similar to the generic case described above; however, there is
an additional intermediate charge-separated state that is needed for the energy transfer process."” From
the exciton state there are three competing pathways for relaxation. First, the exciton can just relax
(either radiatively or nonradiatively) to the ground state. Second, it can directly transfer energy to an
excited Mn**-based state. Last, it can undergo a thermally-activate exciton fission process to populate
a charge-separated state. This charge-separated state can then undergo energy transfer to the excited
Mn?*-based state. Once the Mn**-based state is populated, emission from that state to the ground state
can occur and this results in the characteristic Mn**-centered luminescence in these materials. This
process is depicted below in Figure 1.1a. The competition between the two radiative recombination
pathways in this material can then be modulated by varying the concentration of Mn** dopants. This

effect is visually depicted in Figure 1.1b.
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Figure 1.1. Luminescence in Mn?":CsPbCl; NCs. (A) Luminescence sensitization scheme
for Mn*:CsPbCl; NCs depicting the role of the charge-separated state to sensitizing Mn**
emission. (B) Photograph of Mn*:CsPbCl; NCs under UV excitation as the concentration
of Mn** doped is varied. Adapted with permission from ref. 19. Copyright 2017 American
Chemical Society.

1.2.2 Doping nonmagnetic nanoc;ysm/s with magnetic impurities

In addition to introducing new luminescence pathways in NCs, Mn** dopants can also impart new
magnetic properties.”>* Mn** jons in semiconductor NCs typically have a high-spin, paramagnetic,
d’ electron configuration. II-VI semiconductor NCs (i.e. I = Zn, Cd, Hg, VI = S, Se, Te) doped with
Mn?* are characteristic dilute magnetic semiconductors (DMSs).** These DMS materials display
unique magnetic properties resulting from the incorporation of the magnetically-active Mn** dopants.
These systems have demonstrated spin-glass transitions at low temperature.”** Moreover, the magnetic
Mn?* dopants lead to an exchange interaction between the host NC and the dopant. In the case of
Mn?+:II-VI NCs, this exchange is between the sp band electrons of the parent host and the 4 electrons
of the dopant Mn* ions and is referred to as sp-d exchange.” This exchange mechanism leads to
properties such as large Zeeman band splittings, giant Faraday rotation, and magnetic polaron
formation in addition to other effects.”>”** The strength of this exchange interaction depends on the
covalency of the material.?* This exchange interaction tends to be stronger in more covalent materials
like II-VI semiconductors.

In contrast, perovskite NCs of the form CsPbX; (X = Cl, Br, I) are highly ionic materials."
Due to this high ionicity, any exchange interaction between a Mn** dopant and the host lattice (which
in this case would take the form of pp-d exchange rather than sp-4 exchange owing to the nature of the
bands in the perovskite material) is expected to be very weak, and these DMS properties will not be
realized. However, the exchange interaction between Mn** dopants (Mn**~Mn?** exchange) will still
be present and will depend on the concentration of Mn** in the lattice due to changes to the

distribution and spacing of Mn** dopant ions.
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Figure 1.2. Dimers in Mn?":CsPbCl; NCs. (A) Mn?** Dimer probability in CsPbCl; as a
function of Mn** concentration. (B) Photoluminescence decay curves measured for
Mn?*:CsPbCl; with varied Mn** concentration. Mn** concentrations are given in the panel
as a percentage of lead-site occupancy. Panel B adapted with permission from ref. 19.

Copyright 2017 American Chemical Society.

Figure 1.2a above illustrates the increase in the concentration of Mn**~Mn?* dimers with
increased concentration of Mn?*. These dimers have two main effects on the properties of
Mn?*:CsPbX; NCs. The first affects the Mn**-centered luminescence. The luminescent transition in
Mn?*:CsPbX; NCs of isolated [MnCls]* octahedra can be expressed as (*Tiu|°As). This Mn** d-d
transition is formally forbidden. As a result, the lifetime of this transition is quite long, typically on
the order of milliseconds.'?® In contrast, the luminescent transition of Mn** dimers can be expressed
as (“Ti,, “Aidul°Ay, , °Asp). This transition picks up some spin allowedness through an exchange
interaction; this process is known as the Tanabe mechanism of intensity gaining, and manifests as a
shortening of the Mn** luminescence lifetime.”’?* Figure 1.2b shows the shortening of the Mn**
luminescence decay curve as the concentration of Mn** in the CsPbCl; NC lattice increases. Dimer
formation contributes to this, but is most likely not the dominant reason for the lifetime shortening.
The dominant effect is most likely luminescence concentration quenching as increased Mn**
concentration increases the probability that the energy of the Mn**-based excited state can transfer
amongst Mn** dopants in the NC and is ultimately quenched by some nonradiative process or trap.”

The second main effect of Mn** dimers in perovskite NCs involves the overall magnetic
ordering of the material. Isolated Mn** dopants are paramagnetic impurities, while the magnetic
ordering of Mn** dimers depends on the overall sign and magnitude of the exchange interaction. In
perovskite NCs, this exchange interaction leads to an overall antiferromagnetic ordering between
nearest-neighbor Mn?* jon pairs. This difference in magnetic ordering can be easily observed
experimentally through EPR measurements. The paramagnetic Mn** dopants will have a large signal
that is observable at room temperature, while the antiferromagnetic Mn** pairs will be EPR silent. As
the concentration of Mn** in CsPbCl; increases, the prevalence of manganese clusters containing
Mn?*— Mn?** nearest-neighbor antiferromagnetic interactions increases, and the observed EPR signal
will decrease. We have recently observed that the concentration of these EPR-silent Mn** clusters can

also be tuned by varying the anion composition and have used EPR measurements to study the



thermodynamic processes driving this process, which have ramifications for doped-perovskite NCs in

general. This work will be presented in Chapter 2.

1.2.3 Tuning properties of magnetic nanocrystals via doping

We have so far introduced how dopant ions in NCs can impart new luminescence properties and how
magnetic dopants can impart new magnetic properties and provide an additional handle to study
fundamental properties of the host material. Now, we turn to how dopants can be used to modulate
already magnetic nanomaterials.

The divalent europium chalcogenides are a classic example of magnetic semiconductors. In
comparison to DMSs, where magnetic properties are introduced into the material via a magnetically-
active impurity, these materials are intrinsically magnetic. The europium(II) chalcogenides have a rich
diversity of magnetic ordering behavior ranging from antiferromagnetic to metamagnetic and
ferromagnetic with ordering temperatures ranging from 5 K (EuSe, 7x) to 69 K (EuO, 7¢).** These
materials display a high degree of spin polarization® resulting from a ferromagnetic band gap splitting,
and have attracted attention for “spin-filtering” applications.*® This band gap splitting will be further
discussed in Chapter 4. There has been considerable work done to raise the ordering temperatures of
the europium(II) chalcogenides, with particular focus on EuS and EuO.**% In bulk systems of EuS
and EuO, this has been realized through the incorporation of excess itinerant electrons.>*¥ Excess
carriers enhance the indirect exchange in the materials, resulting in an increased Curie temperature
(7¢).>*3%% These carriers can be introduced through doping with either trivalent lanthanide ions or
halide ions.** Of these two approaches, doping with trivalent lanthanides, typically Gd*, is more
common. As Gd** is doped into bulk EuS, there is an increase in 7c until a critical dopant
concentration; past this concentration, 7¢ decreases until the material becomes overall
antiferromagnetic and more similar in magnetic behavior to GdS. This is depicted below in Figure

1.3.



-20 - Eu,.,6d, S -

¥

~ -40 |- ]
-60 |- -
-80 | -
~-100 - -1
-120

0o 2 4 6 8 10
EuS

Figure 1.3. Ordering temperatures for Eui..Gd,S. Curie-Weiss constant (open circle),

Curie (open square) and Néel (open triangle) temperature for Eui.Gd.S as a function of

Gd* content. Figure reprinted from Ref. 34, with permission from Elsevier.

This Gd** doping approach has not only been used to tune 7¢ of bulk EuO and EusS, but also
to tune 7c of EuS NCs.*#2 Although a modest increase in 7c upon Gd** incorporation in EuS NCs
has been reported, it remains unclear if the mechanism for this effect (i.e., introduction of free carriers)
is the same in the NC systems compared to the bulk. We will expand upon approaches to introduce
free carriers into EuS NCs in Chapter 3.

As the concentration of a dopant in a material continues to increase, it becomes no longer
advantageous to think of the system as that of a doped material but rather as that of an alloy or solid
solution between the undoped host material and the analogous dopant-based material. The formation
of these solid solutions is commonly used to tune the band gap between two semiconductors (e.g.,
solid solutions between CsPbBr; and CsPbls) in a process known as band gap engineering. An
analogous approach can be used to tune the magnetic ordering properties of two different materials.
This approach has been utilized in tuning the magnetic properties of the chromium trihalides,
specifically between that of CrCls and CrBrs.® We will show that the magnetic properties of Crl;

nanoplatelets can also be tuned through forming solid solutions with CrBr; in Chapter 4.



1.3 Size effects on magnetic properties

1.3.1 Overview of superparamagnetism

A ferromagnetic particle consists of several magnetic domains separated by domain walls. Within each
domain, all spins are aligned in the same direction. However, the spin direction between domains is
not aligned. An external magnetic field is required to align the spins of the individual magnetic
domains within the particle and in turn generate a net magnetization. As the size of the magnetic
particle decreases, it is more energetically favorable for the particle to support fewer magnetic domains.
Eventually, the particle can only support a single magnetic domain. In this state, there is no barrier to
magnetization reversal and the particle is considered superparamagnetic. This is depicted schematically
in Scheme 1.2 below. Superparamagnetic particles have found use in several vital medical applications

44-45

such as MRI contrast agents*** as well as in more experimental medical applications in treating cancer

(i.e., magnetic hyperthermia). ¥

Scheme 1.2. Evolution of superparamagnetism
Ferromagnetic Superparamagnetic

Many domains Single domains

Decreasing particle size

Domains form in magnetic particles in order to minimize the overall energy of the system.
Specifically, the overall energy of magnetic domain formation is affected by exchange energy,
magnetostatic energy, magnetic anisotropy energy (magnetocrystalline and magnetoelastic
anisotropy), and Zeeman energy. When spins in a particle align (an effect of exchange and magnetic
anisotropy interactions) they generate an internal magnetic field. This field contains some amount of
magnetostatic energy which destabilizes the system. To balance this destabilizing magnetostatic energy,
a magnetic particle subdivides into several domains with different spin directions that are separated by
domain walls. This lowers the overall induced magnetic field and therefore the magnetostatic energy.
However, the formation of the domain walls incurs an energy cost. In a domain wall the individual
spins gradually transition from the direction of one domain to that of the next domain and this gradual

change in spin alignment costs some exchange and magnetocrystalline anisotropy energy. At a critical



size, the energetic cost of domain wall formation outcompetes the benefit of domain formation
resulting in a single-magnetic domain particle. It is at this size that a particle can be superparamagnetic.

In a superparamagnetic particle, the magnetization direction can flip (typically either parallel
or antiparallel to the easy axis) rapidly due to thermal fluctuations. Because of this, the particle appears
to have no net magnetization. For this to happen, the thermal energy of the system must be sufficient
to overcome the energy barrier to magnetization reversal (i.e., the energy associated with changing the
magnetization direction 180°) otherwise the particle is considered “blocked.” Equation 1.1 defines

this energy barrier to magnetization reversal. Here, K represents the magnetocrystalline anisotropy

EMag. reversal = KV (1.1)

constant of the material and V represents the particle volume. We therefore see that as the particle
volume decreases, the energy barrier decreases. At some point the energy barrier will be on the order
of ksT and the particle will not be blocked. This relation between volume and blocking temperature
will be further discussed in Chapter 4 with respect to Crls nanoplatelets.

1.3.2 Surface effects on magnetization

As the size of a particle enters the nanoscale, the surface-to-volume ratio drastically increases. This can
have a profound impact on a material’s physical and chemical properties. This increase can be an
advantage for certain applications, particularly for catalysis with noble metal nanoparticles where the
relative increase of a catalytically-active surface allows for a decrease in the total mass of catalyst
needed.***” NC surfaces are often more mobile and disordered and this can facilitate new reactivity.”
These surfaces contain a large amount of dangling bonds, that is, undercoordinated and unpasivated
surface sites. These sites can have several deleterious effects on a NC’s optical properties such as
introducing traps and lowering quantum yield.’* Moreover, it is these undercoordinated and
unpasivated surface atoms that can have strong effects on a material’s magnetic properties. The
exchange interaction of surface atoms will be different from that of core atoms because of this
difference in local bonding structure. This local difference in exchange interactions means that the
overall exchange energy of a particle and resulting magnetic properties will be affected by the
composition of surface sites.

Figure 1.4 below shows the percentage of edge sites in a hexagonal nanoplatelet of Crl; as a
function of nanoplatelet diagonal. This system is experimentally investigated in Chapter 4. The Cr
edge sites in this crystal are undercoordinated and this effects their contribution to the overall
magnetization. As the size of the nanoplatelet decreases, particularly below 10 nm, edge site Cr
contributions should begin to dominate the magnetic properties of the material and this will affect
such things as Curie and blocking temperature as well as overall net magnetic moment. In the case of
Crls nanoplatelets, we also hypothesize that these edge sites can affect the overall magnetic ordering

between layers. Because of the undercoordination of edge Cr sites, the spin direction of these edge



sites is not pinned in the same way as internal Cr sites. This suggests that it may be possible for the

spin direction of an individual Crl; layer to more easily flip direction as edge sites begin to dominate.
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Figure 1.4. Percent of edge sites in a hexagonal nanoplatelet. The effect of nanoplatelet
diagonal on the percentage of edge sites in an idealized Crl; nanoplatelet.

The surface of a NC is also more susceptible to oxidation than the core. This is especially
problematic for NCs composed of redox-active metals such as Fe*"**, Sm?3*, and Eu?*?*. This case is
investigated in Chapter 3 as applied to Eu**S NCs. In such NCs, the surface can be heavily oxidized
to Eu’. This trivalent europium does not participate in the same way as the divalent europium to the
overall magnetization and instead acts to dilute it. Eu** also has considerable spin-orbit coupling
compared to Eu*’, which can affect the spin-lattice relaxation of the NC system. This is observed

experimentally in the ferromagnetic resonance experiment discussed in Chapter 3.

1.4 Applying spectroscopic tools to study magnetization
1.4.1  Electron paramagnetic resonance spectroscopy of magnetic and doped inorganic nanocrystals

Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool for investigation of NCs with
paramagnetic dopants such as Mn** or magnetically ordered NCs. The EPR experiment, at its most
basic, measures the amount of microwave radiation absorbed by a system as a function of applied
magnetic field. In principle, all paramagnetic (/ # 0) metal ions can give an EPR signal; however, in
systems with large spin-orbit coupling or large zero field splittings, signals are only observed at liquid
helium temperatures and/or with high resonance energies, sometimes outside of the microwave region.
Significant spin-orbit coupling results in fast spin-lattice relaxation (77) times, which are inversely
proportional to EPR linewidth and lengthen as temperature is lowered. As a result, in systems with
significant spin-orbit coupling (e.g. Co*) the EPR signal is “broadened out” at room temperature (i.e.

unobservable) but can be detected at liquid helium temperatures where 77 increases.”



EPR of doped nanocrystals is particularly powerful as it can provide information about the
local coordination environment of the magnetically-active dopant. A significant amount of this
information is contained in the hyperfine splitting. Figure 1.5 illustrates this splitting for a simple
octahedral Mn** § = 5/2 system. In Figure 1.5a, the Zeeman splitting for the octahedral S = 5/2 system
with an X-band resonance condition is plotted with no additional spin parameters. In this case a single
resonance would be observed corresponding to the AMs = £ 1 transitions. The electron spin of the ion,
S, can then interact with the nuclear spin of the ion, I. The hyperfine interaction Hamiltonian can be
expressed as in eq. 1.2 below where / and § are the nuclear and electron spin operators respectively
and A is the hyperfine coupling constant. For Mn?* as in Figure 1.5, the nuclear spin, I, is 5/2.

A

A=4A-1 (1.2)

This nuclear spin will couple to the electron spin and split each individual A/ line into six lines
corresponding to -M;— +M. This is depicted below in Figure 1.5b,c. This splitting then results in
experimentally observing six lines that satisfy the resonance condition. This is depicted by the six
vertical red lines in Figure 1.5b,c below. The energetic separation between each line then corresponds

to the hyperfine coupling constant.
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Figure 1.5 Energy level splitting for a simulated octahedral Mn*, S = 5/2 system. (A)
Zeeman splitting for a simulated octahedral Mn*, S = 5/2 system with no additional spin
Hamiltonian parameters (e.g. zero-field splitting). A single resonance is observed. (B)
Simulated energy level splitting for a simulated octahedral Mn*, S = 5/2 system with the
addition of a 200 MHz hyperfine splitting. Six resonances are observed. (C) Magnification
on the Ms = -5/2 to Ms = -3/2 transition with the addition of the hyperfine splitting. Each
individual total spin state is labeled for both electron spin, A, and nuclear spin, M. The red
lines show the transitions that satisfy the selection rule AMs = £ 1, AM; = 0. The energy level
splitting is calculated using EasySpin.*

The hyperfine coupling constant provides information about the covalency of the system.
Generally, the hyperfine coupling constant decreases as covalency increases.”” The hyperfine splitting
for Mn** in various lattices is summarized below in Figure 1.6 where this negative dependence on
covalency is demonstrated. Here, the x-axis represents the covalency of the lattice calculated from
electronegativities®® and the y-axis gives the hyperfine coupling constant for Mn** in units of
10% cm™. In Chapter 2, an analysis of the evolution of the hyperfine coupling constant in
Mn?*:CsPb(CliBry)s NCs is used to understand the identity of the coordinating anion during the
anion exchange process. The hyperfine coupling constant can also provide information about NC
dopant incorporation. The surfaces of NCs are often passivated by several different types of ligands
with carboxylate groups representing a common type of ligand. Mn** on the surface of a NC will be
affected by the presence of these hard carboxylate ligands that result in a less covalent environment for
the Mn?* ions than the core of the NC. Therefore Mn** on the surface of NCs often displays a different
hyperfine splitting than core Mn** and by using this information one can understand if Mn** is

successfully incorporated into the NC lattice.”
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Figure 1.6 Mn** hyperfine coupling constant dependence on covalency. The hyperfine
coupling constant, |4| of Mn?* as a function of the covalency parameter, ¢, determined from

electronegativities divided by the number of ligands. Hyperfine coupling constant of Mn**
in halide perovskite lattice as experimentally measured and discussed in Chapter 3
are marked with red stars. Figure reprinted with modification from Ref. 58, with
permission from Elsevier.

In addition to the hyperfine coupling constant, zero-field splitting (ZES) also provides
information about the local coordination environment of the EPR-active dopant. ZES is a splitting of
the electronic state in the absence of any applied magnetic field. This often occurs because of spin-
orbit coupling or spin-spin coupling and is often accompanied by a geometric distortion. Figure 1.7a,b
illustrates the effects of a rhombic ZFS on the ground state energy levels of a S = 5/2 system (z.e. Mn**)
and Figure 1.7¢,d show the effects of a rthombic ZES on a simulated Mn** EPR spectrum. Here, we
see that the ZFS result in additional splittings in the EPR spectrum and it is in fitting these splittings
that ZFS is experimentally measured. Through determination of the ZFS, changes to local geometry
can be calculated. This has been performed in the case of several perovskite lattices doped with
magnetically-active impurities (Mn?**, and Gd*) and investigation of the temperature-dependent ZFS

in these systems was used to determine the phase transitions of the host lattice®*®

with greater
sensitivity than traditional thermal analysis approaches.®’ As applied to NCs, EPR spectroscopy
provides significant information about the local environments of dopants via parameters such as
hyperfine coupling and ZFS and as such is an indispensable tool in the investigation of how dopants

are incorporated into NCs and how changes to the NC can affect things such as dopant speciation.
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Figure 1.7 Simulated effect of ZFS on the Mn** spin system. (A) Simulated energy level
splitting for a Mn**, S = 5/2 system with no additional spin Hamiltonian parameters. (B)
Simulated energy level splitting for a Mn*, S = 5/2 system with the addition of a rhombic
ZFS. For simplicity, the hyperfine interaction is omitted in (A) and (B). (C) Simulated Mn**
EPR spectrum without any added ZFS. A hyperfine splitting of 240 MHz is included. (D)
Simulated Mn?* EPR spectrum with a rhombic ZFS. A hyperfine splitting of
240 MHz is included and values for D (126 MHz) and £ (20 MHz) are taken from the
literature for Mn?":CsPbCL.*° Energy level splittings and spectra are simulated using
EasySpin.*®

As EPR spectroscopy is an absorptive technique, the Beer-Lambert law can be applied.
However, rather than provide information about a molecule or material’s concentration in solution as
typically accomplished when applied to UV/Vis spectroscopy, applying the Beer-Lambert law to EPR
spectroscopy provides information about the amount of spins present, or magnetization, and is usually
referred to as spin quantification. EPR spectra are typically plotted in the derivative mode as
demonstrated below in Figure 1.8a for a Mn** system. To perform spin quantification, the spectrum
needs to be integrated twice. The first integration yields the EPR spectrum in absorptive mode. This is
shown below in Figure 1.8b. This is a plot of the microwave power absorbed as a function of magnetic
field and is referred to as the EPR susceptibility. Integrating the area of this EPR susceptibility then
yields a proportional magnetization and is depicted by the gray-dashed area in Figure 1.8b below. This

double-integration yields a proportional magnetization as the absolute values for the strength of an
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EPR signal are often arbitrary and can depend on several external factors such as microwave cavity
design.® The ability to use EPR spectroscopy to measure total system spin or magnetization allows for
tracking the evolution of spin concentration across a series of reactions. This is discussed further in
Chapter 2, where EPR spin quantification is used to track the relative concentration of Mn** spins in
Mn?*:CsPb(Cl,.Bry)s NCs during the course of anion exchange reactions. By maintaining a fixed Mn**
concentration in the EPR experiment yet observing a loss of Mn** spin quantitatively, it is possible to
assign this loss to antiferromagnetic coupling. Additionally, through temperature-dependent spin
quantification, magnetic ordering behavior can be investigated allowing for things such as Curie
temperature to be determined. This is performed analogously to more conventional measurements of
magnetic ordering such as SQUID magnetometry. This approach will be used in Chapter 3 to explore
the magnetic ordering of EuS NCs.
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Figure 1.8 Simulated X-band EPR spectra for Mn*". EPR spectra for a simulated Mn**
species plotted in the derivative (A) and absorptive (B) modes. The shaded area in (B)
represents the proportional magnetization. Spectra are simulated using EasySpin® for a Mn*'
spin system with an 80x10* cm™ hyperfine coupling constant and ZFS is omitted for
simplicity.

1.4.2  Magneto-circular dichroism spectroscopy for measuring magnetization in ordered inorganic
nanocrystals

Similar to EPR spectroscopy as mentioned above, MCD spectroscopy can likewise be use to measure
magnetization in lieu of conventional approaches like SQUID magnetometry or vibrating-sample
magnetometry (VSM). MCD spectroscopy measures the differential absorption of left and right
circularly-polarized light in a molecule/material in an applied external magnetic field. This is illustrated
below in Figure 1.9 for A-term MCD. In this picture, there is a triplet (/ = 1) excited state that
experiences a Zeeman splitting into three individual A4 states with an applied magnetic field. MCD
spectroscopy then probes this Zeeman splitting by taking advantage of the difference in selection rules
for different polarizations of circularly polarized light (6* = —Mj; 6~ = +M)). A-term MCD refers to

probing this effect when the excited state experiences a Zeeman splitting whereas C-term MCD refers
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to the ground state experiencing a Zeeman splitting. MCD spectra are often plotted as a differential
absorbance, 44, because the probed splitting is often small. This is depicted below in Figure 1.9b.

MCD spectroscopy can provide a wealth of information regarding the electronic and spin
structure of a molecule/material. The focus in this work is on applying MCD spectroscopy to study
magnetic ordering and the reader is referred elsewhere® for a thorough discussion of MCD
spectroscopy. In magnetic materials, the magnitude of the integrated MCD signal is proportional to
total magnetization. This is analogous to EPR spectroscopy as discussed above. Temperature-
dependent MCD measurements allow for the observation of magnetic ordering behavior. This
approach will be expanded upon in Chapter 3 and 4 for measurements of magnetic ordering in EuS,
EuSe, Crls, CrBrs, and mixed Cr(Bri.ly)s alloys. MCD spectroscopy can also be used to measure
magnetic hysteresis by monitoring a single MCD transition’s dependence on magnetic field. This
provides similar data to H-M sweeps in magnetometry (SQUID, VSM). There are several distinctions
with using MCD or EPR spectroscopy to measure these effects as compared to magnetometry.
Foremost, MCD and EPR are spectroscopic techniques whereas magnetometry is a bulk technique.
Because of this, MCD and EPR spectroscopy can differentiate the magnetic effects of individual
components of mixtures. In contrast, magnetometry enables measurements of all samples including
diamagnets whereas MCD and EPR spectroscopy can only measure samples that are MCD- or EPR-
active. MCD spectroscopy can also be more sensitive to orientation effects than magnetometry
especially in magnetic hysteresis measurements. This is observed in MCD hysteresis measurements of
Crl; compared to VSM data. In these data, inflections in the hysteresis which are assigned to spin-flips
of individual Crl; layers are amplified in the MCD measurement. This will be further discussed in
Chapter 4.
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Figure 1.9 A-term MCD splitting. (A) MCD effect illustrated for a simple triplet (/ = 1)
system showing the different selection rules for left and right circularly-polarized light. (B)
Zeeman splitting probed by absorption (top) and MCD (bottom) illustrating the differential
nature of the MCD experiment. Panel B adapted with permission from ref. 25. Copyright
2015 American Chemical Society.
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1.5 Summary & conclusions

In summary, dopants in NCs can impart new photophysical and magnetic properties to their host
materials. Paramagnetic dopants can affect both NC luminescence through the introduction of new
recombination pathways as well as introduce new magnetic properties typical of dilute magnetic
semiconductors. Dopants can also be used to tune the magnetic properties of magnetic nanocrystals
by mediating exchange interactions as exemplified in doped-EuS materials. The magnetic properties
of a material are also affected by particle size. As ferromagnetic particles decrease in size, they can
support fewer magnetic domains leading to the eventual turn-on of superparamagnetism. NC surfaces
or edges can have a different contribution to the magnetic properties of a material because of
differences in bonding and exchange interactions. As such, a particle’s size, and therefore its surface-
to-volume ratio, can tune the effects of the surface on magnetic properties. Both EPR and MCD
spectroscopy allow for these effects to be probed. EPR spectroscopy enables the study of paramagnetic
dopants in NCs and can provide information about the dopant’s local environment and in turn about
chemical processes and speciation with the host lattice. EPR and MCD spectroscopy can also be used
to observe magnetic ordering because of the relation between the EPR and MCD signals to
magnetization. Through applying these spectroscopic tools, much about a NC’s magnetic properties
and overall structure can be determined providing vital information for the advancement of

fundamental nanomaterials research.
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Chapter 2:  Spinodal Decomposition During
Anion Exchange in Colloidal Mn?*-
Doped CsPbXs; (X = CI, Br)

Perovskite Nanocrystals

Reproduced with permission from:

De Siena, M. C.; Sommer, D. E.; Creutz, S. E;
Dunham, S. T.; Gamelin, D. R. Chem. Mater. 2019,
31,7711-7722. Copyright 2019 American Chemical Society.

2.1 Overview

Manganese(II)-doped cesium-lead-chloride (Mn*:CsPbCl;) perovskite nanocrystals have
recently been developed as promising luminescent materials and attractive candidates for white-light
generation. One approach to tuning the luminescence of these materials has involved anion exchange
to incorporate Br, but the effects of anion exchange on Mn** speciation in doped metal-halide
perovskites is not well understood at a microscopic level. Here, we use a combination of X-band
electron paramagnetic resonance (EPR) and photoluminescence spectroscopies to monitor the Mn**
dopants in Mn*:CsPbCl; nanocrystals during CI' — Br anion exchange. Analytical measurements
show that the nanocrystals retain their Mn?* over the course of CI" — Br anion exchange and they
continue to show strong Mn** d—d luminescence but, surprisingly, the Mn** EPR intensities all but
vanish. Further results suggest that Mn** ions migrate during anion exchange to form clusters that are
still luminescent but show no EPR signal due to antiferromagnetic superexchange coupling. Monte
Carlo simulation and analysis of the Mn?*:CsPb(Cl...Br,); lattice at various halide compositions (x)
bolsters this interpretation by indicating a propensity for Mn*-Cl" units to cluster as the Br- content
increases, increasing the probability of nearest-neighbor Mn**-Mn*" interactions. The driving force for
this clustering is retention of the stronger Mn-Cl bonds compared to Mn-Br bonds. In addition,
modeling predicts spinodal decomposition to form Mn?**-enriched domains even at the endpoint
compositions of x = 0 and 1, with Mn** ordering in next-nearest-neighbor positions driven by
Coulomb interactions and lattice-strain minimization. These results have important implications for

both fundamental studies and applications of doped and alloyed metal-halide perovskites.

2.2 Introduction
The facile synthesis, efhicient and widely tunable luminescence,'* and high defect tolerance® of

cesium-lead-halide perovskite (CsPbXs, X = Cl, Br, I) nanocrystals (NCs) have made these materials

9-10

attractive for application in light-emitting diodes,”® photovoltaics,”* photodetectors,”'® and other

optoelectronic technologies. The luminescence of CsPbX3 NCs is easily tuned via post-synthetic anion

112 and has also been modified by deliberate introduction of impurities, for example divalent

6,13-16

exchange,

manganese or trivalent lanthanides.''® Among these materials, Mn?**-doped perovskite NCs have
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attracted particular attention for both their fundamental properties and for potential lighting and
energy-conversion applications.®'*1¢1%22 Mn**:CsPb(Cl;..Br,)s NCs usually show the coexistence of
sharp, composition-tunable excitonic emission with broad, orange Mn?* “T', — °A,; d-d emission,
providing the ability to generate white light.

Although Mn?* is readily doped into CsPbCl; NCs, it has proven surprisingly challenging to
dope Mn?** into CsPbBr; NCs directly.®? Similarly, Mn?* is readily inserted into CsPbCl; NCs by
post-synthetic partial cation exchange,'®*** but the same approach has not been fruitful for doping
Mn?* into CsPbBrs NCs. Mn*-doped CsPb(Cl:..Br,)s NCs (0 < x < 1) can be accessed by post-
synthetic CI' — Br anion exchange starting from pre-formed Mn*":CsPbCl; NCs, and this approach
additionally allows the PL of a given ensemble of NCs to be tracked as a function of x. Such studies
have revealed an unusual trend of increasing excitonic PL intensities and decreasing Mn*" d-d PL

62628 Compositional analysis before and after anion exchange

intensities with increasing Br~ content.
argues against Mn*" loss as the main cause of the decreasing Mn** luminescence following anion
exchange,”® and instead, more complex photophysical phenomena such as thermally assisted
Mn* — exciton back energy transfer at high Br- content (narrow exciton-Mn**(“T’,) energy gap) have
been implicated.**

A common postulation in discussions of anion exchange in metal-halide perovskites is that the
cation sublattice is effectively rigid and remains intact.*'"** Given the ease of Mn?* (or other cation)
insertion into CsPbCls NCs by cation exchange or diffusion doping,'>'***3! however, it appears likely
that both cations and anions may migrate within the NCs during anion exchange. Pb*" migration may
be undetectable in undoped perovskites, but in Mn*-doped CsPbX; perovskites cation migration
during anion exchange could potentially generate detectable non-random Pb** and Mn?** spatial
distributions. Spinodal decomposition has already been reported in CsPbCls nanoplatelets at high
Mn?* content (>6%) under solvothermal diffusion-doping conditions (80 mol % Mn to Pb, autoclave,
200 °C for 2-5 h),* forming what appear to be CsMnCl; inclusions within the CsPbCl; lattice. On
the other hand, solid-state '*Cs nuclear magnetic resonance (NMR) spectroscopy has been used to
rule out formation of even small (radius > ~2.2 nm (-3 unit cells)) CsMnCl; inclusions in bulk 3%
Mn*:CsPbX; (X = Cl or Br) powders, but the possibility of smaller clusters could not be addressed.*
Neither of these studies examined mixed-halide compositions. The effect of anion exchange on Mn**
dopants within metal-halide perovskite NCs has not yet been examined.

Here, we use X-band electron paramagnetic resonance (EPR) and PL spectroscopies to track
Mn** ions during the post-synthetic transformation of Mn*-doped CsPbCl; NCs into Mn**-doped
CsPb(Cl,.Br,)s (0 < x < 1) NCs by room-temperature anion exchange. These experiments reveal that
Mn** ions do indeed migrate within the NCs, clustering together in nearest-neighbor positions as Cl
is replaced by Br in the lattice. Density functional theory (DFT)-based Monte Carlo modeling
predicts such Mn** clustering, driven by differential Mn-X bond strengths. Even in the Mn*:CsPbCl;
and Mn?:CsPbBr; composition limits, the modeling predicts spinodal decomposition to form
domains of a new ordered phase with second-nearest-neighbor Mn**-Mn?** correlations, rather than

the randomly doped Mn?:CsPbX; typically assumed. This spinodal decomposition is driven by
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Coulomb effects and lattice-strain minimization. Overall, these combined experimental and modeling
results highlight the structural richness and complexity of alloyed metal-halide perovskites. In
particular, the observation of anion-dependent B-site cation distributions has important ramifications
for the interpretation of the physical properties displayed by doped or alloyed perovskite NCs and for

harnessing those properties in next-generation photonics applications.

2.3 Methods

2.3.1 Chemicals. Unless otherwise stated, all chemicals were used as purchased without
further purification. Lead(II) acetate trihydrate (99.9%) was purchased from Baker. Cesium acetate
(99.9%), cesium bromide (99.9%), manganese(I) bromide hydrate (98%), and lead bromide
(99.98+%) were purchased from Alfa Aesar. Manganese(Il) acetate tetrahydrate (99.999%) was
purchased from Strem. Oleylamine (70%, technical grade), oleic acid (90%, technical grade),
trimethylsilyl bromide (97%), trimethylsilyl chloride (99%), boron nitride, and 3-methylpentane
(99%, further dried over sodium benzophenone and distilled before use) were purchased from Sigma-
Aldrich. Anhydrous toluene was purified through an alumina column pressurized with Ar. Mn(oleate),
was synthesized according to a literature procedure.*® Hydrochloric acid (ACS plus), ethyl acetate
(ACS), and acetone (ACS) were purchased from Fisher Chemical.

2.3.2 Synthesis of Mn*:CsPbCl; NCs and undoped CsPbCl; NCs. The synthesis of
Mn?*:CsPbCl; was adapted with modification from the literature.”” Briefly, in a glovebox under
dinitrogen atmosphere, 0.1 mmol of CsOAc was added to a scintillation vial followed by 5 mL of
toluene. This step was performed under inert conditions because CsOAc is highly deliquescent. The
vial was then removed from the glovebox and 0.1 mmol of PbOAc,;-3H,O, 0.005 mmol of
MnOAc,;-4H>0, 100 pL of oleylamine, and 450 pL of oleic acid are added. The mixture was allowed
to stir capped at RT for 30 min to completely solubilize the acetate salts. Concentrated HCI acid
(100 pL) was then injected while stirring and the reaction was allowed to proceed for 1 min. After this
step, the NC solution was transferred to centrifuge tubes and flocculated with the addition of
anhydrous ethyl acetate, followed by centrifugation and resuspension with hexanes. This precipitation-
centrifugation-suspension step was carried out an additional time to remove unreacted species. After
these two washing steps there was no further change in Mn** concentration as measured by inductively
coupled plasma—atomic emission spectroscopy. The final product was dried in vacuo, transferred to
the glovebox, and resuspended in hexanes for further manipulation. The Mn*:CsPbCl; NC samples
prepared for these studies typically showed photoluminescence quantum yields (PLQYs) of ~40% for
the Mn** d-d transition. Undoped CsPbCl; NCs were made similarly, with the omission of the
MnOAc,;-4H:0. The doped and undoped NCs were stored under inert atmosphere and did not show
any noticeable degradation over the course of the study.

2.3.3 Synthesis of 0.1% Mn?>*:CsPbBr; bulk powder. Bulk powders were synthesized by
grinding the reactants in a planetary ball mill using a zirconia grinding jar and balls (&30 mm) for 1 hr at
600 rpm. The resulting powder is further annealed at 250°C for 30 min. For the synthesis, 3 mmol CsBr,
0.003 mmol MnBr,-xH,O, and 2.997 mmol PbBr; were used.
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2.3.4 General Anion Exchange. A 0.1 M solution of TMS-Br in hexanes was prepared for
use in anion-exchange reactions. In a general anion-exchange reaction, a specific amount of TMS-Br
solution was titrated into a solution of CsPbCl; NCs. The mixture was allowed to react until there was
no further change in the energy of the excitonic emission. Following complete reaction, the solution
was removed 7 vacuo to remove the TMS-CI byproduct, and the NCs were then resuspended for
further measurements. The time delay between TMS-Br addition and EPR measurement was less than
~10 min.

2.3.5 Reverse Anion Exchange. In a general reverse-anion-exchange reaction, a solution of
CsPbBr; NCs was dried to a powder and a specific amount of neat TMS-Cl was added. The NCs
suspend in the TMS-CI. The mixture was allowed to react until the desired exciton emission energy
was reached. Following reaction, the solution was removed 7 vacuo to remove unreacted TMS-Cl and
the TMS-Br byproduct, and the NCs were then resuspended in 3-methylpentane for further
measurements.

2.3.6 General Characterization. UV-Vis measurements were performed on an Agilent Cary
60 spectrophotometer. Samples were prepared for powder X-ray diffraction (XRD) by depositing NCs
from solution onto a silicon substrate and analyzed on a Bruker D8 Discover diffractometer. TEM
samples were prepared by drop casting suspensions of NCs onto 400 mesh carbon-coated copper grids
from TED Pella, Inc. and dried under an inert atmosphere. TEM images were obtained on an FEI
TECNAI G2 F20 microscope operated at 200 kV. Size distributions were determined by analysis of
>200 individual NCs. Elemental composition was determined on nitric-acid-digested samples using
inductively coupled plasma—atomic emission spectroscopy (ICP-AES) with a PerkinElmer 8300
spectrometer. For EDS analysis, samples were drop cast onto silicon substrates and coated with a ~200
nm thick layer of carbon; spectra were acquired in an FEI Sirion Scanning Electron Microscope
operating at 30 kV using an Oxford EDS spectrometer. Standardless quantification was used. PLQY
measurements were performed according to procedures described previously.'

2.3.7 EPR Measurements. Continuous-wave electron paramagnetic resonance (EPR)
measurements were performed on a Bruker EMX spectrometer operated at X-band frequencies
equipped with an LN, variable-temperature sample-cooling unit.

2.3.8 '3Cs Solid-State NMR Measurements. Solid-state MAS NMR spectra of '*Cs (91.8
MHz at 16.5 T) were recorded on a Bruker Avance III 16.5 T spectrometer equipped with a 3.2 mm
Phoenix HXY probe. NC samples were dried and mixed with boron nitride forming a powder suitable
for packing. The powders were then packed into 3.2 mm zirconia rotors and closed using Vespel caps.
The samples were spun at 3 kHz MAS using dry air and the temperature was maintained at 298 K.
13Cs shifts were referenced to solid CsCl (8 = 223.2 ppm).* Relaxation delays ranged from 6 — 10
minutes depending on the samples. The saturation-recovery experiments were performed by applying
a train of 30 /2 pulses spaced by 3 ms in keeping with a previous report.” For analysis and discussion
of these results see Appendix A (Figure A16, Table Al).

2.3.9 Photoluminescence ~Measurements. Room-temperature  photoluminescence

measurements were performed on solutions of NCs excited with a 365 nm LED or a 375 or 405 nm
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laser diode and collected with an OceanOptics USB 2000+ spectrometer or an LN,-cooled charge-
coupled device (CCD) mounted to a monochromator. Spectra are corrected for the instrument
response. Liquid helium photoluminescence experiments were performed on films of NCs sandwiched
between quartz plates. Samples were mounted in a flow cryostat with a variable-temperature sample
compartment.

For lifetime measurements, photoexcitation was provided by a 375 or 405 nm laser diode
modulated using the square pulse waveform output of a function generator at a 10 Hz repetition rate.
The PL was coupled into a fiber and passed to a monochromator equipped with LN;-cooled CCD and
photomultiplier tube (PMT) detectors. Photoluminescence decay kinetics were measured using a
multichannel scaler, averaging over several thousand laser pulses.

2.3.10 Modeling. Characterization of the space of low-energy alloy configurations on the Pb-
and halide-sublattices at the level of first-principles theory is limited by the computational demands
introduced by the alloy degrees of freedom. For instance, a fixed lattice of 7 Pb sites and 37 halide sites
admits 2 possible configurations of Pb/Mn and halide, and determining the a6 initio ground-state
energy of each configuration requires optimization of both electronic and ionic degrees of freedom.
While the number of configurations could be reduced by equivalence under symmetry operations from
the space group of the underlying lattice, the number of structural calculations required to sufficiently
sample the configuration space is still at best computationally inefficient, and at worst infeasible.*®

To reduce the computational complexity of the problem, we built a model for the bulk
energetics of halide mixing in the presence of substitutional Mn** using the cluster expansion (CE)
formalism.”” To elaborate, the configuration of various chemical components on a lattice of /V sites
can be represented by a vector @ = (0, 05, ..., 0y), where if M; chemical components can occupy
lattice site 7, then admissible values of the site occupation variable o; are o; € {0,1, ..., M; — 1}.
Similarly, a cluster of sites can be represented by a vector @ = (a4, 5, ..., @y) that spans all sites in
the lattice, where @; = 0 if site 7 is not in the cluster, and a; € {1, ..., M; — 1} elsewise. Then,
orthogonal, single-site functions that faithfully represent the occupation of lattice sites in a cluster can
be defined in the basis of Chebyshev polynomials:

1 ifa; =0

bam,(01) = —cos (Zn [%] ;—‘l) if a; > 0and odd 2.1)

—sin (27r [%] ;—‘l) if @; > 0and even

Here, [...] in eq 1 denotes the ceiling function.”® The ground-state energy, E(0), of a given
configuration of alloyed species can be expanded in a complete, orthonormal, basis of cluster functions
as E(0) = Ey + Y0 )0 9o Lo (6), where the cluster function T, (a) = []; ®a,m;(07) is a product of
single-site functions in cluster &, and the overline I, denotes an average over clusters equivalent under
symmetry operations of the underlying lattice. Hence, the sum in the expansion is carried out over
symmetrically distinct clusters, and each cluster carries a multiplicity factor g,. The coeflicients of the

expansion J, are commonly called effective cluster interactions (ECls) and constitute a coarse-grained
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description of the underlying electronic and ionic degrees of freedom that contribute to the ground-
state energy of a configuration. Once the ECIs have been determined, the energy of any configuration
on the lattice can be rapidly calculated.

The ECIs were determined from density functional theory (DFT) calculations of the energies
of 200 distinct structures. To enhance model sparsity and optimize bias-variance tradeoff, cluster
selection and ECI fitting were carried out using a Least Absolute Shrinkage and Selection Operator
(LASSO) regression combined with 10-fold cross-validation to determine the regularization
parameter.” The CE model was found to have a root-mean squared error (RMSE) of -2 meV/atom.
Monte Carlo (MC) simulations using the CE energy model and the Metropolis-Hastings algorithm
with Kawasaki exchange were used to sample room-temperature, equilibrium alloy configurations in
the canonical ensemble for various fixed Pb/Mn and Cl/Br compositions. Each MC run was initialized
with a random configuration of alloy components, and a minimum of 1000 MC passes were
performed to statistically sample the energy and short-range order observables, as discussed in the
Results and Analysis section. Each MC pass is defined as the number of MC trial moves equal to the
number of alloyed sites in the simulation cell, where each simulation cell consisted of 32000 alloyed
sites. The CASM software and Scikit-learn libraries were used in automating the first-principles
calculations, developing the cluster expansion, and performing MC.*

DEFT calculations based on the all-electron projector-augmented wave (PAW) method were
performed using the Vienna Ab Initio Simulation Package (VASP).** The conjugate gradient
algorithm was used for structural optimization, and the volume, shape, and atomic positions were
relaxed until interatomic Hellmann-Feynman forces were less than 0.01 eV/A. To reduce total
computation time, the structure was optimized using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional in the generalized gradient approximation (GGA).”! In the pseudopotentials,
9 electrons of Cs (55°5p°6s"), 4 electrons of Pb (65°6p?), 7 electrons of Cl (35°3p%), 7 electrons of Br
(45*4p°), and 7 electrons of Mn (34°4s*) were treated as valence electrons. The plane-wave basis cut-off
was set to 520 eV, and a Gamma-centered Monkhorst Pack £-point mesh was used for Brillouin-zone
integration.”> A £-point density of 5000 £-points per reciprocal number of atoms, which amounts to
a 10x10x10 A-point mesh for a 5-atom, cubic unit cell, was found to be well-converged for various

simulation cell sizes.

2.4 Results and Analysis

2.4.1 Synthesis and General Characterization. Figure 2.1 plots general characterization data
for a representative sample of as-synthesized Mn*:CsPbCl; NCs. The average concentration of Mn**
in this sample is 1.1%, as determined by ICP-AES. Figure 2.1A plots powder-X-ray diffraction data
for this sample. The NC data index well to the pattern for orthorhombic CsPbCls, and no additional
phases are observed. Figure 2.1B shows a representative TEM image of these NCs. The NCs are
approximately cubic in shape with good size homogeneity and an average particle edge length of
6.9 + 0.4 nm. Figure 2.1C plots room-temperature absorption and PL spectra of these NCs. The

absorption spectrum shows a sharp first-exciton band centered at 395 nm, and the PL spectrum shows
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narrow excitonic PL at 400 nm as well as an intense, broad band centered at 610 nm assigned as the
“Tiy = °Ayg ligand-field transition of octahedral Mn*. Figure 2.1D plots the room-temperature
X-band EPR spectrum of these Mn**:CsPbCl; NCs. This spectrum shows a resonance at g = 2.01, split
into six lines by hyperfine coupling with the Mn** nuclear spin. From this splitting, a hyperfine
coupling constant of 80.9 x10* cm™ is obtained, consistent with previous reports.’*> As noted
previously, this hyperfine splitting is very large compared to those of Mn**-doped chalcogenide II-VI
semiconductor NCs, reflecting the high ionicity of Mn** bonding in the CsPbCl; lattice.*
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Figure 2.1. Characterization of representative colloidal 1.1% Mn?":CsPbCl; NCs. (A)
Powder X-ray diffraction data collected for Mn*:CsPbCl; NCs drop-cast on a silicon
substrate (red) and literature pattern (black) for orthorhombic CsPbCl; NCs. The NC data
are consistent with the literature pattern. (B) TEM image of Mn*":CsPbCl; NCs, with scale
bar representing 20 nm. The average edge length is 6.9 + 0.4 nm. (C) Absorption (blue) and
photoluminescence (red) spectra of the Mn?*:CsPbCl; NCs. A 365 nm diode was used for
photoexcitation. (D) X-band electron paramagnetic resonance (EPR) spectrum of the

Mn?*:CsPbCls NCs. All data were collected at room temperature.

2.4.2 General Anion-Exchange Reactions. Trimethylsilyl halides (TMS-X, X = Cl, Br, )
have been demonstrated as useful anion-exchange reagents in elpasolite (double-perovskite) NCs> and
CsPbX; NCs and thin films.’® Here, we apply TMS-Br to induce anion exchange in Mn*:CsPbCls
perovskite NCs. Figure 2.2 summarizes the evolution of Mn*::CsPbX; NC physical characteristics
during this anion exchange. Figure 2.2A shows that the first absorption maximum shifts to lower
energy with added TMS-Br, consistent with CI" — Br anion exchange. At the endpoint of the reaction
(excess TMS-Br), SEM/EDX measurements confirm essentially complete halide exchange with no

significant change in Mn** content (see Figure Al).
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Figure 2.2. (A) UV/Vis absorption spectra of 1.1% Mn?*":CsPbCl; NCs collected during
the course of an anion exchange reaction using trimethylsilyl bromide (TMS-Br). (B)
Corresponding PL spectra collected during the course of anion exchange. NCs were
photoexcited at 375 nm. The PL spectra are plotted relative to the optical density of the
sample at the excitation wavelength, allowing relative changes in quantum yield during anion
exchange to be assessed. (C) Total integrated excitonic (black) and Mn** 4-d (orange) PL
intensities from the data in panel B, plotted against the energy of the excitonic PL. The
dashed lines are guides to the eye. (D) Powder X-ray diffraction data collected before and

after anion exchange. Both patterns are consistent with the orthorhombic phase.

Figure 2.2B plots PL spectra collected as a function of added TMS-Br. These data also show a
red-shift of the excitonic emission with added bromide, but there is no clear change in the energy of
the Mn*" d-d emission. A blue shoulder in the excitonic region appears with greater bromide
incorporation, attributed to sample inhomogeneity. These PL spectra have been corrected for the
optical density of the sample at the excitation wavelength, allowing quantitative analysis of their
integrated intensities (i.e., relative PL quantum yields) over the course of the anion-exchange reaction,
and these intensities are summarized in Figure 2.2C. The same PL spectra normalized to their total
integrated intensities (which corrects for changes in PL quantum yield) or normalized to the exciton
maxima (for comparison with published data®"’) are provided in Appendix A (Figure A2). From Figure
2.2C, the excitonic PL becomes much brighter as Br" is incorporated, whereas the Mn** PL intensity
first grows but then decreases with increasing Br incorporation. These trends are generally consistent
with previous data,®?® but show substantially more Mn?* PL from the resulting Mn*:CsPbBr; NCs
than observed in other samples.® Overall, these data demonstrate that Mn** PL is still sensitized by
NC photoexcitation even after complete CI' — Br anion exchange. Figure 2.2D plots powder X-ray
diffraction data collected before and after NC anion exchange. The orthorhombic crystal structure of

the parent Mn?":CsPbCl; NCs is preserved upon conversion to Mn**:CsPbBrs;.
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According to previous literature, the changes in Mn*" and exciton PL intensities with anion
exchange (Figure 2.2C) can be attributed to two effects. First, the increase in both the excitonic and
Mn?* PL intensities with initial Br incorporation is consistent with observations made for analogous
undoped NCs; the exciton PL quantum yield in undoped CsPbCl; NCs generally increases
substantially with CI' — Br anion exchange,'"? because narrowing the perovskite energy gap
diminishes non-radiative recombination losses by reducing the number of accessible surface traps.”®
Second, the decrease in Mn** PL intensity at larger Br content and the corresponding increase in
excitonic PL intensity could reflect thermally assisted "back” energy transfer from Mn** to repopulate
the excitonic excited state when their energy difference narrows sufficiently.®* It is conceivable that
such back energy transfer does occur in Mn*:CsPb(Cl,..Br,)s NCs with large x, but as noted
previously, this system is vastly different from the well-studied system of dual-emitting II-VI
Mn**-doped NCs.*° For example, in dual-emitting II-VI Mn?*-doped NCs, forward energy transfer
is fast and thermally assisted back energy transfer is strongly suppressed when the temperature is
lowered, yielding almost exclusively Mn** PL at low temperatures, but the PL of
Mn?*:CsPb(Clo.22Bro7s)s NCs prepared here does not show an analogous temperature dependence (see
Figures A8-9). Instead, the excitonic PL from these NCs increases and their Mn?** PL decreases with
decreasing temperature before both turn over at -75 K, and substantial excitonic PL is still observed
even at 5 K. In fact, this temperature dependence appears very similar to the behavior reported for
Mn?*":CsPbCls NCs,** which have too large an energy gap for back energy transfer. These observations
support the conclusion of a more complicated origin of the spectral changes in Mn*:CsPb(Cl,..Br.)3
NCs with anion exchange. As detailed below, the experiments performed here identify a new and
unrecognized complication contributing to such PL trends: Mn** clustering within the NC lattice
during anion exchange.

2.4.3 Evidence for Mn?* Clustering upon Anion Exchange. To probe Mn** speciation, EPR
measurements were also performed at various stages of anion exchange. For these measurements, anion
exchange was performed in a gas-tight EPR tube, and both PL and EPR data were collected after
addition of each TMS-Br aliquot. Importantly, the product of the anion-exchange reaction is gaseous
TMS-CI, which can be removed without removing any NCs, and the solvent volume can be kept
constant. Consequently, Mn** cannot be lost from the EPR tube because the sample is never removed
from the EPR tube throughout the entire experiment.

Figure 2.3A plots the PL spectra of a sample of Mn**:CsPbCls NCs collected during the course
of such an anion-exchange reaction. Each spectrum corresponds to a different stage of TMS-Br
titration. As in Figure 2.2C, TMS-Br addition redshifts the excitonic PL as the host lattice is converted
from CsPbCl; to CsPbBr3, but the Mn** d-d PL energy remains largely unchanged. In contrast with
the data in Figure 2.2C, the spectra in Figure 2.3A have all been normalized to their total integrated
areas because the optical density of the solution in the EPR tube was too high to measure accurately,
so only trends in relative PL intensities can be interpreted. Nonetheless, the key observation from the

PL data is that, as in Figure 2.2C, Mn** PL is still sensitized by NC photoexcitation even after complete
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anion exchange, and hence some if not all of the Mn** is still intimately integrated with the NCs and
likely still inside the NC lattice.
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Figure 2.3. (A) PL spectra of 1.1% Mn?*":CsPbCl; NCs in the EPR tube during the course
of an anion exchange reaction, note that Mn?* PL is seen centered at ~610 nm at every stage
of the anion exchange reaction. The PL spectra are each normalized to their total integrated
PL intensity. A 365 nm diode was used for excitation. Each spectrum was taken at the same
NC concentration, and the NCs were never removed from the EPR tube over the entire
experiment. (B) X-band EPR spectra collected during the course of the same anion exchange
reaction as described in panel A. (C) Scatter plot of the relative Mn** spin, determined from
double integration of the EPR spectra, vs the exciton PL peak energy from (A). The dashed
line is a guide to the eye. (D) Summary of hyperfine splitting constants, |4|, for
Mn?*":CsPb(Cl.Br,)s NCs measured during anion exchange, taken from the spectra
collected in (B) and for Mn*:CsPbBr; bulk powder taken from the spectra in Figure AG.
The dashed line (---) is a guide to the eye, tracing the experimental hyperfine splitting
constants. The dot-dashed line (——) illustrates the Mn*" hyperfine splittings expected for
random solid solutions of halides in CsPbXj;. Bromide concentrations are estimated from the

known dependence of the excitonic PL energy on x.

30



Figure 2.3B plots EPR spectra collected during this same anion-exchange reaction. A striking
decrease in the Mn** EPR intensity is observed as TMS-Br is added, and at maximum anion exchange
there is no detectable Mn** EPR signal at all. Again, we stress that this loss of EPR intensity cannor be
associated with any actual loss of Mn** from the EPR tube. Figure 2.3C summarizes the change in
double-integrated EPR intensity with anion exchange, the latter represented in terms of the excitonic
PL energy. This result shows a strong correlation between the incorporation of Br into the NCs and
the loss of EPR-active Mn*", despite the retention of Mn** PL.

ICP-AES measurements confirm that Mn** is still strongly associated with the perovskite NCs
after anion exchange: The starting Mn*" concentration was measured to be 1.1% (of total B-site
cations) in these NCs. After complete anion exchange and spectroscopic measurement, the NCs were
removed from the EPR tube and washed twice by standard precipitation/centrifugation/resuspension
methods to eliminate any Mn?* that may have been expelled from the NCs, and the remaining NC
sample was then analyzed by ICP-AES. The resulting Mn** concentration was still 1%, i.e., within
error of the starting concentration. The data thus rule out loss of Mn** from the NCs. This conclusion
is bolstered by the continued absence of any EPR signal even at 120 K; the EPR spectra of plausible
solvated Mn** species (e.g., Mn(oleate),) are readily detectable at low temperatures (see Figures A3-5).
Moreover, this low-temperature result also indicates that the loss of Mn?* EPR intensity does not result
from accelerated Mn** spin relaxation in the CsPbBr; lattice. For reference, we prepared bulk 0.1%
Mn?*:CsPbBr; and confirmed that its EPR signal is readily detectable at room temperature (see Figure
A6).

Insight into this strange loss in Mn** EPR intensity with anion exchange is obtained by analysis
of the Mn?* hyperfine splittings observed in Figure 2.3B. These hyperfine splittings are summarized in
Figure 2.3D. In the starting Mn*:CsPbCl; NC EPR spectrum (Figure 2.3B), the hyperfine splitting
constant is |A| = 80.9x10* cm™, consistent with literature results.'*>? Interestingly, there is little or no
detectable change in the hyperfine splitting constant over the entire course of the anion-exchange
reaction. For comparison, the EPR spectrum of Mn?:CsPbBr; shows a hyperfine splitting of
|A| = 75.4 x10* cm™ (see Figure AG), illustrating the trend of decreasing hyperfine splitting with
increasing metal-ligand covalency within the local [MnXg]* cluster.®%* These observations yield the
surprising conclusion that essentially z// EPR-active Mn** remains exclusively chloride-coordinated,
and that Mn** ions coordinated by bromide are either not present in these NCs or are no longer EPR
active. In this vein, it is perhaps telling that the literature does not yet have any clear examples of EPR
spectra of Mn?* in CsPbBr; NCs, and the few examples that have been reported'®*® show hyperfine
splittings greater than that of Mn** in CsPbBr3, suggesting oxygenic Mn** coordination.

To explain the above observations, we hypothesize that CI' — Br anion exchange causes Mn**
clustering within the perovskite NCs. Because of the 180° M?*-X-M?** bond angle in this lattice,
nearest-neighbor Mn?*-Mn** superexchange coupling in such clusters would be antiferromagnetic®**
and hence this Mn?* would be EPR silent, but it could still luminesce. We further hypothesize that
this clustering is driven thermodynamically by a preference for Mn-Cl rather than Mn-Br bonding.
For example, the bond dissociation energies of Mn-Cl (MnCl,) and Mn-Br (MnBr,) are 392.5 and
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332.2 kJ/mol,® respectively, reflecting this preference. To test this interpretation, we investigated
whether the spectroscopic changes in Figure 2.3 are reversible, i.e., whether Br — CI anion exchange
could reintroduce a Mn** EPR signal. For this experiment, we first converted 3.7% Mn*:CsPbCl;
NCs to Mn*:CsPbBr3; NCs as in Figure 2.3. Following conversion, these NCs were removed from the
EPR tube and washed twice by standard precipitation/centrifugation/resuspension methods to
eliminate any Mn** that may have been ejected from the NCs. We then added neat TMS-Cl to the
solution to drive the reverse anion exchange, again monitoring the PL and EPR. This reaction was
performed under conditions that were otherwise identical to those used for Figure 2.3. In particular,
the NCs were again not removed from the EPR tube during the Br — CI' reverse anion exchange,
and the NC concentration in the EPR tube was held constant. Figure 2.4A plots the evolution of the
PL spectra during this reverse anion exchange. The excitonic PL shifts to higher energy, consistent
with chloride incorporation, and concomitantly the relative Mn** PL intensity increases. The PL
spectrum obtained after the full forward and reverse anion-exchange cycle is very similar to the initial
spectrum, again consistent with full retention of Mn** in the NCs. Figure 2.4B plots the corresponding
EPR spectra. In this sample, anion exchange to form Mn*:CsPbBr; NCs eliminates most but not all
of the Mn** EPR signal; the remaining EPR signal is weak and its hyperfine splittings are unresolved.
This breadth is consistent with Mn** being magnetically concentrated, as hypothesized above. Upon
reverse anion exchange, the EPR intensity increases again and hyperfine splittings emerge, consistent
with dissociation of Mn?** clusters and randomization of the Mn** spatial distribution. This recovered
hyperfine splitting is described by |4| = 80.9x10* cm™, consistent with [MnCle]*. From these results
we conclude that Br- — CI' reverse anion exchange breaks up antiferromagnetic Mn** clusters formed

during the CI' — Br forward anion exchange.
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Figure 2.4. (A) Photoluminescence (PL) spectra of 3.7% Mn*:CsPbBr; NCs collected

during the course of reverse anion exchange. Mn** PL at ~610 nm is observed at each stage

of anion exchange. The PL spectra are normalized to the total integrated PL intensity. (B)
Corresponding X-band EPR spectra of Mn*:CsPbBr; NCs made viz anion exchange of
Mn?*":CsPbCl; NCs with TMS-Br during the course of a reverse anion exchange reaction
using TMS-CI. Each spectrum is taken at the same NC and Mn** concentration, as in the
experiment of Figure 2.3. The Mn?* hyperfine splitting constant is |4| = 80.9 x10* cm™. The
broad feature underneath the sharper Mn** hyperfine lines is assigned to magnetically
concentrated Mn?*". EPR and PL spectra of the initial Mn*:CsPbCls; NCs are shown as
dashed lines.

Effects of Mn** clustering are also observed by PL. Figure 2.5 summarizes Mn** PL data
collected at 5.2 K for 1.1% Mn?*:CsPbCl; NCs and for the same Mn?*:CsPb(Cl,..Br,); NCs after
partial bromide exchange (x = 0.78). The main panel plots Mn** PL decay curves for the two samples,
and the corresponding 5.2 K PL spectra are shown in the inset. The Mn*:CsPbCl; NCs show
monoexponential PL decay with a lifetime of 3.4 ms, consistent with the spin- and parity-forbidden
Mn* “T); — Ay, ligand-field origin of this emission.”* In contrast, the Mn*":CsPb(Cl,.Br,); NCs
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show biexponential PL decay with components of 859 ps and 2.3 ms. We note that the Mn** PLQY
increases after this anion exchange, possibly due to reduced exciton trapping prior to energy capture
by Mn*. Shorter Mn** PL lifetimes are typically observed in bromide compared to chloride lattices
(e.g., 54.9 ms in CsCaCls vs 23 ms in CsMgBrs3, respectively, at 10 K°*%), attributable to the increased
spin-orbit coupling of the heavier halides, but this effect cannot explain the biexponential decay or the
short time constant observed in Figure 2.5. Moreover, the hyperfine splittings in the EPR spectra of
these NCs (Figure 2.3) indicate that Mn®* remains essentially exclusively coordinated by chloride
anions, also ruling out an effect from bromide spin-orbit coupling. Mn?* lifetime shortening due to
thermal back energy transfer to the exciton state does not occur at these low temperatures, either.
Instead, we propose that this lifetime shortening is attributable to Mn** clustering. In Mn**-Mn**
dimers and other clusters, magnetic superexchange coupling generates spin ladders in both the ground
and excited states that introduce new spin-allowed components to otherwise spin-forbidden electronic
transitions, accelerating radiative decay.®®® High Mn** concentrations also facilitate energy migration
to traps, accelerating nonradiative decay. Collectively, the experimental results point to Mn**

migration and clustering induced by CI — Br anion exchange in Mn**:CsPb(Cl,.Br,); NCs.

1
52K o

- . Mn=:CsPbCl, G
£ g

i =
g 0.1 S
a T T ] 1 T
g 2.6 2.4 22 2.0 1.8 1.6
"QE) 0.01 - Energy (eV)
_
l ppe—

0.001 4 an*:C.st(CI:_XBrXL

0 10 40

Time (ms)
Figure 2.5. Photoluminescence decay curves measured for 1.1% Mn*:CsPbCl; NCs (blue)
using 375 nm and for 1.1% Mn?*:CsPb(Cl,.Br,); NCs (x = 0.78) (green) using 405 nm

excitation. Both excitation sources were pulsed as square waves at a 10 Hz repetition rate.

The data are normalized at time zero. Black lines are fits to the data. The data for the
Mn?*:CsPbCl; NCs are fit to a single-exponential function with a time constant of 3.36 ms.
The data for the Mn*:CsPb(Cl...Br,)s NCs are fit to a double-exponential function with
time constants of 859 ps and 2.3 ms. The inset shows the corresponding PL spectra of the
Mn?**:CsPbCl; (blue) and Mn**:CsPb(Cl,.Br,); (green) NCs excited with 405 nm. All data
were collected at 5.2 K. EPR spectra of these samples are shown in Figure 2.3. RT absorption

spectra of these samples are provided in Figure A7.
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2.4.4 Thermodynamics of Mn?** Clustering. To explore the thermodynamics of Mn*
clustering, we modeled atom distributions in Mn*:CsPb(Cl,..Br.); using a cluster-expansion energy
model and canonical Monte Carlo (MC) methods, as detailed in the Methods section. Figure 2.6
shows energy-minimized distributions of Mn*, CI, and Br ions calculated for x = 0.80 and 1.00.
Similar plots for the complete halide composition series are provided in Figure A10. A representative

energy-minimization trajectory is also given in Figure All.

Cl Br

Mn**:CsPbBr,

2+
Mn*:CsPbClI Br,,

Figure 2.6. Distribution of atoms within a 4% Mn*":CsPb(Cl...Br.)s supercell for x = 1.0
(top) and 0.8 (bottom). The distributions of Mn*, Cl', and Br ions are shown.

We quantify clustering predicted by the MC simulations in terms of Warren-Cowley type
short-range order (SRO) parameters given by eq 2,

pi(alp)—cq
(@8 =

where p;(a|f) is the conditional probability that any o species has a B species at a lattice distance i €
{INN, 2NN, 3NN, ...}, and /NN is the 7th nearest neighbor shell.” Because we do not consider anti-

site formation in this work, in the case where a = 8, /NN denotes the ith nearest neighbor shell on the

(2.2)

1-cq

o sublattice. The fractional composition of the alloy species ot is given by ¢y, and ... ) denotes a thermal
average with respect to the canonical ensemble. The SRO parameters measure the degree of pairwise
a-f clustering. For nonzero concentrations of species o and 3, the SRO parameters vanish identically

for a completely disordered state, which in principle occurs only in the limit of infinite temperature.
(alB)

The lower bound for the SRO parameter is given by —c, /(1 — ¢4). A value 0 < 1; < 1 indicates
a tendency toward ion segregation, and conversely, —¢, /(1 — ¢;) < ni(alﬁ ) < 0 indicates a tendency

toward local mixing with species distinct from 3 at the 7th nearest neighbor.
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Figure 2.7 plots Mn**-Mn?** SRO parameters for 1st, 2nd, and 3rd NN positions as a function
of the halide composition parameter, x. Interestingly, the pure and dilute chloride compositions both
show segregation of ordered Mn*"-rich domains characterized by Mn*-Mn** pairs occupying 2NN
sites. The decomposition of an initially random mixture into coexisting Mn*"-enriched and -depleted
domains, e., spinodal decomposition, suggests a tendency for each Mn?** to maximize its number of
Pb** nearest neighbors in the absence of significant halide mixing. The stability of the Mn**-enriched
phase is consistent with a simple model of Coulomb energy gain.” In this picture, there is a transfer
of partial charge, &, between Mn** and Pb* nearest neighbors due to their different electronegativities
and the high ionicity of the lattice. This transfer leads to nominal oxidation states of Pb®9* and
Mn®9*, and it lowers the Coulomb energy by an amount proportional to —8§2/2r, where 21 is the
distance between the Pb** and Mn** ions. The configuration that maximizes the number of INN
Mn?*-Pb** pairs maximizes this Coulomb energy gain. The optimal configuration thus corresponds to
Mn?**-Mn?** pairs ordered on 2NN sites. Using DFT and Bader charge analysis,”* the average charge
transferred between INN Mn?** and Pb* is 0 = 0.21 and 0.19 in the cases of Cs;PbMnCls and
Cs,PbMnBrs, respectively. This 2NN ordering may also reduce the lattice strain associated with
substituting Pb** with the smaller Mn?*, leading to further stabilization relative to the random alloy.
Because superexchange is only a short-range interaction, superexchange coupling between 2NN Mn**
ions is negligible and 2NN ordering therefore cannot explain the experimental clustering concluded
from the loss of EPR intensity in Figure 2.3. To explain this observation, INN Mn?*-Mn** clustering

is required.
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Figure 2.7. Short-range order (SRO) parameters for INN, 2NN, and 3NN Mn*-Mn**
pairs in 4% Mn*":CsPb(Cl...Br.)s plotted vs the halide composition parameter x, as predicted
by cluster-expansion canonical Monte Carlo methods. Spinodal decomposition is observed
at both x = 0 and x = 1, and Mn**-Mn** INN clustering is observed when x > 0. The SRO
oscillations near x = 1.0 are due to fluctuations between competing low-energy cluster
configurations. The inset shows the INN, 2NN, and 3NN sites around a central cation,

with chloride/bromide ions depicted in green/brown and lead/manganese ions depicted in

gray.
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For x = 0, the MC simulations predict no INN Mn*-Mn** clustering. Figure 2.7 shows a
rapid increase in 1NN clustering with Br~ addition in the dilute-bromide limit (small x), followed by
non-linear and generally increasing INN clustering with increasing Br concentration. Indeed,
clustering at all Mn**-Mn?** separations (INN, 2NN, 3NN) generally increases with increasing x,
consistent with Mn?* segregation into enriched crystalline domains as Br is added to the lattice.
Moreover, the modeling further predicts that Cl" will also cluster with increasing x, and specifically
that the Mn*" and CI ions are themselves correlated. For example, Figure 2.8 plots INN and 2NN
Mn-Cl and Mn-Br SRO parameters as a function of x. These results show that Mn**-CI" correlations
increase and Mn**-Br~ correlations decrease with increasing x (see Figure A12 for CI-Cl and Br-Br
SRO plots). Although the results generally show anticorrelation for Mn**-Br~ pairs, there is in fact an
initial positive correlation at low bromide concentrations that may result from a slight energy
stabilization associated with relieving lattice strain by having a smaller Mn** dopant next to a larger
bromide ion. Overall, these results support the two key conclusions drawn from the experimental
results, namely that INN Mn** clustering occurs with increasing x in Mn?*:CsPb(Cl,..Br,); NCs
(Figure 2.3C), and that Mn*" remains coordinated by CI despite the addition of Br to the lattice
(Figure 2.3D).
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Figure 2.8. Short-range order (SRO) parameters r]gXan) for (A) Mn*-CI" and (B) Mn?*-Br

pairs in 4% Mn*":CsPb(Cl

by canonical Monte Carlo simulations. Mn**-Cl clustering becomes more pronounced as
more Br is incorporated. The inset shows the INN and 2NN sites around a central cation,

with chloride/bromide ions depicted in green/brown and lead/manganese ions depicted in

gray.

2.5 Discussion

The experimental and computational results presented above provide strong evidence of Mn**
clustering in Mn**:CsPb(Cl,..Br.); NCs induced by CI' — Br anion exchange. Mn*"is highly mobile
in Mn*:CsPb(Cl,..Br,); NCs, suggesting that clustering is driven thermodynamically not kinetically.
A simple qualitative explanation for this observation can be proposed within the framework of hard-
soft acid-base (HSAB) theory. As a hard Lewis acid, Mn** has a stronger preference for hard Cl- (Lewis
base) ligands relative to softer Br ligands. The specific preference of Mn** for CsPbCl; compared to
CsPbBr; is evident from the facile incorporation of Mn** into the former,
easily introduce Mn** into the latter either by direct synthesis or by cation exchange.** We propose

that this preference is a primary driving force behind the Mn*" clustering we have observed
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1.Br.)3, plotted vs the halide composition parameter x, as predicted

16,24-25
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experimentally in Figure 2.3C. Such considerations suggest that as the lattice ClI" concentration
decreases, Mn** dopants migrate in order to retain their preferred Mn-Cl bonding, eventually requiring
two or more Mn?* ions to bind to the same CI anion, in turn increasing the prevalence of INN Mn?*-
Mn?* pairs and their associated antiferromagnetic superexchange coupling. This process is summarized
in Scheme 2.1.

Scheme 2.1. Proposed manganese clustering during CI' — Br anion exchange in

Mn?*:CsPbCl; NCs.

@ Cesium

@ Lead

© Manganese
© Chlorine

® Bromine

82 Anion Exchange

Mn?* maximizes Mn-ClI interactions

The MC simulations support this interpretation, showing positive and increasing Mn*-Mn**
INN and Mn*-Cl" INN correlations upon introduction of Br into a Mn*:CsPbCl; lattice. This
situation is an example of spinodal decomposition, in which the free energy of an unstable solid
solution is reduced by separating into coexisting phases. This segregation is driven in part by the
difference between Mn-Cl and Mn-Br bond enthalpies. Beyond supporting the experimental
conclusion of Br-induced Mn** clustering in Mn*:CsPb(Cl,..Br,); NCs, the MC simulations reveal
additional insights not detected experimentally. In particular, the modeling predicts that 2NN
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Mn?**-Mn?** ordering is already thermodynamically favored even at the composition endpoints of
Mn?*:CsPbCl; and Mn*":CsPbBr;. The clustering in these compositions has a strong preference for
ordering at the 2NN site, driven by Coulomb interactions and potentially strain minimization. This
2NN ordering cannot explain the Br-induced loss of EPR intensity, however; antiferromagnetic
superexchange coupling requires INN Mn*-Mn** interactions. Although INN Mn*-Mn*
interactions are not observed or predicted in the CsPbCl; limit under the conditions examined here,
these conditions differ substantially from those that caused formation of spinodal CsMnCl; phases in
CsPbCl; nanoplatelets, which involved prolonged 200°C solvothermal diffusion doping in the
presence of high solvated Mn** concentrations;* the present study provides further evidence of
condition-dependent nonrandom Mn?** distributions within doped perovskite NCs.

The conclusions drawn here are based on thermodynamics and should be largely generalizable
to bulk and nanocrystalline Mn?:CsPb(Cli.Br.); prepared by different routes, or to
Mn?**:CsPb(Cl,.Br,); NC anion-exchange reactions involving different anion precursors. Still, a
kinetic factor is also apparent in the observation that the INN Mn*-Mn** clustering induced by partial
Cl' — Br anion exchange is not lost again upon complete conversion to CsPbBr3, where computations
suggest the 2NN spinodal ordering would be more stable. The stability of isolated Mn** in CsPbBrs; is
supported by the observation of Mn** EPR hyperfine splittings in bulk Mn?*:CsPbBr; prepared by
direct synthesis (see Figure AG). This apparent reduction in Mn** mobility may be associated with the
requirement of cation vacancies for cation migration in these lattices, a requirement that is more readily
met during anion exchange than under static conditions.

The large structural reorganization and Mn** clustering in Mn?":CsPb(Cl,..Br.); NCs with
anion exchange may impact the physical properties of these materials broadly. For example, the loss
of Mn** EPR described here suggests that anion exchange converts paramagnetic Mn**:CsPbCl; NCs
into antiferromagnetic Mn*:CsPb(Cl,..Br,); NCs, which should fundamentally alter the magneto-
optical or magneto-transport responses of these materials. Additionally, this Mn** clustering
complicates interpretation of the characteristic x-dependence of Mn** and excitonic PL intensities in
Mn?*":CsPb(Cl,.Br,)s NCs noted in several publications,****® because Mn** clustering alters Mn?*
radiative decay rates, Mn** non-radiative decay rates, and very likely also exciton-to-Mn?** energy-

transfer rates.

2.6 Conclusion

In summary, we have studied anion exchange in Mn**-doped CsPb(Cl,..Br.); NCs by PL and
EPR spectroscopies. During the course of CI'— Br anion exchange, we observed disappearance of the
Mn?* EPR signal despite retention of strong Mn**-based PL. These results are interpreted as reflecting
clustering of Mn?** dopants during anion exchange to form antiferromagnetically coupled dimers or
higher-nuclearity clusters. The thermodynamic driving force for this clustering comes from the
stronger Mn-Cl bonding compared to Mn-Br bonding, in keeping with HSAB principles. The EPR
hyperfine splittings measured during anion exchange confirm retention of Mn-Cl bonding even when

the majority of lattice anions are bromides. DFT-based Monte Carlo modeling supports these
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conclusions, predicting strongly correlated Mn?* and Cl segregation as bromide is added to the lattice.
Monte Carlo modeling further suggests that spinodal decomposition to form ordered Mn**-enriched
domains is thermodynamically favorable even at the CsPbCl; and CsPbBr; endpoints of the lattice
anion exchange reaction. Mn** ions are predicted to occupy second-nearest-neighbor positions relative
to one another in these spinodal domains.

Opverall, these experimental and computational results provide strong evidence that cationic
dopants in metal-halide perovskites are generally distributed non-randomly, with dynamic spatial
distributions that depend on the lattice's anion composition. Although not explicitly tested here, this
conclusion likely extends to other cationic impurities beyond Mn?**, and it likely applies to both bulk
and nanostructured perovskites. The high mobility of both cations and anions in perovskite NCs

contrasts the behavior established in chalcogenide semiconductor NCs such as CdSe, Cu,..S, or PbS,

where cation exchange typically occurs without substantial perturbation of the anion sublattice.”?7*

The findings here of dynamic anion-dependent cation distributions within doped perovskite NCs
impact the understanding of the stability and electronic or photophysical properties of such doped
perovskites, which in turn has ramifications for how these and related metal-halide semiconductor

materials may be used in future optoelectronic technologies.
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Chapter 3:  Conduction Band Splittings and Impurity Doping in Colloidal Europium(II)
Monochalcogenide Nanocrystals

3.1 Overview
EuS and related ferromagnetic semiconductors are promising materials for spintronic

applications because of their ability to generate highly spin-polarized electrical currents. These
materials display large magnetically-induced conduction band splittings into spin-polarized bands,
which enables their use in spin-filters. We use magnetic circular dichroism (MCD) spectroscopy to
demonstrate giant temperature- and field-dependent conduction-band splittings in colloidal EuS and
EuSe nanocrystals and discuss this below in Section 3.2. Even though EuS and related materials have
such high potential for use in spintronic devices like spin-filters, the low Curie temperature (7¢) for
EuS limits practical implementation of such devices. However, the 7¢ of bulk EuS, can be raised by
n-doping with trivalent impurity ions such as Gd*. Electron doping introduces free conduction-band
electrons that strengthen the magnetic ordering, raising 7c. In EuS nanostructures, analogous doping
has also been explored, but such nanostructures have a tendency for Eu’* impurities due to the
synthetic methods, so it is unclear what impact trivalent impurities may have on magnetic ordering.
Here in Section 3.3, we report spectroscopic, magnetic, and redox-chemical studies aimed at assessing
the role of trivalent impurities in the ferromagnetism of colloidal EuS nanocrystals. Combining post-
synthetic redox chemistry with optical and electron paramagnetic resonance (EPR) spectroscopic
measurements, we show that reduction of native Eu* impurities to Eu®* increases the overall
magnetization below 7¢ and simultaneously decreases 7¢ by -7%, with no evidence of free
conduction-band electrons at any stage. The data suggest that some of the newly formed Eu** ions
participate in the ferromagnetic ordering despite having a different coordination environment than
the Eu’* ions of the as-synthesized nanocrystals (e.g., surface vs core Eu*), and we hypothesize that
surface-localized charge compensation and the very negative EuS conduction-band-edge potential
prevent z-doping in these nanocrystals. These results provide a well-controlled assessment of the
contribution of trivalent impurities to the magnetism of EuS nanocrystals and additionally

demonstrate post-synthetic chemical modulation of the ferromagnetism.

3.2 Giant Band Splittings in EuS and EuSe Magnetic Semiconductor Nanocrystals

Spintronic devices can exploit both the spins and the charges of electrons to control the flow
of information. As such, spintronics have generated interest for data storage (e.g. tunnel
magnetoresistance or magnetoresistive random access memory) and may play an important role in
information processing and quantum computing technologies.' The development of such devices relies
on understanding the creation and manipulation of spin-polarized currents, characterized by the

percent spin polarization at the Fermi energy.? ‘Spin-filtering’, allowing only one type of spin to cross
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a magnetic barrier, is an attractive approach to attaining high spin polarization from an unpolarized
current. Because spin orientation is conserved in tunnelling, it is possible to use a magnetic tunnel
barrier to generate spin-polarized electrons as well as to detect spin.’ The extent of current spin
polarization can also be determined using spin-polarized photoemission, but spin-polarized tunneling
has the sub-millielectron volt resolution required for device development.*

The first demonstration of spin-filter tunneling in the absence of an applied field used EuS as
the ferromagnetic spin-filter,” and EuSe provided the first example of fully polarized tunnel current.®
Europium selenide is metamagnetic,” antiferromagnetic at low fields and ferromagnetic at high fields,
so its spin-filtering efficiency is strongly field-dependent. The origin of spin-filtering by europium
chalcogenides can be understood from the density of states diagram shown schematically in Fig. 3.1.
Magnetic exchange interactions couple the half-occupied 4f electrons to the conduction band,
comprised primarily of Eu** 54 orbitals. At 7¢, magnetic ordering of the 4f electrons splits the
conduction band into spin-up (lowered by AE.) and spin-down (raised by AE.,) levels. Conduction-
band splitting leads to a majority of one spin orientation at the Fermi level and highly polarized spin
currents.® The extent of spin polarization depends on the magnitude of the splitting (2AE.,).” Spin-
resolved X-ray absorption spectroscopy has been used to confirm the splitting between spin-up and

spin-down levels at the bottom of the conduction band in EuO."

— Eu 5dt,,
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_ % féoz;}oﬁ

Tc  Temperature
Figure 3.1. The effect of magnetic ordering on the conduction band. The black arrows
indicate the spin of localized 4f electrons and the colored arrows indicate the spins of
promoted charge carriers.
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In this work, we report the effect of temperature and magnetic field on the magnetic circular
dichroism (MCD) of solution-grown EuS and EuSe nanocrystals. Room-temperature MCD spectra
of nanocrystals of EuS have been reported,'" but we find striking changes in the spectra as a function
of temperature and field that indicate a very large conduction-band splitting below 7c. We also report
the first MCD study of EuSe of any morphology, again varying temperature and field. Room-
temperature Faraday rotation (FR) spectra of EuSe nanomaterials have been reported;'* but whereas
FR is sensitive to long-range order, MCD is sensitive to short-range interactions that are important in
this magnetically complex material. Changing temperature and applied field not only aid in sharpening
the MCD peaks, but they also provide the opportunity to study changes in the density of states near
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the ordering temperature to elucidate the effects of magnetic coupling on the optical properties.

EuS and EuSe nanocrystals were synthesized as previously reported' and characterized by X-
ray powder diffraction and transmission electron microscopy (see Appendix B). The nanocrystal
diameters were approximately 7 + 1 nm for EuS and 60 + 20 nm for EuSe, both with cubic
morphology. MCD measurements near the ordering temperature reveal a large conduction-band
splitting in the EuS nanocrystals. The MCD data for the EuSe nanocrystals indicate two low-
temperature magnetic phases (ferri- and ferromagnetic), and this material also exhibits a large
conduction-band splitting.

Figure 3.2A plots MCD spectra of the EuS nanocrystals collected at various temperatures
between 1.5 and 120 K. The EuS nanocrystal MCD spectra are similar to those of EuS thin films in
general shape, peak width, and peak positions."*"> We define three peaks for the spectra in Fig. 3.2A:
A (1.91 eV for the nano, and 1.92 €V for thin films), B (2.32 eV -vs- 2.31 V), and a shoulder C (2.48
eV -vs- 2.62 eV). Although the temperature and fields are somewhat different, our highest temperature
is lower (120K-vs-RT) and our field is also lower (2T-vs-5T),' the expected shifts due to lower

temperature and reduced field are in opposite directions and appear to cancel so our values are quite

close.
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Figure 3.2. Variable-temperature MCD spectra of (A) EuS nanocrystals measured at 2 T
and (D) EuSe nanocrystals measured at 5 T. Normalized temperature-dependent MCD
peak-to-peak amplitudes (blue) and magnetic susceptibilities (red) of (B) EuS nanocrystals
measured at 2T and (E) EuSe nanocrystals measured at 5T. The energies of MCD peaks A
and B plotted vs temperature for (C) the EuS and (F) the EuSe nanocrystals at 2 and 5 T,
respectively.
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The lowest-energy electronic excited state of EuS has a 4/°5d(#,,) configuration, resulting from
a 4f-5d promotion. At high temperatures, the spin degeneracy of this excited state can be split by an
applied magnetic field to generate distinct transition energies for absorption of left and right circularly
polarized light according to the selection rule AM; +1. Transitions to higher ] values are dominantly
left-circularly polarized, while transitions to lower and intermediate ] states are dominantly right-
circularly polarized.'®!” Peaks A and B in Figure 3.2 are transitions to the two components of this
spin-split 4/ °5d(t,,) state. There is some debate in the literature as to the assignment of peak C,™
whether it is a 4/~6s excitation or a weak spin-forbidden transition to an S = 5/2 4°5d(,,) state.'®

Several changes are observed in the MCD spectra of the EuS nanocrystals as the temperature
is decreased from 120 K down to 1.50 K (Fig. 3.2A). Because the circular dichroism is proportional
to the magnetization,' the peak amplitudes increase gradually as the temperature decreases, and then
increase more sharply upon reaching the ferromagnetic ordering temperature (7¢ ~16.6K). Therefore,
the temperature dependence of the MCD intensity (Fig. 3.2B, blue) is quite similar to a plot of X-vs-
T for the same EuS nanocrystals (Fig. 3.2B, red).

The evidence for conduction-band splitting in EuS thin films is a red-shift in the absorption
edge,® but such splittings can also be determined from spin-polarized electron emission
measurements' as well as by measuring resistance across tunnel junctions as a function of
temperature.” Here, a conduction-band splitting in the EuS nanocrystals is evident from the
temperature dependence of the energy of peak A, plotted in Fig. 3.2C. Lowering the temperature from
120 K, the energy of peak A remains relatively constant until ~-20K, where it drops sharply to reach a
maximum redshift of AE. = 0.18 ¢V at 1.50 K. This inflection temperature (20 K) is again consistent
with the magnetic ordering temperature. In bulk, the redshift is greatest for EuO (AEc = 0.23 ¢V) and
is smaller for EuS (AE« = 0.18 €V).?! The redshift observed in the nanocrystals compares quite well to
the shift observed in bulk, and corresponds to a very large conduction band splitting of 2AE., = 0.36
eV.

The 5 K MCD intensity of the EuS nanocrystals saturates at low magnetic fields and shows a
hysteresis in field-sweep measurements (Fig. 3.3A, and Fig. C3, Appendix B). The coercive field from
these data is 310 Oe (0.031 T). Increasing the field also increases the red shift of peak A, but the
magnetization saturates at low applied fields (<0.5 T) which means the conduction band splitting
won’t change significantly above this field. Interestingly, EuS thin films used as tunnel barriers exhibit
90% spin polarization at zero field, and this spin polarization, like the conduction band splitting is

largely independent of applied field.”
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Figure 3.3. MCD intensity plotted vs magnetic field for the EuS nanocrystals monitored at
700 nm (A) and the EuSe nanocrystals monitored at 525 nm (B). Both measurements were
at temperatures below 7¢.

We also used variable-temperature and variable-field MCD to probe the EuSe nanocrystals.
Figure 3.2D plots the MCD spectra of the EuSe nanocrystals as a function of temperature. These data
appear qualitatively similar to those of the EuS nanocrystals, and the optical transitions have the same
assignments. The EuSe nanocrystal MCD spectra are similar to MCD spectra reported for EuSe thin
films (variable T, H = 5T);">* however, peak positions were not reported in previous studies. The
EuSe nanocrystals exhibit peaks: A (2.08 eV), B (2.38 €V), and at low temperatures C (2.71 eV), as
well as a fourth peak D (-3.12 eV) not seen in EuS. As expected from the literature values of E, for
both materials (EuSe>EuS), peak A is higher in energy in the EuSe nanocrystals (2.08 eV) than in the
EuS nanocrystals (1.91 eV). In addition, band A is narrower for EuSe than EuS. The width of the 4f
band has been determined to be ~0.62 ¢V and unaffected by the anion;* however, the crystal-field
splitting of the 54 orbitals is greater in EuS (Ao estimated at 2.2 eV) than in EuSe (Ao« estimated at
1.7 eV),” consistent with the assignment of this peak.

The temperature dependence of the EuSe nanocrystal MCD must be interpreted differently
from that of the EuS nanocrystals, because EuSe does not have a defined Curie temperature. EuSe has
a more complex magnetic phase diagram than EuS because of its nearly equivalent magnitudes of
ferromagnetic (J1/k(K) = +0.1) and antiferromagnetic (Jo/k(K) = -0.09) exchange-coupling strengths.**
As a result, EuSe is metamagnetic. Measurements at low temperatures and fields (H < 250 mT, T < 4
K) have found evidence of type II antiferromagnetic ordering (M), ferrimagnetic ordering (M),
and type 1 antiferromagnetic ordering (TT44) in bulk EuSe The field dependence of these
transitions provides insight into the strength of the magnetic coupling.

Figure 3.2E plots the EuSe nanocrystal MCD intensity as a function of temperature, in
comparison with magnetic susceptibility data collected on the same sample. The temperature
dependence for EuSe is broadened relative to the EuS nanocrystal data (Fig. 3.2B). Both the MCD
and the magnetic susceptibility reflect the ferromagnetic coupling at 5 T, but the magnetization
appears at higher temperatures. The spontaneous magnetization at high temperatures that causes this
increase in intensity is not long-range order—there is a noticeable deviation between the MCD
intensity, which is still appreciable above 80K, and the magnetic susceptibility, which is diminished
by this temperature. The interpretation of MCD spectra of thin films of EuSe, which are quite similar,

50



is that domains form locally at temperatures ~30K, as described by a near-neighbour spin correlation
function.?

Large conduction-band splitting is also observed in the EuSe nanocrystals by MCD. Relative
to the EuS nanocrystals, the splitting energy is smaller yet it persists at higher temperatures. The
conduction-band splitting energy depends on the coupling of the 4fand 54 electrons and can be
estimated as proportional to ]S (S = 7/2), and ], is smaller for EuSe.”” Consistent with this expectation,
we have measured a redshift of AE. = 0.14 eV (at 5T) in the EuSe nanocrystals, which is smaller than
the redshift observed in the EuS nanocrystals (0.18 ¢V). This measured redshift compares well with
the literature value for bulk EuSe, AE. = 0.15 eV (H = 1.5 T).?° Our data lead to a conduction band
splitting value of 2AE. = 0.28 V. In thin films of EuSe, the gradual red-shift with decreasing
temperature exhibits a kink at the anti-ferromagnetic ordering temperature of 4 K (7x);'?a comparable
kink is difficult to discern in the MCD data here because of the higher field used.

The MCD field dependence also provides insight into the complex magnetic ordering in the
EuSe nanocrystals. In Figure 3.3, the field dependence of the EuSe 5 K MCD intensity at peak B (525
nm), is similar to the hysteresis curve measured for EuS nanocrystals. Based on this data the coercive
field for the EuSe nanocrystals is 850 Oe (0.085 T). However, the field dependence of the EuSe
nanocrystal spectra collected at lower temperature (1.75 K, Fig. 3.4A) are more revealing. These data
show one spectrum at H < 0.5 T (exemplified by H = 0.25 T, 0.35 T) but show a different spectrum
at H> 0.5 T (exemplified by H = 0.75 and 6 T). Both spectra coexist at 0.5 T. The high-field peaks
are distinctly red-shifted, as seen in a plot of the peak A energy vs field (Fig. 3.4B). The abrupt step-
like change in peak energy seen here corresponds to a red shift of A = 0.10 eV between 0.35-0.5 T. A
similar effect has been observed in the optical absorption of EuSe epilayers and ascribed to a magnetic
phase transition, where at a critical field the magnetism changes from ferrimagnetic M) to
ferromagnetic (M) The peg in the ferrimagnetic phase is ~2/3 of that in the ferromagnetic phase,
and therefore the redshift is ~2/3 of the high-field MCD redshift (0.14 eV). The critical field for the
EuSe nanocrystals here is slightly larger (>0.35 T) than that reported for thin films (0.3 T), but it is
closer in agreement to that determined from EuSe films used as tunnel junctions, where a change in
electron-spin polarization due to magnetic ordering was observed at applied fields greater than -0.5
T.¢ This comparison suggests that the critical field increases as the EuSe dimensions decrease. Such a
size effect could conceivably relate to the presence of uncompensated spins at the surfaces of the
nanocrystals, or to small changes in unit cell volume with greater surface-to-volume ratios, but the

origins of this effect require further investigation.
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Figure 3.4. (A) Field-dependent MCD spectra of EuSe nanocrystals collected at 1.75 K.

The ferrimagnetic phase is observed in the red, brown, and green spectra. The greater
magnetic moment of the ferromagnetic phase (purple and black spectra) leads to an abrupt
redshift of peak A at the critical temperature where the nanocrystals convert from
ferrimagnetic to ferromagnetic. At 0.5 T, blue spectrum, both phases are observable. (B) The
energy of peak A as a function of magnetic field strength, from the spectral data in the top
panel. The red dots show the energies of the two peaks observable in the 0.5 T spectrum.

In conclusion, the temperature dependence of the MCD of both EuS and EuSe nanocrystals
reveal large conduction-band splittings in these materials, which is a key attribute for spin-filtering.
The conduction-band splitting is greater in the EuS nanocrystals (2AEc = 0.36 €V-vs- 2AE., = 0.28
eV) and less sensitive to applied field than it is in the EuSe nanocrystals. In addition, the field-
dependence of the EuSe nanocrystal MCD spectra show evidence of a critical field at which the
nanocrystals convert from ferrimagnetic to ferromagnetic ordering. We are interested in investigating
why the critical field is greater in nanocrystals than in the bulk and, in future work, will use small angle

neutron scattering to determine whether this trend is due to surface effects.

3.3 The Role of Trivalent Impurity Ions in the Ferromagnetism of Colloidal EuS Nanocrystals
The europium(Il) monochalcogenides are a classic group of magnetic semiconductors,
displaying rich magnetic ordering ranging from ferromagnetism for EuO and EuS to metamagnetism
for EuSe and antiferromagnetism for EuTe."” . EuS in particular displays a high degree of electron spin
polarization in transport measurements, making this material attractive for spintronic technologies
such as spin filters and spin valves.>®*® The low Curie temperature of EuS (7¢ = 16.6 K)" limits its
practical use, but aliovalent doping, typically with Gd*, has been shown to increase 7¢ in both bulk"
and nanocrystalline EuS."”*?° Aliovalent doping generates delocalized conduction-band (CB)
electrons that enhances the indirect inter-lanthanide exchange coupling, thereby stabilizing
ferromagnetic ordering.'”*?! The correlation between carriers and 7¢ was demonstrated in Eu;,.Gd.O
films grown by MBE, where Gd*" is also S = 7/2.%* Although carrier modulated 7c enhancement has
been observed for other non-redox active trivalent lanthanides, such as La* or Lu®*, these non-
magnetic ions appear contribute to magnetic disorder.”® Spectroscopic signatures of free carriers also

support this mechanism, including the appearance of a mid-infrared (mid-IR) intra-CB transition
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observed by absorption spectroscopy and a temperature-dependent red-shift of the inter-band

absorption edge.”*¢ The magnetism becomes more complicated when the dopant is redox active, such

as Sm3+/2+

. In bulk Sm-doped EuO, Sm is trivalent, introducing free electrons and increasing 7c.*” In
bulk Sm-doped EuS, however, Sm is divalent and only decreases the overall magnetization through
spin dilution.” By changing the lattice anion, therefore, the Sm oxidation state is changed and the
material's magnetic properties are affected differently. This comparison suggests the intriguing
possibility that redox transformations of europium itself (for which both Eu** and Eu’* are often readily
accessible) may possibly tune the magnetic and optical properties of nominally undoped europium
chalcogenides.

The solution synthesis of EuS nanostructures has been explored as a promising approach to
generating solution processable low-dimensional magnetic semiconductors that can be interfaced with
other materials with magnetic properties that potentially can be tuned by controlling the
nanocrystallite size, shape, and surface chemistry.** The high surface-to-volume ratios of such
nanostructures present complications in terms of stability, crystallinity, and the general difficulty of
controlling the speciation of surface ions and ligands, however. In particular, as-synthesized EuS
nanocrystals (NCs) typically show partial oxidation of Eu®* to Eu®*,**% generally assumed to occur
predominantly in amorphous surface layers.”>*“ To the extent that such Eu®* ions can be considered
as aliovalent impurities, they may behave similarly to the Gd*>* or Sm** dopants mentioned above.
Although the presence of such Eu’* is widely acknowledged, its effect on the magnetism of EuS
nanostructures has not yet been elucidated.

The research reported here aims to answer two main questions—first, do Eu** impurities in
EuS NCs introduce free charge carriers, as observed with other trivalent dopants in bulk EuS? Second,
can the oxidation state of these Eu* ions be controlled post-synthetically, thereby modulating the
magnetic properties of the NCs? To address these questions, we used chemical reductants to tune the
Eu’*/Eu** ratios in colloidal EuS NCs, and we characterized the resulting NCs using optical and
electron paramagnetic resonance (EPR) spectroscopies.

We show that the Eu’** impurities in as-synthesized NCs are not charge-compensated by excess
CB electrons, and we hypothesize that their excess positive charge is instead compensated by localized
surface counter-charges. Additionally, we demonstrate for the first time that it is possible to reduce
these native Eu’* ions to Eu** in free-standing colloidal EuS NCs. This reduction has a modest but
clearly detectable impact on the NC magnetism, reducing 7¢c from 16.1 to 15.0 K (nearly 7%) and
increasing the magnetization below 7¢. Spectroscopic and magnetic evidence suggests that the newly
formed Eu* ions also partially order ferromagnetically but have a slightly different coordination
environment than the Eu** ions present in the as-synthesized NCs, possibly due to surface proximity.

The synthesis of colloidal EuS NCs was adapted from previous reports® and relies upon the
high-temperature decomposition of a europium(III) dithiocarbamate precursor (see Methods). The iz
situ reduction of the Eu®* precursor is believed to be facilitated by the ligand, and the oleylamine used
as a solvent. Incomplete reduction is likely the source of some of the Eu’* found in the final NCs (vide

infra). To minimize any further oxidation or hydrolysis, and to ensure that the NCs remained constant
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over the course of our experiments, the NCs were prepared, purified, and handled under rigorously
air-free conditions.

Figure 3.5 summarizes the general characterization of representative as-synthesized EuS NCs.
The absorption spectrum plotted in Fig. 3.5A shows a broad band centered at 500 nm. This band
corresponds to the f~d(#,) transition of Eu** and is considered the band gap of the material."” Figure
3.5B shows powder X-ray diffraction data collected for the same EuS NCs. These data index well to
the expected pattern for EuS (PDF# 01-071-4399) and reveal no additional crystalline phases. Figure
3.5C,D shows a TEM image of the sample and the associated histogram confirming the NC size
distribution. These data show that the NCs are approximately spherical in shape with an average

diameter of 5.4 + 1.1 nm. Overall, these NCs are thus similar to those described previously.*
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Figure 3.5. Characterization of colloidal EuS nanocrystals. (A) Absorption spectra collected
at room temperature. The band centered at 500 nm corresponds to the Fd(ta) transition of
u*. (B) Powder X-ray diffraction data collected for EuS NCs drop-cast on a silicon
substrate (red) and corresponding literature pattern for cubic EuS (black, PDF# 01-071-
4399). The NC data match the expected peak pattern. (C) TEM image of EuS NCs, with
scale bar representing 20 nm. (D) Size distribution of NCs shown in (C) determined by
measuring >300 particles, and Gaussian fit, yielding a mean diameter of 5.4 + 1.1 nm.

Figure 3.6 plots X-ray photoelectron spectroscopy (XPS) data collected for the as-prepared
EuS NCs deposited onto a silicon substrate. The survey scan in Fig. 3.6A shows a large C 15 signal that
was used for energy referencing. A large O 1s signal is also observed but because of the substrate it

cannot be determined whether this signal arises in part from the NC capping ligands or the NCs
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themselves. Figure 3.6B plots high-resolution XPS data in the S 2p region. The majority of the signal
(94%) is from S* associated with the NCs. There is a small (6%) signal at 166.6 eV that is assigned to
residual SO3*, most likely from oxidation of the diethyldithiocarbamate ligands used during synthesis.
Figure 3.6C plots a high-resolution scan of the Eu 345, region. Two bands are observed in this region,
a lower-energy band that is fit to two Gaussian functions centered at 1122.9 and 1125.0 eV and
assigned to Eu*, and a higher energy band centered at 1133.7 eV that is best fit by one Voigt function,
corresponding to Eu’*. Both assignments are consistent with literature.”® The Eu** signal only accounts
for 24% of the total Eu 345, signal. Figure 3.6D plots the spectrum in the Eu 44 region, showing
three major peaks and a clear shoulder. This region is more complicated than the 345/, region, and this
intensity is fitted using four Voigt functions taking into account asymmetry. The two lower energy
peaks from the 44 region (127.2 and 132.7 eV) are assigned to Eu** and account for 44% of the signal,
in contrast to that found for the Eu 3d5,. The two high-energy peaks (135.5 and 141.0 ¢V) are assigned
to Eu’" and account for 56% of the total Eu 44 signal. The former peaks are highly asymmetric as a
result of splittings caused by the neighboring 4f electrons.””' The extensive NC oxidation observed
here is similar to what has been reported for EuS NCs as determined by X-ray magnetic circular

dichroism* and Eu-151 Méssbauer spectroscopy.“®
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Figure 3.6. X-ray photoelectron spectroscopy (XPS) of EuS nanocrystals deposited on a
silicon substrate. (A) Survey scan of EuS NCs. The C 1s peak was used for energy referencing.
(B) High-resolution spectra of the S 2p region. (C,D) High-resolution spectra of the Eu
3ds;; and 4d regions, respectively. The peaks are deconvolved by simultaneously fitting an
inelastic background (black dash). The convolved fit is plotted in gray.
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The discrepancy in relative Eu** content between the 345/, and 4d spectral regions results from
the difference in inelastic mean free paths (IMFPs) of electrons in these two energy regions. The 3ds/
electrons, with their lower kinetic energy, have an IMFP that is approximately half that of the 44
electrons. This difference causes measurements in the 3ds; region to be more sensitive to the NC
surfaces than measurements in the 44 region, especially after attenuation through the surrounding
organics. In general, XPS is a surface-sensitive technique, and even the lower-energy 4d spectra
selectively probe the NC surfaces. Nonetheless, taken together, these measurements indicate that these
NCs have highly oxidized surfaces (>50% Eu’*), with the degree of oxidation decreasing closer to the
NC core. These results alone cannot fully differentiate between a gradient mixture of Eu** and Eu**
within the EuS lattice structure or a “core/shell” structure consisting of a EuS core surrounded by, for
example, an amorphous oxidized shell (e.g., Eu,0,S). Despite the high Eu’ levels indicated by XPS,
there are no optical indications of Eu’* at room temperature, but weak Eu’* f~femission is detected in
the low-temperature photoluminescence spectrum of the NCs (see Appendix B).

To evaluate the influence of these Eu’* ions on the NC magnetism, we sought to use an external
reducing agent that could modify their valency. Solutions of EuS NCs in THF were treated with
various reducing agents while monitoring the absorption spectra. Moderately strong reductants’ such
as decamethylcobaltacene (-1.94 V vs Fc'/Fc) and Na(Hg) (-2.36 V vs Fc*/Fc in THF) had no effect
on the NC spectra (see Appendix B); however, stronger reductants such as sodium anthracenide
(Na[ANT], -2.47 V vs Fc'/Fc) did cause significant spectral changes. Figure 3.7A plots absorption
spectra of EuS NCs collected during the course of anaerobic reduction with Na[ANT]. Each spectrum
in the series corresponds to an addition of 0.1 equivalents of Na[ANT] per Eu. The sharp absorption
bands between 300 — 400 nm that appear after the first addition of Na[ANT] come from the redox

product, anthracene.
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Figure 3.7. Chemical reduction of EuS nanocrystals using sodium anthracenide
(Na[ANT]). (A) Absorption spectra of EuS NCs with different amounts of the reductant
Na[ANT] added. The peaks corresponding to anthracene, EuS f~d(#,), and anthracenide are
labeled. (B) Absorbance and wavelength of the EuS f~d(#,) band, plotted vs equivalents of

anthracenide. (C) Fermi level of the reaction mixture from (A), determined using eq 3.1.
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The Fermi level becomes more negative as Na[ANT] is added.

These spectral changes are summarized in Fig. 3.7B. The EuS f~d(#,) band increases in
intensity with added Na[ANT], suggesting an increase in the amount of Eu** in the NCs consistent
with reduction of Eu’* to Eu**. The f~d(f) band also blue-shifts slightly (77 meV total) with added
Na[ANT]. This shift contrasts with the red-shifts observed when CB electrons are introduced into
these magnetic semiconductors.’>* The NCs also show no new intra-band absorption in the mid-IR
after reduction (see Appendix B), confirming the absence of delocalized CB electrons. Instead, the /-
d(t:¢) blue-shift is interpreted as reflecting a different coordination environment around some or all of
the newly formed Eu?* ions relative to lattice Eu** in EuS. For example, these newly reduced Eu** ions
could be exposed to surface-capping ligands at the NC surfaces or could reside in an oxysulfide shell,
resulting in a slightly smaller d(5;) ligand-field splitting. Scheme 1 illustrates this proposed surface

reduction.
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Scheme 3.1. Proposed reduction of Eu’* to Eu** in EuS NCs by sodium anthracenide, as
well as NC re-oxidation by air.
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The feature at ~740 nm that appears in the absorption spectrum after the final addition of
Na[ANT] comes from the [ANT]*" radical. Observation of this feature suggests that the reaction's
equivalence point has been reached. The amount of reductant required to reach the equivalence point
is thus ~0.5 equivalents per Eu ion, a value consistent with the observation by XPS (Fig. 3.6) that
~50% of the Eu is Eu’". As an equilibrium outer-sphere redox reaction, the Fermi level (£) of the
solution in which the NCs are reduced can be determined from the Nernst equation (eq 1).* Here,
the concentration of anthracene is measured spectroscopically using the known extinction coefhicients
of the bands between 300 — 400 nm (see Appendix B), and the standard reduction potential of
anthracene is taken as -2.47 V vs Fc'/Fc in THEF.** Figure 3.7C plots £r measured in this way us the
equivalents of added anthracenide. As Na[ANT] is added, the Fermi level becomes increasingly
negative, ultimately reaching ca. -2.44 V vs Fc'/Fc at the equivalence point. Even at this potential,
there is no discernible occupation of the EuS CB, meaning the NC band-edge potential is even more
negative than this potential. The band-edge potentials of colloidal EuS NCs have not been measured
previously, but the band-edge potentials of colloidal NCs are known to be very sensitive to surface
dipoles, shifting by as much as 500 mV in the case of CdSe NCs, for example.”**® The most negative
potential measured here is ~300 mV more positive than the literature conduction-band-edge potential
of bulk EuS, -2.7 + 0.3 V vs Ec*/Fc,” consistent with the absence of CB electrons here.

Anthracenideltotal added—[Anthracene]

Ep(V) = E oy (V) = E° — 0.02568 In (3.1)

[Anthracene]

Similar results are obtained for other very strong reductants,” including alkali naphthalemide
(-3.10 V ws Fc'/Fc) and sodium metal (-3.04 V s Fc*/Fc). Combined with the observations using
Na[ANT] and the less powerful reductants, these reactions suggest that potentials more negative than
ca. -2.36 V vs Fc'/Fc are required to reduce Eu’* to Eu®* in these NCs, and hence that the reduced
NCs are themselves very strong reductants. Consequently, EuS NCs reduced by this method are not
stable in air. Upon exposing a solution of reduced EuS NCs to air, the increased f~d(#,) absorbance is
lost and the f~d(rg) band red-shifts back to its starting energy (see Appendix B). Other than the

presence of anthracene, the resulting spectrum is essentially indistinguishable from that collected
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before reduction. This similarity suggests that the NC reduction is fully reversible—i.e., no degradation
or other irreversible transformations occur. This conclusion is supported by TEM measurements,
which also show no discernible NC degradation after reduction with Na[ANT] and re-oxidation by
air (Appendix B).

The effect of Eu reduction on the EuS NC magnetism was then probed using variable-
temperature CW X-band EPR spectroscopy. As non-Kramers ions with a non-magnetic (/= 0) ground
state, Eu’* ions are generally EPR silent;*® therefore, any EPR signal is attributable to Eu*". Figure 3.8A
plots representative EPR spectra of EuS NCs reduced with Na[ANT], measured at different
temperatures. EPR spectra of the corresponding as-prepared NCs and absorption spectra indicating
complete reduction are provided in Appendix B. The EPR intensity is greatest at the lowest
temperature (5 K) and it decreases as the temperature is raised. At the highest temperature (80 K) the
spectrum is very weak. The EPR spectra in Fig. 3.8A are plotted as dy''/dH. Integration of these spectra
thus yields the EPR susceptibility, ", with further integration yielding a value proportional to
magnetization, aM. Figure 3.8B plots aM vs temperature for the as-prepared and reduced NCs. Both
samples show a low-temperature plateau followed by a rapid drop at higher temperature characteristic
of a ferromagnetic-to-paramagnetic transition. Figure 3.8C plots the dependence of the EPR
linewidth, AB,;,, on temperature for the as-prepared and reduced NCs. Upon warming from 5 K, the
linewidth narrows until a similar critical temperature, beyond which it broadens again. This behavior
is also characteristic of ferromagnetic-to-paramagnetic materials.””* The resonance of the as-prepared
NC:s broadens significantly more than that of the reduced NCs in the ferromagnetic resonance region.
We attribute this difference to the presence of Eu’* in the former. Eu’* has significant orbital angular
momentum that leads to very fast spin-lattice relaxation, which broadens the ferromagnetic resonance
linewidth.> Similarly, the Landé g-factor increases as the temperature is raised beyond the critical
region (see Appendix B), as observed for bulk EuS.® By all measurements, the critical temperature of
the reduced NCs is lower than that of the as-prepared NCs.
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Figure 3.8. EPR data from as-prepared and reduced EuS NCs. (A) Representative EPR
spectra of reduced EuS NCs collected at 5, 16, and 80 K. Linewidth narrowing in the vicinity
of the critical region (-16 K) is apparent. The inset plots a zoom-in of the 80 K spectrum.
(B) Proportional magnetization (from double-integration of the EPR spectrum) plotted vs
temperature for the as-prepared (black dots) and fully-reduced (red triangles) EuS NCs.
Na[ANT] was used as the reductant. Curie temperatures of 16.1 and 15.0 K for the
as-prepared and reduced EuS NCs, respectively, are determined from the minima in the first
derivative of the magnetization data (inset). (C) The peak-to-peak linewidth (AB;;) plotted
vs temperature. Ferromagnetic resonance and paramagnetic resonance regions indicated.
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The Curie temperatures of these NCs are determined from the minima in the first derivative
of the aM vs T data (Fig. 3.8B, inset). From these data, 7¢ for the reduced EuS NCs is estimated to
be 15.0 K, whereas that of the as-prepared EuS NCs is 16.1 K, corresponding to a decrease of -7%
upon NC reduction. In addition to lowering in 7¢, NC reduction also causes a ~7% increase in
magnetization (aM) below 7¢. This result is consistent with NC reduction generating additional Eu**
species that also partially align ferromagnetically with the core EuS spins. The shift in 7¢ is likely
attributable to the different coordination environment of the newly reduced Eu** ions, as discussed
above, implying a weaker inter-Eu exchange coupling for these Eu** ions than in the core EuS.

In summary, EuS NCs prepared by literature methods were demonstrated to contain high
levels of Eu’* despite rigorously anaerobic NC synthesis and handling conditions. These Eu’* ions
could be reduced to Eu** by reacting the NCs with strong chemical reducing agents. This reduction
manifests itself spectroscopically as a blue-shift of the Eu** f~d(#,) transition and an increase in its
absorbance, suggesting that the redox-active Eu ions are located predominantly at the NC surfaces and
with a slightly different coordination environment. In bulk, doping EuS with trivalent lanthanides
(e.g., Gd*) can increase 7¢ by generating excess CB-like electrons (2 doping). In contrast, the data
here suggest that the Eu* impurities in as-synthesized EuS NCs do not introduce any excess optically-
detected CB-like electrons and therefore do not have the same effect. Rather, their elimination by
reduction from Eu’* to Eu** reduces 7c by ~7%. The trivalent Eu’* dopants here do decrease the overall
NC magnetic moment, as expected for the lower moment compared with Eu*, and reducing these
ions from Eu* to Eu* increases the NC magnetic moment below 7¢. The experimental shift in 7c
upon NC reduction may be due to differences in Eu** coordination that cause the newly reduced Eu**
to have weaker inter-Eu magnetic exchange coupling, an interpretation supported by the shift in Eu**
f~d(#2) transition energies between original and newly reduced Eu** ions.

Overall, these results demonstrate successful chemical reduction of colloidal EuS NCs,
revealing that the NCs are stable even to very strong reductants, that this reduction is fully reversible,
and therefore that the redox states of the constituent cations and hence the magnetism of the EuS NCs
can be manipulated post-synthetically. Notably, the present data show no evidence of CB-like
electrons in these EuS NCs, either from the abundant Eu** impurities found in the as-prepared NCs
or after exposure of these NCs to strong chemical reductants. In contrast with aliovalent doping of
bulk EuS crystals, the excess positive charges of aliovalent impurities in colloidal NCs are readily
compensated at the NC surfaces, diminishing the effectiveness of these ions as electronic dopants. The
very negative CB-edge potentials implied by these redox titrations (2 ~-2.44 V vs Fc'/Fc) exacerbate
the challenge of stabilizing CB-like electrons in EuS NCs by making such electrons extremely

reducing,.

3.4 Methods
3.3.1 General considerations. Unless otherwise stated, all measurements and synthetic

manipulations were performed using standard Schlenk techniques under a dinitrogen atmosphere, or
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in a glovebox under an atmosphere of purified dinitrogen. Anhydrous tetrahydrofuran (THF) was
purified through an alumina column pressurized with Ar.

3.3.2 Chemicals. Unless otherwise stated, all chemicals were used as purchased without
further purification. Anthracene (99%), decamethylcobaltocene (CoCp*;), mercury (299.99%),
naphthalene (99%), 1-octadecene (ODE, 90%), oleylamine (OLA, 70%), selenium powder (-100
mesh, 299.5%), diethylamine (>99.5%), diphenylphosphine (98%), 1,10-phenanthroline (99 %),
europium(III) trifluoromethanesulfonate (98%), hexadecylamine (HDA, 90%), absolute ethanol
(>99.7%), diethyl ether (99.7%), and trioctylphosphine (TOP, >97%) were purchased from Sigma-
Aldrich. 2-methyltetrahydrofuran (2-MeTHEF, anhydrous, 299.0%, Sigma-Aldrich) was further dried
over sodium benzophenone and distilled before use. Diethylammonium diethyldithiocarbamate
((NH2Et)(S2CNEt), >97%) was purchased from TCI America or Sigma-Aldrich. Europium(III)
chloride hexahydrate (EuCl;-6H,O, 99.9%) was purchased from Strem Chemicals or Sigma-Aldrich.
Sodium and potassium metal were purchased from AlfaAesar. Acetone (Fisher, ACS) was dried by
reflux over anhydrous CaSOy and distilled before use. Hexanes (Fisher, ACS) were dried over sodium
benzophenone and distilled before use. 2-propanol and acetonitrile were purchased from Fisher.

3.3.3 Synthesis of sodium anthracenide. In a nitrogen-filled glovebox, excess sodium metal
was spread in a scintillation vial to make a mirror. Anthracene (0.1 mmol) was then added, followed
by 5 mL of THF. The mixture was stirred overnight to form a 0.02 M sodium anthracenide
(Na[ANT]) solution. Sodium naphthalenide (0.02 M, Na[NAP]) and potassium anthracenide (0.02
M, K[ANT]) were made analogously.

3.3.4 Preparation of Na(Hg). 0.5% Na(Hg) was prepared by dissolving Na metal (0.0388 g)
in Hg metal (5 mL) in a nitrogen-filled glovebox. The sodium metal was added slowly because the
reaction is highly exothermic.

3.3.5 Eu(S:CNEt,)sPhen (1). The europium tris-diethyldithiocarbamate phenanthroline
single-source precursor was synthesized as previously reported.”” Briefly, europium(III) chloride
hexahydrate was dissolved in isopropyl alcohol and added to a vigorously stirred solution of
diethylammonium diethyldithiocarbamate and 1,10-phenanthroline in acetonitrile at room
temperature. The orange-red precipitate was collected via vacuum filtration and washed with ice-cold
acetonitrile. FT-IR (v, cm-1): 1490(s), 962(m).

3.3.6 [Et.NH][Se.PPh,] (DSP salt) (2). In a nitrogen-filled glovebox, selenium (7.9 g, 0.10
mol) was mixed with anhydrous ethanol (40 mL). Diphenylphosphine (8.7 mL, 0.05 mol) was added
to the slurry. Excess diethylamine (5.3 mL, 0.051 mol) was injected into the reaction and lowered
into a water bath at 60°C and stirred for 60 minutes. The solution turned from black to a rust-red
color over the course of the reaction. The reaction was cooled to room temperature and then transferred
to a freezer at -30° C. A white precipitate formed and was vacuum filtered and washed with ethanol
and diethyl ether to isolate the product. FT-IR (v, cm-1): 1544(w), 1433(s), 1088(m), 751(m),
691(m), 534(s), 514(s), 472(m), 450(m).

3.3.7 Eu(Se;PPhy)3(MeCN), (3). In a nitrogen-filled glovebox, 2 (1.3 g, 3.0 mmol) was

dissolved in acetonitrile (25 mL). Europium(III) trifluoromethanesulfonate (0.60 g, 1.0 mmol) was
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added directly into the ligand solution. The solution started to form a precipitate upon addition of the
triflate salt and was stirred for 30 minutes. The product was isolated via gravity filtration and washed
with acetonitrile. FT-IR (v, cm-1): 3047(w), 2296(w), 2266(w), 1480(w), 1435(m), 1323(w),
1307(w), 1178(w), 1160(w), 1092(m), 1063(w), 1025(w), 998(w), 744(m), 690(s), 620(w), 548(m),
514(s), 476(s), 447 (w), 421 (w).

3.3.8 (NH:Et;)[Eu(S:CNEt;)4] (4). (NH,Et)[Eu(S;CNEw)4] was prepared by adapting
literature procedures.”’ Briefly, (NH,Ew)(S:CNEr) (2.38 g) was added to an Erlenmeyer flask
containing 70 mL of anhydrous ethanol under ambient conditions. In a separate scintillation vial, a
stoichiometric amount of EuCl-6H,O (0.98 g) was added to 15 mL anhydrous ethanol. The two
solutions were stirred to yield homogenous solutions. The europium solution was slowly added to the
Erlenmeyer flask to form the red-orange crystals of (NH,Et) [Eu(S;CNEt)s]. The mixture was stirred
for twenty minutes to allow complete precipitation of 4, which was collected by filtration and washed
with cold anhydrous ethanol several times. 4 was stored in a desiccator and used within two weeks of
synthesis.

3.3.9 EuS/EuSe nanocrystal synthesis. In a 3-necked round bottom flask fitted with a
thermocouple for temperature control and reflux condenser, HDA (2.50 g, 10.4 mmol) and ODE
(5.0 mL, 25 mmol) were degassed under vacuum at 75°C for 1 hr. In a nitrogen-filled glovebox, 1
(or 3) (0.334 mmol) were dissolved in 3.0 mL of OLA. The HDA/ODE solution was placed under
N; and heated to 330°C, and the OLA solution of 1 (or 3) were injected via syringe. The color change
was immediate upon injection, and the reaction was stirred for 1 hour. The reaction was then cooled
from 330°C to room temperature and hexanes introduced to disperse the nanocrystals and decanted
into a centrifuge tube to remove solid HDA. Nanoparticles were precipitated with EtOH and
collected by centrifugation at 4500 rpm for 10 minutes. The pellet was re-dispersed in hexanes and
the precipitation and centrifugation procedure was repeated a total of 4 times to wash the nanocrystals.
The nanoparticles were re-suspended in hexanes or kept as powders.

3.3.10 Anaerobic synthesis of colloidal EuS nanocrystals. In a typical synthesis, OLA (2.43
mL) was added to a 50 mL three-necked, round-bottom flask fitted with a reflux condenser and a
thermocouple for temperature control, and degassed under vacuum for 30 min at 120 °C. TOP (2.27
mL) was injected into the flask and the mixture was degassed for an additional 15 min. The solvent
mixture was then heated to a temperature of 280 °C under nitrogen. In a separate scintillation vial, 4
(0.11 g) was added to OLA (1.2 mL). This mixture was stirred to produce a clear red-orange solution.
The solution of 4 was injected into the reaction flask at 280 °C and maintained at this temperature
for 1 h under constant stirring. The mixture was cooled to room temperature and transferred to a
nitrogen-filled glovebox for further purification. The NCs were washed four times by precipitation
with acetone followed by centrifugation and suspension in hexanes. The worked-up NCs were stored
in the glovebox suspended in ~5 mL of hexanes, which gave a purple-colored colloidal solution.

3.3.11 Reduction titrations. EuS NCs of a known concentration were suspended in a
solution of THF and loaded into an air-free cuvette. For reductions using Na[ANT], K[ANT],
Na[NAP], and CoCp,* a known amount of reductant solution was titrated in to reduce the NCs. The
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progress of the titration was monitored by UV-Vis-NIR spectroscopy by collecting a spectrum
following each addition of the reductant. The reduction was considered complete when features
corresponding to the reductant were observed in the absorption spectrum. For reduction using Na(Hg)
an amount of Na(Hg) corresponding to 600 equivalents of Na per Eu was added to a solution of EuS
NCs in THF in an air-free cuvette with a Teflon stir bar. The solution was allowed to mix for several
days with the progress of the reduction reaction monitored by UV-Vis-NIR spectroscopy. For
reduction using Na metal, a freshly cut piece of Na metal was added to a solution of EuS NCs in THF
in an air-free cuvette. The progress of the reduction reaction was monitored by UV-Vis-NIR
spectroscopy over a 2-week period.

3.3.12 EPR measurements. Continuous-wave electron paramagnetic resonance (EPR)
measurements were performed on a Bruker EMX spectrometer operated at X-band frequencies. The
sample and probe were mounted inside an Oxford Instruments ESR900 continuous flow cryostat. The
temperature was controlled and monitored with an Oxford Instruments ITC5035 temperature
controller and a Cernox Resistor CX-1050-AA-1.4L temperature sensor (LakeShore). Anhydrous 2-
MeTHEF was used as the solvent because it forms a high-quality glass upon rapid freezing. For EPR
measurements of reduced EuS NCs, the reductant (0.02 M Na[ANT] dissolved in 2-MeTHF) was
titrated into a solution of NCs in 2-MeTHF. The progress of the reduction was monitored by
absorption spectroscopy. Once the sample was fully reduced, 350 pL of the sample was transferred to
an EPR tube for the measurements. For the EPR measurements of the native EuS NCs, 350 pL of
NC solution in 2-MeTHF at the same concentration as in the reduced sample was loaded into an EPR
tube. For all EPR measurements, the samples were kept under an N, atmosphere.

3.3.13 XPS measurements. All XPS spectra were taken on a Surface Science Instruments S-
Probe photoelectron spectrometer. This instrument has a monochromatized Al Kou X-ray source that
was operated at 20 mA and 10 kV, and a low-energy electron flood gun for charge neutralization. The
samples were drop cast from solution onto silicon substrates and prepared under nitrogen atmosphere.
The X-ray analysis area for these acquisitions was approximately 800 Bm across. Pressure in the
analytical chamber during spectral acquisition was less than 5 x 107 torr. Pass energy for survey and
detailed spectra was 150 eV. Data point spacing was 1.0 eV/step for survey spectra and 0.4 eV/step
for detailed spectra. Pass energy for high-resolution spectra was 50 eV. Data point spacing was 0.065
eV/step for high-resolution spectra. The take-off angle was 0°. Service Physics Hawk version 7 data
analysis software was used to calculate the elemental compositions from peak areas and to fit the peaks
of the high-resolution spectra. An inelastic scattering (Shirley) background was used in the analysis.

3.3.14 General characterization. Unless otherwise noted, UV-Vis-NIR absorption spectra
were collected using a Varian Cary 500, Varian Cary 5000 or an Agilent Cary 5000 spectrophotometer
on THF solutions of NCs or films of NCs drop-cast on quartz substrates. NIR-IR measurements were
performed on a Nicolet 8700 FTIR instrument or on a Perkin Elmer FTIR. Samples were prepared
for powder X-ray diffraction (XRD) by depositing NCs from solution onto a silicon substrate, and
data were collected using a Bruker D8 Discover diffractometer or with a Rigaku Ultima IV
diffractometer equipped with a high- speed DTEX silicon-strip detector using Cu Ka radiation at a
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scan speed of 1°/min at 40 kV/44 mA. TEM samples were prepared by drop casting suspensions of
NCs onto 400 mesh carbon-coated copper grids from TED Pella, Inc. and dried under an inert
atmosphere. TEM images were obtained using a FEI TECNAI G2 F20 microscope operated at 200
kV or a JEOL JEM-2100F FEG TEM operated at 200 kV. Size distributions were determined by
analysis of >300 individual NCs. Elemental compositions were determined from nitric-acid-digested
NC samples using inductively coupled plasma—atomic emission spectroscopy (ICP-AES) with a
PerkinElmer 8300 spectrometer. Photoluminescence measurements were performed on drop-coated
films of NCs sandwiched between quartz disks and mounted in a closed-cycle helium cryostat. A 405
nm diode laser was used for excitation and the emission was detected by a liquid-nitrogen-cooled CCD
mounted on a monochromator. EuS/EuSe samples for magnetic circular dichroism (MCD) were drop-
casted as colloids in hexanes onto quartz disks or dry powders were mixed with PDMS then
sandwiched between two quartz disks. Low-temperature MCD spectra were conducted with the
samples placed in a superconducting magneto-optical cryostat (Cryo-Industries SMC- 1659 OVT)
oriented in the Faraday configuration. At helium temperature, the sample was screened for
depolarization by matching the CD spectra of a chiral molecule placed along the optical path before
and after the sample. Depolarization of the thin films was less than 9%. MCD spectra were collected

using an Aviv 40DS spectro-polarimeter.
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Chapter 4:  Two-Dimensional
van der Waals Nanoplatelets
with Robust Ferromagnetism
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4.1 Overview
We have synthesized unique colloidal nanoplatelets of the two-dimensional (2D) van der

Waals ferromagnet Crls and have characterized these nanoplatelets structurally, magnetically, and by
magnetic circular dichroism spectroscopy. The Crls nanoplatelets have lateral dimensions of ~25 nm
and thicknesses of only ~4 nm, corresponding to just a few Crl; monolayers. Magnetic and magneto-
optical measurements demonstrate robust 2D ferromagnetic ordering with Curie temperatures similar
to bulk Crls, despite their small size. These data also show magnetization steps akin to those observed
in micron-sized few-layer 2D sheets associated with concerted spin-reversal of individual Crl; layers
within few-layer van der Waals stacks. Similar data have also been obtained for CrBr; and anion-
alloyed Cr(I;..Br,); nanoplatelets. These results represent the first example of lateral nanostructures of
2D van der Waals ferromagnets of any composition. The demonstration of robust ferromagnetism at
nanometer lateral dimensions opens new doors for miniaturization in spintronics devices based on van

der Waals ferromagnets.

4.2 Main Text

Long-range magnetic order has recently been demonstrated in micron-sized two-dimensional
(2D) magnetic semiconductors,'? opening opportunities for atomically thin spintronics.”” For high-
density devices, however, a fundamental limitation is the instability of ferromagnetism as lateral sizes
approach the nanoscale.*” It is thus of both fundamental and technological importance to explore the
magnetic properties of 2D layered magnetic nanostructures, e.g., with length scales similar to modern
transistors (~10 - 20 nm). Here, we report successful synthesis of unique colloidal nanoplatelets of 2D
magnets CrX; (X = I, Br) and their alloys. The miniaturization and associated solution compatibility
demonstrated here suggest new opportunities for studying 2D spin effects at the nanoscale and
exploiting nanostructuring in high-density spintronics.

An interesting aspect of the ferromagnetism in Crl; is that the ground-state (*A) single-ion
anisotropy (D) of its pseudo-octahedral Cr’* constituents is negligible,® yet the Curie temperature is
still relatively high (7¢ - 45 K in monolayers). The magnetic anisotropy underlying 7¢ comes entirely
from the 2D morphology of the individual layers, and specifically from the presence of in-plane

(anisotropic) ferromagnetic superexchange interactions that pin the spin orientation of any given Cr’*
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and generate a gap in the spin-wave density of states.*'* Computational work suggests that the large I
spin-orbit coupling can introduce substantial single-ion anisotropy beyond the negligible contribution
from Cr’, and that the relative signs of this and the Kitaev anisotropy ultimately determine the
magnetic ground state.” Ferromagnetic resonance measurements and associated analysis have probed
both the strong Kitaev interactions and the anisotropic exchange interactions proposed to be
responsible for the 2D ferromagnetic order.'® As the lateral dimensions of the Crl; plane are decreased,
this morphological stabilization should diminish due to broken symmetry at the edges, eventually
causing the ferromagnetism to be surmountable by thermal fluctuations and the Crl; to become
superparamagnetic (i.e., decreasing the blocking temperature). For example, ferromagnetic /cp cobalt
metal has a very high 7c of >1000 K in bulk but becomes superparamagnetic at room temperature in
nanocrystals.'' Additionally, Tc itself could be reduced by lateral truncation. Theory predicts that the
electronic structures of Crl; nanoribbons should be strongly dependent on their edge structures,
displaying quantum size effects in the energy gap and new edge states around the Fermi level.'> To
date, however, there have been no experimental examples of laterally confined 2D magnets of any
type. It remains an open question whether 2D ferromagnetism can survive lateral truncation of the
2D structural periodicity.

Here we report the bottom-up synthesis and physical characterization of colloidal few-layer
CrX; (X = I, Br) nanoplatelets with average lateral dimensions of only ~25 nm, focusing on Crls.
Common solution routes to colloidal metal-halide nanocrystals' frequently involve high-temperature
reaction of halide sources (e.g., alkylammonium halides, benzoyl halides, trimethylsilyl halides) with
simple metal salts (e.g., metal acetates, carbonates) solubilized by surfactants (e.g., long-chain
carboxylates, amines). In our hands, attempts to synthesize CrXs via similar approaches using simple
Cr(II) precursors and common surfactants did not work (see Appendix C). Octahedral Cr(III) is
canonically substitutionally inert," making these simple Cr(III) precursors difficult to solubilize and
relatively unreactive. We therefore sought more reactive precursors that would be highly soluble in
nonpolar, noncoordinating solvents such as alkanes or toluene, and that would also react in a way that
produces only innocuous and readily separable byproducts. We found that Cr(OR); (R = 1,1-di-~
butylethoxide) meets all of these requirements. Similarly, trimethylsilyl iodide (TMSI) was identified
as a reactive and alkane-soluble iodide precursor.”” When an anhydrous toluene solution of Cr(OR);
with excess TMSI is immersed with vigorous stirring into an oil bath preheated to 135 °C, abrupt
formation of a black precipitate is observed after ~5 min. The rapid onset of nucleation under these
conditions is well-suited to the formation of high-quality nanocrystals.'® Because no solubilizing
ligands are present, the resulting nanocrystals precipitate from solution rather than forming a colloidal
dispersion. They can be separated from the clear supernatant by centrifugation and washing with
hexanes. The nanocrystals can then be resuspended in dichloromethane through vigorous

ultrasonication to generate a clear, dark-green solution (Fig. 4.1A).
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Figure 4.1. (A) Photograph of a solution of Crl; nanocrystals in DCM. (B) Illustration of the
room-temperature crystal structure of bulk Crls, showing a section of three monolayers with
the nearly ABC stacking arrangement of the monoclinic C2/m structure.'” The arrow indicates
the direction of the crystallographic c-axis. (C) Powder X-ray diffraction data for Crls
nanocrystals (blue) measured with Cu Kq radiation, compared to a reference pattern for Crls
(C2/m, ICSD Coll. Code 251654)."” Prominent reflections from planes parallel to the c-axis
are highlighted in red and labeled with the Miller indices of the corresponding planes.

Interlayer magnetic coupling in Crl; is tightly connected to the layer stacking
arrangement.'®"” Figure 4.1B illustrates the lattice structure of bulk Crls, which adopts a monoclinic
C2/m structure at room temperature and transitions to a rhombohedral R-3 phase below 220 K."”
Figure 4.1C shows powder X-ray diffraction (PXRD) data collected for the isolated nanocrystals.
Although high sensitivity to air complicated the PXRD measurements (see Methods), these data
confirm the identity, structure, and morphology of the isolated material as Crls, best matching the
C2/m monoclinic phase. In this phase, stacked Crl; monolayers are displaced along the z-axis with the
nearly ABC arrangement'” associated with antiferromagnetic interlayer coupling.**' Notably,
substantial Scherrer broadening is observed in Fig. 4.1C for reflections from planes parallel to the
ab-plane. Only reflections from planes lying mostly or entirely parallel to the c-axis are reasonably
narrow. This result suggests substantial crystalline shape anisotropy. As described below, these

nanocrystals are in fact Crl; nanoplatelets with lateral dimensions -5 times greater than their few-layer
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thicknesses. The (060) reflection at 260 = 46° is particularly narrow, and its width can be used to
estimate a mean lateral nanoplatelet size of ~20 nm for the sample of Fig. 4.1. Notably, these PXRD
peak widths and the colloidal stability of these nanocrystals preclude the existence of large bulk-like
crystals within this ensemble.

Transmission electron microscopy (TEM) was used to further characterize the Crls
nanocrystals and the results are summarized in Fig. 4.2. Figure 4.2A shows an overview TEM image
of an ensemble of Crl; nanocrystals. The absence of surface ligands causes the nanocrystals to aggregate
when cast onto the TEM grids, making it difficult to identify many well-isolated nanocrystals. Figure
4.2B shows a selected-area electron diffraction (SAED) image of the same aggregated nanocrystals. Its
integrated profile is shown in Fig. 4.2C compared to the calculated reference lines for Crls (C2/m).

These data confirm the identity of these nanocrystals as monoclinic Crl.
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Figure 4.2. (A) TEM image of an aggregate of Crl; nanoplatelets. Inset: Zoomed in view of a
string of isolated nanoplatelets. (B) Selected area electron diffraction (SAED) image of
aggregated Crls nanoplatelets. The rings are indexed to their corresponding diffraction planes.
(C) Integrated profile of the SAED diffraction rings, compared to the calculated reference lines
for Crl3 (C2/m). (D) High-resolution TEM image of a single isolated nanoplatelet. (E) Fourier
transform of the image from panel D, showing peaks consistent with the nanoplatelet being a
single crystalline domain with the monoclinic C2/m structure along the [001] zone axis. (F)
Distribution of Crls nanoplatelet lateral sizes from a survey of over 100 nanoplatelets, yielding
an average width of 26 + 11 nm. (G) Edge-on HRTEM image of a single stack of
nanoplatelets. (H) Fourier transform of the image from panel G, showing peaks consistent
with van der Waals stacked Crls nanoplatelets with the C2/m structure. (I) Distribution of
Crl; nanoplatelet thicknesses from a survey of over 100 nanoplatelets. The average nanoplatelet
thickness is 3.7 £ 0.7 nm, corresponding to 6 £ 1 Crl; monolayers. All data were collected at
room temperature.
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The inset to Fig. 4.2A shows a low-resolution image of several individual nanocrystals side-by-
side. These nanocrystals appear disk-like and have low contrast, consistent with thin nanoplatelets.
Figure 4.2D shows a high-resolution image of a single nanoplatelet. Although faint, faceting consistent
with hexagonal Crl; is observable. Careful inspection further reveals lattice fringes in this image.
Figure 4.2E plots the Fourier transform of this image, revealing distinct peaks characteristic of single-
crystal Crls (C2/m). The sizes of over 100 individual nanoplatelets were measured, yielding an average
width of 26 £ 11 nm (Fig. 4.2F). The smallest nanoplatelets identified were only 10 nm across, and
the largest nanoplatelet reached 66 nm across.

Several nanocrystals can be seen lying on their sides, resulting in thin dark stripes in Fig. 4.2A.
Figure 4.2G shows a high-resolution TEM image of one isolated edge-on structure, in which six
parallel thinner lines are observed. Figure 4.2H plots the Fourier transform of this image, revealing a
series of spots that can be indexed to (007) peaks. These data show an interlayer spacing of
0.69 £ 0.07 nm, consistent with the value of 0.66 nm expected from the Crls (C2/m) crystal structure.
Over 100 edge-on nanoplatelets were surveyed, from which an average thickness of 3.7 + 0.7 nm is
obtained (Fig. 4.21), corresponding to only 6 + 1 Crl; monolayers. Similar results were obtained for
CrBr; nanoplatelets prepared analogously (see Appendix C). Beyond Crl; and CrBrs, this synthetic
approach also allows formation of anion-alloyed Cr(I,..Br.); nanoplatelets, providing a mechanism for
continuous tuning of the nanoplatelet optical and magnetic properties (see Appendix C).

The electronic structures and magnetism of CrBr; and CrCl; single crystals have previously
been investigated by transmission and reflection magnetic circular dichroism (MCD)

22 including down to a single monolayer.?*** Figure 4.3 summarizes the 5 K

spectroscopies,
absorption (extinction) and transmission MCD spectra of representative CrBrs and Crls nanoplatelet
ensembles. MCD spectra are plotted as the differential absorbance of left and right circularly polarized
light (AA) normalized to the absorbance at the first peak maximum (An(“T2)) after accounting for

scattering.
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Figure 4.3. Transmission magnetic circular dichroism (MCD) spectra of (A) Crl; and (B)
CrBr; nanoplatelets measured at 5 K and at a magnetic field of 5 T, compared with the 5 K
zero-field electronic absorption (extinction) spectra. Absorption axes are labeled by optical
density (O.D.). MCD spectra are plotted as AA/An(“T2), i.e., the differential absorbance of
left and right circularly polarized light (AA) normalized to the absorbance at the first peak
maximum (An«(“T2)) after accounting for the scattering baseline. The assignments of select
optical transitions are indicated.

The Crl; nanoplatelet spectra (Fig 4.3A) are better understood by first examining the spectra
of CrBr; nanoplatelets (Fig. 4.3B). As in bulk CrBr3,”** the CrBr; nanoplatelet spectra show two weak
absorption features at low energies (1.6, 2.2 €V) attributable to the *A; — “T, and *T ligand-field
transitions of pseudo-octahedral [CrBrg]*. Each band is associated with an MCD feature in which one
polarization dominates. To higher energy, a pair of more intense n-type ligand-to-metal charge-
transfer (LMCT) transitions appears, centered at ~3 eV and with opposite MCD polarizations.?*%

The absorption spectrum of the Crl; nanoplatelets (Fig. 4.3A) is very similar to the differential
reflection spectrum of bulk Crls, but it differs slightly from that reported for monolayer Crl3,* possibly
due to interface effects in the latter. In Fig. 4.3A, the “T, band remains the lowest-energy transition,
but the LMCT transitions have shifted down to ~2.1 eV. A redshift of ~1.1 eV is predicted from the
electronegativity difference between Br and I',*? in good agreement with the data. To higher energies

in the Crl; spectra, several additional absorption and MCD features are observed, but overlap between
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LMCT and ligand-field transitions complicates band assignments. Both Crl; and CrBr; thus have
their absorption gaps determined by the same highly localized ‘A, — “T, Cr** ligand-field transition.
Notably, the MCD rotational strength of the “T; excitation is substantially (-5x) greater in the Crl;
nanoplatelets than in the CrBr; nanoplatelets, likely reflecting enhanced configuration interaction with
the strongly optically active LMCT states in Crl; due to their lower energies.

Variable-temperature and variable-field MCD measurements were performed to assess the
magnetism of these Crl; and CrBr; nanoplatelets. Figure 4.4A plots Crls MCD spectra collected at
several temperatures between 5 and 200 K (see Appendix C for CrBr; data). The inset to Fig. 4.4A
plots the MCD amplitudes extracted from these data, from which 7c = 54 K is determined. This value
is smaller than in bulk (7¢ = 61 K),"” but the trend is consistent with the decrease to 7¢ = 45 K reported
for monolayer Crl; sheets.” Figure 4.4B plots variable-field MCD spectra of the Crl; nanoplatelets
collected at 5 K. All of the spectral features show the same field dependence, confirming their common
origin. The inset to Fig. 4.4B plots the Crl; nanoplatelet MCD intensity as a function of applied field,
revealing a sizable hysteresis that confirms retention of ferromagnetism in these nanoplatelets. Multiple

distinct inflections are observed at intermediate fields during the field sweep (see Appendix C).

77



AA/A_ (°T,)

0.00- —
-0.05- 3 e
2
-0.10- E -
] | 0 50 100 150 200
0.15 Temperature (K)
3.5 3.0 2.5 2.0 19
Energy (eV)

AA/A(°T,)

0
B (Tesla)
1

3.5 3.0 25 2.0 15
Energy (eV)

Figure 4.4. (A) Variable-temperature (5 to 200 K) MCD spectra of Crl; nanoplatelets
measured at 5 T. Inset: Plot of integrated absolute 5 T MCD intensity as a function of
temperature. The minimum in the derivative of these data yields a Curie temperature of -54
K. The solid curve in the inset is a guide to the eye. (B) Variable-field (0 - 5T) MCD spectra
of Crl; nanoplatelets measured at 5 K. Inset: Magnetization »s magnetic field plot for Crls
nanoplatelets at 5 K, as probed using the MCD signal at 455 nm. The sample was first
magnetized at 5 T then swept to -5 T and back to 5 T during data collection.

Figures 4.5A,B compare the MCD hysteresis curve from Fig. 4.4C with magnetic hysteresis
data for the same nanoplatelets collected by vibrating sample magnetometry (VSM) on a slightly
expanded x-axis scale. Although less pronounced, several inflections are also observed in the VSM data.
Interestingly, the fields at which these inflections occur coincide almost exaczly with the fields at which
magnetization steps are observed in mechanically exfoliated multilayer Crl; sheets. To illustrate, the
shaded grey bars in Fig. 4.5 mark the fields at which abrupt magnetization steps occur in four-layer
Crl; sheets with micron lateral dimensions when magnetized along their easy axis.** The steps in the
nanoplatelet data appear less abrupt due to orientation averaging because of more gradual
magnetization when the external field (B) is not along the nanoplatelet easy axis. These steps have been
assigned to magnetization reversal of individual Crl; monolayers within multilayer stacks.”* We thus
attribute the inflections observed in Fig. 4.5A,B to magnetization reversal of individual monolayers

within multilayer Crl; nanoplatelets, as depicted schematically in Fig. 4.5D.
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Figure 4.5. Magnetization vs field plots measured by (A) MCD spectroscopy and (B) vibrating
sample magnetometry (VSM) on the same sample of randomly oriented Crls nanoplatelets.
(C) VSM data from a Crl; single crystal aligned both parallel and perpendicular to the applied
field are also plotted on the same field axis. The vertical gray bars represent the fields at which
the spins of individual layers of a four-layer Crls sheet have been reported to flip.** (D)

Schematic of magnetic structures of a representative four-layer Crl; nanoplatelet. Purple
spheres represent Cr’* ions and I ions are omitted. The fields at which transitions between
these magnetic arrangements occur are determined by the weak antiferromagnetic interlayer
coupling.
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The monolayer spin-flip events observed here are signatures of few-layer Crls. In these
nanoplatelets, however, the fraction of edge Cr’* ions is vastly greater than in exfoliated Crl; sheets:
Idealizing the nanoplatelets as hexagons, the average Crls nanoplatelet here contains ~2360 Cr** ions,
of which ~10% occupy edge sites. Because of broken translational symmetry, these edge spins are not
pinned with the same energies as the core spins, leading to spin canting or lower-temperature spin
fluctuations. Lateral miniaturization should thus reduce the barrier to magnetization reversal, but the
data here do not show such a reduction. From the magnetocrystalline anisotropy of bulk Crl3,° we
estimate that the barrier to monolayer magnetization reversal will not drop below the bulk value of
ks Tc until lateral dimensions reach < 6.5 nm (-230 Cr’* ions, ~34% edge sites, see Appendix C),
consistent with the bulk-like 7¢ observed in Fig. 4.4A.

The nanoplatelets reported here represent a fundamentally new morphology for this emergent
class of materials. The vast majority of few-layer van der Waals ferromagnets like Crl; have previously
been prepared using mechanical exfoliation of bulk crystals, with only few examples of bottom-up
syntheses via vapor deposition®® or cation exchange® that still yield micron-sized structures.
Remarkably, despite their extremely small (-25 nm) lateral dimensions, these Crl; nanoplatelets still
show the same robust intra-layer ferromagnetism, interlayer antiferromagnetic coupling, and discrete
layer-by-layer spin-flip magnetization as observed in mechanically exfoliated Crl; sheets with much
larger dimensions. Moreover, 7¢ appears undiminished by their very small volumes. This successful
miniaturization, in conjunction with the unique solution processability of this form of Crls, opens
interesting avenues for constructing fundamentally new types of programmable 2D magnetic quantum
materials, for example, through their integration as localized "spin bubbles" within otherwise non-
magnetic 2D heterostructures, through self-assembly into spin-bubble superlattices, through
nucleation of lateral heterostructures, or even through combination with other solution-phase
materials to construct free-standing nanoscale 2D van der Waals heterostructures with magnetic
functionality. More generally, the demonstration that robust ferromagnetism persists in nanoscale Crl;
indicates the possibility of high-density spintronic devices based on nanopatterned 2D ferromagnetic

semiconductors.

4.3 Methods

4.3.1 General considerations. Unless otherwise stated, all measurements and synthetic
manipulations were performed using standard Schlenk techniques under a dinitrogen atmosphere, or
in a glovebox under an atmosphere of purified dinitrogen. Anhydrous tetrahydrofuran (THEF),
dichloromethane (DCM), ethyl ether, pentane, and toluene were purified through an alumina column
pressurized with argon. Hexanes was further dried over sodium benzophenone and distilled before use.
Xylenes was dried by refluxing over calcium hydride and distilled before use. All solvents were stored
over 4A sieves.

4.3.2 Chemicals. Unless otherwise stated, all chemicals were used as received without further
purification. Zinc metal, chromium metal (99.995%), anhydrous CrCls, and I, (99.99%) were
purchased from Alfa Aesar. Hexamethylacetone, methyllithium (1.6 M in ether), trimethylsilyl
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bromide (97%), and trimethylsilyl iodide (97%) were purchased from Sigma Aldrich. Cr(OCMe’Bu,);
was synthesized as previously reported.”

4.3.3 Synthesis of CrXj; nanoplatelets. The chromium precursor, Cr(OCMeBu,); (20 mg,
0.04 mmol) is dissolved in 2 mL of toluene (X = I) or xylenes (X = Br) in a 25 mL Schlenk tube
equipped with a stir bar, giving a light blue solution. A total of 0.70 mmol of trimethylsilyl halide
(bromide, iodide, or a mixture of both) is added to the reaction mixture. No observable change occurs.
The Schlenk tube is sealed and immersed into a pre-heated oil bath at 135°C (180°C for CrBr;) with
rapid stirring. After approximately 5 min, the solutions abruptly turned black and opaque, indicating
the formation of the Crl; nanoplatelets as a precipitate. Heating was continued for an additional 10
min, and then the reaction was removed from the heating bath and allowed to cool to room
temperature. The precipitate was separated from the colorless supernatant by centrifugation and
washed three times with hexanes (5 mL). The precipitate was finally collected as a suspension in
hexanes.

4.3.4 Synthesis of Crl; single crystals. Single crystals of Crl; were grown by chemical vapor
transport using iodine as a self-transport agent following a procedure adapted from the literature with
modification.'” Cr(0) pieces and solid crystalline I, were loaded into a quartz tube and sealed under an
evacuated argon atmosphere. The quartz tube was 10 cm long, inner diameter 14 mm, and outer
diameter 16 mm, and the amount of loaded iodine was determined by ensuring that the pressure inside
of the tube reached a value near atmospheric pressure upon reaching the highest growth temperature.
The transport of material was achieved using the natural temperature gradient of an open-ended
horizontal furnace. The source end of the tube is placed in the hot end of a 650/550°C temperature
gradient and allowed to dwell for 7 days, and then allowed to slowly cool to room temperature. Crystals
grew at the cold end of the tube as large, shiny black plates.

4.3.5 Powder X-ray diffraction (XRD) measurements. Samples were prepared for powder
XRD by drop-casting suspensions of nanoplatelets from hexanes onto silicon wafers, and protecting
them from air by sealing under Kapton film. Data were collected using a Bruker D8 Discover
diffractometer.

4.3.6 Magnetic circular dichroism (MCD) and absorption (extinction) measurements.
Samples for transmission MCD measurements were prepared by mixing dried nanoplatelets in
polydimethylsiloxane (PDMS, viscosity 1,000 cSt). This mixture was then sandwiched between two
quartz discs to make a mull suspension. Low-temperature magnetic circular dichroism (MCD) spectra
were conducted with the samples placed in a superconducting magneto-optical cryostat (Cryo-
Industries SMC-1659 OVT) oriented in the Faraday configuration. Samples were loaded into the
cryostat under helium gas to minimize air exposure and sample decomposition. At liquid helium
temperatures, the sample was screened for depolarization by matching the CD spectra of a chiral
molecule placed along the optical path before and after the sample. Depolarization by the samples was
less than 5% in each case. Transmission MCD spectra were collected using an Aviv 40DS

spectropolarimeter. UV-Vis absorption (extinction) measurements were performed on similar mulls
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using an Agilent Cary 5000 spectrophotometer, and sample cooling was achieved using a flow cryostat
with a variable-temperature sample compartment.

4.3.7 Vibrating sample magnetometry (VSM) measurements. A Quantum Design PPMS
DynaCool was used for VSM measurements. Powders were loaded into plastic VSM powder sample
holders and the single crystal was affixed to the end of a quartz paddle with varnish (VGE 7031). The
paddle was then snapped into the VSM brass sample holder with another quartz paddle placed
symmetrically above the sample to minimize the background coming from the quartz.

4.3.8 Transmission electron microscopy (TEM) measurements. TEM samples were
prepared by drop casting suspensions of nanocrystals onto 400 mesh carbon-coated copper grids
purchased from TED Pella, Inc. and dried under an inert atmosphere. Nanocrystal suspensions were
prepared by ultrasonication of the materials in dichloromethane at a sonicator frequency of 20 kHz
under an inert atmosphere. In a glovebox, TEM grids were loaded into a vacuum transfer holder to
prevent sample exposure to air. TEM images were obtained on an FEI Titan microscope operated at
300 kV or on an FEI Tecnai F20 microscope operated at 200 kV. FFT images were generated using
Image]J, and brightness was adjusted to aid visualization.**

4.3.9 Energy-dispersive X-ray spectroscopy (EDS) measurements. For EDS analysis of
nanoplatelet compositions, samples were drop cast onto silicon substrates and coated with a ~200 nm
thick layer of carbon; spectra were acquired in an FEI Sirion Scanning Electron Microscope operating

at 30 kV using an Oxford EDS spectrometer. Standardless quantification was used.
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Appendix A:  Supplementary Information for Chapter 2
Spinodal Decomposition During Anion Exchange in

Colloidal Mn**-Doped CsPbX; (X = Cl, Br) Perovskite Nanocrystals

Reproduced with permission from:

De Siena, M. C.; Sommer, D. E.; Creutz, S. E.; Dunham, S. T.; Gamelin, D. R. Chem. Mater.
2019, 31, 7711-7722. Copyright 2019 American Chemical Society.
A.1 Additional elemental analysis.
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Figure Al. EDX spectra of (A) Mn?**:CsPbCls NCs, and of (B) Mn?:CsPbBr; NCs made
from these Mn*:CsPbCl; NCs via anion exchange. The data indicate complete halide

exchange and retention of all Mn** (3.7 % relative to total B-site cations).

A.2 Additional anion and cation exchange results.
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Figure A2. Room-temperature PL spectra of 1.1% Mn?*:CsPbCl; NCs collected during the
course of the anion-exchange reaction from Figure 2.2B, (A) normalized to the total
integrated PL intensity, and (B) normalized to the exciton peak intensity. The NCs were

excited at 375 nm.
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Figure A3. X-band EPR spectra of 1.1% Mn?**:CsPb(Cl,.Br.)s NCs at selected points during
the course of a Cl — Br anion-exchange reaction involving Mn**:CsPbCl; NCs and TMS-
Br. Spectra were measured at both room temperature and 120 K. The spectra in (A)
correspond to the starting 1.1% Mn*:CsPbCl; NCs. The spectra in (B) correspond to the
same Mn?*:CsPb(Cl,.Br,); NCs halfway through the Cl — Br anion exchange, with an
excitonic peak at 2.71 eV corresponding to x = 0.7. The spectra in (C) are from the same
NCs after complete anion exchange to Mn?:CsPbBrs, with an excitonic peak at 2.51 eV.

The room-temperature EPR cavity signal is also plotted in (C) as a dashed line. The y-axis is
the same for all plots.

The low-temperature EPR spectra in (A) and (B) show additional hyperfine lines that most
likely arise from a zero-field splitting. Additionally, there are no new EPR features upon cooling in
any of these three samples. This latter result suggests that there are most likely no other Mn*" species
that are relaxing to quickly to be observed at room temperature, and hence that the loss of EPR
intensity during anion exchange is not associated with the formation of new Mn?* species that are

independent of the NCs.

Mn?* incorporation from solution during ClI- — Br anion exchange

Figure A4 summarizes the PL and EPR spectra of undoped CsPbCls measured before and after
conversion to CsPbBrs;, performing the reaction in the presence of solvated Mn(oleate), at a
concentration that reflects the total amount of Mn** in the NC sample of Figure 2.3. Mn(oleate), was
chosen because oleic acid and oleylamine were used in the NC synthesis and, with no other soluble
anions present, these would be the most likely ligands available to any Mn** ejected from the NCs
during anion exchange. When Mn(oleate), is added to a solution of CsPbCl; NCs, the Mn*
incorporates into the NC, as evidenced by appearance of the characteristic Mn** 4-d luminescence and
EPR signal discussed above. When Mn(oleate), is instead added to CsPbBr; NCs, we observe no
changes in either the PL or EPR spectra. Figure A5 shows the EPR spectrum of Mn(oleate),; this
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spectrum only becomes measurable at concentrations that are several orders of magnitude greater than
the ones used in this experiment. This spectrum is heavily broadened and suggests that in solution
Mn(oleate), forms aggregates that have short 77 relaxation times, making the species difficult to detect
at the concentrations used in the experiment. This comparison suggests that if Mn** were indeed
ejected from the NCs upon anion exchange then there would not be sufficient Mn* in solution to
observe by EPR under these conditions. No sensitized Mn?* PL would be observed in this case, either,
however. Mn(oleate), does not display detectable Mn** d-d luminescence when excited with 405 nm
light under these conditions, in contrast with the fully anion-exchanged NCs. These results support
the conclusion drawn above that Mn** ¢jection from the NCs during anion exchange cannot explain

the observations in Figure 2.3.
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Figure A4. (A) Room-temperature PL spectra and X-band EPR spectra (inset) for undoped
CsPbCl; NCs. There is only excitonic PL and no EPR signal is observed. (B) Room-
temperature PL spectra and X-band EPR spectra (inset) for undoped CsPbBr; NCs made
from the sample in (A) by anion exchange with TMS-Br. Only excitonic PL is observed and
no EPR signal. (C) Room temperature PL spectra and X-band EPR spectra (inset) for
undoped CsPbCl; NCs with the addition of Mn(oleate),. Both excitonic and Mn** d-4 PL
are observed. Also, a Mn** EPR signal is observed with a hyperfine splitting constant of
80.9x10* cm™ consistent with 7z situ formation of Mn?":CsPbCl; NCs. (D) Room-
temperature PL spectra and X-band EPR spectra (inset) of undoped CsPbBr; NCs with
added Mn(oleate), made from the sample in (A) by anion exchange using TMS-Br. Only
excitonic PL is observed. No Mn** PL or EPR signal is observed. In all samples, the NC
concentration is kept constant and is the same as the concentration of NCs used in the
Mn?*:CsPbCl; EPR titration experiments described in Chapter 2. The amount of
Mn(oleate), added in (C) and (D) corresponds to the amount of Mn** in the Mn*":CsPbCl;
NCs used for the EPR experiments described in Chapter 2. The y-axes of the EPR spectra

are the same for all spectra, corrected for the Q value, allowing quantitative comparison.
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Figure A5. X-band EPR spectra of 100 puM Mn(oleate), dissolved in 3-methylpentane,
measured at both room-temperature and 107 K. Only one broad transition is observed,

suggesting that Mn(oleate), is most likely aggregated in this solvent.
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Figure A6. (A) Room-temperature X-band EPR spectra of 0.1% Mn*:CsPbBr; bulk
powder. The spectrum shows a resonance at g = 2.0, split into six sharp Mn*" hyperfine lines
with a hyperfine coupling constant of 75.4x10* cm™. (B) Powder X-ray diffraction data
collected for 0.1% Mn*:CsPbBr; bulk on a silicon substrate (red) and corresponding
literature pattern for orthorhombic CsPbBr;3 phase (black). The data match the expected peak

pattern.
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A.3 Additional variable-temperature photoluminescence results and analysis

1.4
1.2
1.0
0.8+
0.6
0.4
0.2+

Absorbance (norm.)

Mn?*:CsPb(Cl,,Br,..),

0.22

Mn?*:CsPbCl,

0.0-—

2:8 2;6 2;4 2.2

Energy (eV)

3.0

2.0

Figure A7. Room-temperature absorption spectra of Mn*:CsPbCls; and Mn?**:CsPb(Cl,
:Bry)3s NCs. These NCs were used to measure the PL decay curves and spectra presented in
Figure 2.3. The composition parameter in the alloyed sample is estimated from these peak

energies to be x = 0.78.

Figure A8. (A) Variable-temperature PL spectra of 1.1% Mn?":CsPb(Cl,Br.); (x = 0.78)
NCs. (B) Summary of the integrated intensities of the excitonic and Mn** PL features over
this temperature range. The NCs were excited at 405 nm.
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Figure A9. Variable-temperature PL spectra of (A) 1.1% Mn?":CsPb(Cl,Br.); (x = 0.78)
and (B) Zn;.Mn,Se/ZnS/CdS/ZnS NCs. Temperature dependence of the integrated
excitonic PL intensity normalized to the total integrated PL intensity for (C) 1.1%
Mn?*:CsPb(Cl,.,Br,)s (x = 0.78) and (D) Zn:..Mn,Se/ZnS/CdS/ZnS NCs. Panels B and D
adapted with permission from Ref. 1. Copyright 2011 American Chemical Society.
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A.4 Additional simulation results

Mn®:CsPbBr,

2+
Mn™:CsPbCl, Br,,

Mn*":CsPbClI, ,Br, ,

2+
Mn™:CsPbCl, Br, ,

Mn*':CsPbCl, Br,

Mn?":CsPbClI,

Figure A10. Room-temperature equilibrium atomic distributions within a 4% Mn*":CsPbX;
supercell predicted by canonical Monte Carlo simulation. The distributions for Mn?**, CI;,
and Br ions are shown at specific halide concentrations corresponding to different extents of
anion exchange.
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Figure A11. Energy minimization trajectory plotting the energy difference between random
and equilibrium configurations predicted by canonical Monte Carlo simulation for varying
halide composition with 4% Mn*". Each data point characterizes the degree to which the
equilibrium configurations are stabilized by short-range ordering.
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Figure A12. Short-range order (SRO) parameters, r]l.(C”Cl), for CI pairs under varying Mn**

doping as predicted by canonical Monte Carlo simulation with 20% CI. The lower bound
(4149

for n;

l
increasing Mn** incorporation. Pairing on 2NN (oct) sites in the same halide octahedron
coordinating Pb/Mn sites becomes dominant past 5% Mn?**, compared to 2NN (void) sites
on distinct octahedra. The inset shows the INN and two different 2NN sites around a central
anion with chloride ions in green and lead/manganese ions in gray.

is not shown for the sake of scale. Chloride clustering is found to increase for
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Figure A13. Short-range order (SRO) parameters nl.( M) for Cl-Mn?* pairs (A) and Br-
Mn?** pairs (B) under varying Mn** doping as predicted by canonical Monte Carlo simulation
with 20% CI.. These results show that CI'-Mn** pairs are correlated and that Br-Mn** pairs
are anticorrelated suggesting that Mn** has a propensity to cluster into regions of high
chloride content.
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Figure Al4. Short-range order (SRO) parameters, ngMnan), for Mn** pairs under varying
Mn** doping in pure CsPbCl; (A) and pure CsPbBr; (B) as predicted by canonical Monte
Carlo simulation. Mn** clusters with 2NN SRO are found to nucleate, via spinodal
decomposition, at very dilute Mn** concentrations in CsPbCl; and at approximately 1.75%
Mn?** concentrations in CsPbBrs.
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Mn**:CsPbClI, Mn*:CsPbClI, Br,, Mn*:CsPbBr,

Figure A15. Room temperature equilibrium distribution of atoms within regions of high
Mn?** concentrations within a 4% Mn?":CsPbX; supercell predicted by canonical Monte
Carlo simulation. For simplicity only Mn** octahedra (fuchsia) and halide atoms (chloride,
green; bromide, blue) are shown. In both the pure chloride and bromide supercells, the Mn**
2NN ordering is seen as independent Mn** octahedra. In the mixed halide alloy sample there
is no strong ordering at the 2NN and Mn?* octahedra will share corners.

A.5 3Cs solid-state NMR results and analysis

A recent report described the use of 'Cs NMR to study the possibility of Mn** cluster
formation in Mn*:CsPbX; (X = ClI, Br) bulk powders (Ref. 33 of Chapter 2). We applied the same
methodology to our Mn**:CsPbCl; and anion-exchanged Mn*:CsPbBr; NCs in an attempt to gain
additional insight into Mn** clustering. 7} relaxation times of the '**Cs nuclei were measured using
saturation-recovery methods as described in the experimental section in Chapter 2. Proximity to a
paramagnetic Mn** jon should be reflected in a shortened 7) time for '*Cs nuclei due to the
paramagnetic relaxation enhancement (PRE) effect; this effect decays with distance as 1/7°, making it

an intimate reporter of the local environment around a nucleus.
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Figure A16. (A) '**Cs 7 build-up curves for 1% Mn*"-doped and undoped perovskite NCs
measured by saturation-recovery methods. (B) Corresponding '**Cs NMR spectra collected
at 16.5 T, 3 kHz MAS, and 298 K.
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Because Mn** doping should lead to a distribution of Cs-Mn distances and thus a distribution
of relaxation times, the saturation-recovery curves in Figure S14A were fit using a stretched-

exponential function:

)"

I1(t) =y, + Ae ‘\T1 (A1)
Here, the stretching factor B provides a metric for the distribution of relaxation times. For a system
where all the '%Cs nuclei have the same 77 (e.g., bulk CsPbBr3, see Table S1), f = 1. A value of f =
0.5 has been shown theoretically to correspond to a random distribution of paramagnetic dopants in
the absence of spin diffusion.? Therefore, successful fitting to a stretched exponential with f values
close to 0.5 can be taken as evidence of a random or near-random dopant distribution. On the other
hand, the presence of large paramagnetic CsMnX; clusters should manifest itself as a distinct double

exponential or some more complex behavior.

Table Al. Average '"Cs 7) relaxation times of 1% Mn*:CsPbCl; NCs and 1%
Mn?**:CsPbBr; NCs, the latter synthesized by anion exchange, compared to undoped NCs
and bulk materials from the literature.

Material 133Cs T1 (s) Stretching Parameter, Reference
CsPbCl3 NCs 1.62 £ 0.04 0.862 £ 0.024 this work
CsPbCl; bulk 45.9 0.1 0.941 + 0.002 Ref. 33 of
Chapter 2
Mn?:CsPbCl; NCs 1.12+0.02 0.805 £ 0.012 this work
CsPbBr; NCs 1.44 + 0.04 0.972 +£0.037 this work
CsPbBr; bulk 109 + 1 0.999 + 0.007 Ref. 33 of
Chapter 2
Mn?*:CsPbBr; NCs 0.98 £ 0.05 0.935 + 0.062 this work

Our measurements of the '*Cs NMR immediately revealed 77 times for undoped CsPbCls
and CsPbBr; nanocrystals that are much shorter (by almost two orders of magnitude) than those
measured in bulk. This result is perhaps not surprising because accelerated spin-lattice relaxation in
smaller grain sizes is a known phenomenon.”” To the best of our knowledge, there are no reported
systematic studies of 71 NMR relaxation times in colloidal perovskite nanocrystals. These short
relaxation times for the undoped nanocrystals means that PRE effects from the Mn** dopants are less
readily observed, and detailed interpretation of our saturation-recovery curves (Figure A16A) was
consequently not possible. As expected, we do see shorter average 77 times in our doped nanocrystals
compared to the undoped nanocrystals, but the difference is relatively small due to the already short
T’ times of the latter. If our hypothesis of Mn** clustering in anion-exchanged Mn*:CsPbBr; were

correct, we might expect to observe biexponential curves rather than stretched exponentials. We do
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see a f§ factor closer to 1 in our fit of the Mn**:CsPbBr; nanocrystal data (see Table A1) relative to the

Mn?*:CsPbCls nanocrystal fit, consistent with this hypothesis, but we also observe a similar difference

between the undoped CsPbCl; and CsPbBr; nanocrystals. The origin of this behavior is not yet clear.

Opverall, these NMR measurements do not provide any clear evidence in favor of or against the

hypothesized Mn?**-rich minority phase.
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Appendix B:  Supplementary Information for Chapter 3
Conduction Band Splittings and Impurity Doping in Colloidal
Europium(II) Monochalcogenide Nanocrystals

B.1 Additional characterization for Chapter 3, Section 3.2
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Figure B1. X-ray Powder Diffraction Pattern (A) and Transmission Electron Microscopy

of EuS nanocrystals (B) with histogram (171 counts) (C).
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Figure B2. X-ray Powder Diffraction Pattern (A) and Transmission Electron Microscopy

(B) of EuSe nanocrystals with histogram (176 counts) (C).
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Figure B3. Normalized Field-Dependent MCD spectra of (A) EuS nanocrystals at 4.2K
and (B) EuSe nanocrystals at 5K.
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Figure B4. Magnetic field versus MCD intensity above Tc (A): EuS and (B): EuSe
nanocrystals).

B.2 Additional characterization for Chapter 3, Section 3.3
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Figure B5. Representative photoluminescence spectrum of EuS nanocrystals. The main
transition centered at ~620 nm are assigned to the f~f transitions of Eu*". This suggests the
sample contains Eu** defects. Notably, there is no broadband luminescence that is typical of
either EuS' or Eu*":CaS.” The broad tail of a higher energy feature is seen and this feature is
tentatively assigned to either ligand emission or some other trap in the nanocrystals. The
sample temperature is 18 K.
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Figure B6. TEM images and corresponding size distributions of EuS nanocrystals before
and after reduction with sodium anthracenide. There is no obvious change to the
morphology of the EuS NCs after the reduction experiments as seen in the images for the
as-prepared (A) and reduced (B) NCs. Likewise, there is no significant change to the size
distribution between the as-prepared (C) and reduced (D) NCs. This suggests that the
reductant is not etching or destroying the NCs in some other way.
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Figure B7. Reduction behavior of EuS nanocrystals with varied common reductants. The
EuS nanocrystals do not show any reduction behavior when the strength of the reductant is
insufficient as seen with both 0.5% Na(Hg) (A) and with CoCp,* (B). The inset shows the
change in absorption with added CoCp,* and is consistent with the absorption of pure
CoCp>* suggesting that the absorption change in the sample is not the result of reduced EuS
NCs. In (C) reduction behavior is observed with potassium anthracenide. This reductant
does not show any significant differences in behavior to sodium anthracenide as discussed in
Chapter 3, Section 3.3. Even stronger reductants such as sodium naphthalenide (D) and
sodium metal in THF (E) result in the typical reduction behavior of EuS NCs. It is noted
that the reduction of EuS with sodium metal is considerably slower that the homogeneous
reductants most likely attributed to its heterogeneous nature. Strengths of reductants are
taken from the literature and given in each panel.’
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Figure B8. Summary of reduction behavior of EuS nanocrystals with varied common
reductants plotting the percent increase in the optical density at Ana of the f~d(2) transition
vs the standard reduction potentials® of the reductants used here. The red vertical line is a
guide to the eye for the cutoff region for reduction of EuS NCs.
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Figure B9. UV-Vis-MIR absorption spectra of EuS nanocrystals during chemical reduction
using sodium anthracenide. There is no new NIR intraband or plasmonic band observed
during this reduction process.
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Figure B10. Absorption spectra for as-prepared EuS NCs (black), maximally reduced (red),
and upon exposure to air (blue). After air exposure, the as-prepared absorption spectrum is
recovered with the added absorption between 300 — 400 nm attributed to anthracene. This
illustrates the reversibility of this reduction process.
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Figure B11. Optical extinction spectra for anthracene (A) and sodium anthracenide (B).
The extinction coefficients were taken from these spectra for determining the concentrations
of reductant needed for approximating the Fermi energy of the system.
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Figure B12. Absorption of the as-prepared (A) and reduced (B) EuS sample used for the
EPR measurements. The reduced sample clearly shows the characteristic increase in the
intensity and slight blue-shift of the f~ transition (centered at ~490 nm) as well as the
sodium anthracenide transition (seen at 750 nm). Both samples used for EPR measurements

have the same concentration of EuS NCs.
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Figure B13. Representative EPR spectra of as-prepared and reduced EuS NCs collected at
5 (A) and 80 K (B).
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Figure B14. Temperature-dependence of the EPR g factor for as-prepared and reduced EuS
NCs. The g factors of both the as-prepared and reduced NCs sharply decrease in the critical

region.
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Appendix C:  Supplementary Information for Chapter 4
Two-Dimensional van der Waals
Nanoplatelets with Robust Ferromagnetism

Reproduced with permission from:

De Siena, M. C,; Creutz, S. E.; Regan, A.; Malinowski, P.; Jiang, Q.; Kluherz, K. T.; Zhu, G.; Lin,
Z.; De Yoreo, J. J.; Xu, X.; Chu, J.-H.; Gamelin, D. R. Nano Lett. 2020, 20, 2100-2106. Copyright
2020 American Chemical Society.

C.1 Additional description of the synthesis of Crls nanoplatelets. Attempts to synthesize
CrX; using, e.g., Cr(III) acetylacetonate, Cr(III) nitrate, or “Cr(III) acetate™ in carboxylate and amine
surfactants either gave no readily isolable product, formed unidentified amorphous precipitates, or
formed chromium oxide.? In most cases, we observed no reaction or even dissolution of these simple
precursors until very high temperatures (>330 °C) were reached and sustained for extended periods.

By contrast, CrX5 nanocrystals could be successfully prepared using Cr(OR); (R = 1,1-di-#
butylethoxide) as the Cr(III) precursor. Cr(OR)s is a three-coordinate, highly air-sensitive complex of
the bulky alkoxide “ditox” (2,2-di-#-butylethoxy) ligand, and it is highly soluble in alkane and arene
solvents including pentane, toluene, and octadecene.” The anion source was trimethylsilyl halide
(TMSX, X =1, Br). Cr(OR); and TMSI do not undergo any observable reaction at room temperature
or upon mild (<100 °C) heating, likely due to the considerable steric bulk of the reagents. Heating an
anhydrous toluene solution of Cr(OR); with excess TMSX to 135 °C initiates nucleation of CrX;
nanoplatelets. Reaction of the alkane-soluble iodide precursor TMSX with the alkoxide ligands of
Cr(OR)s putatively releases the halide concomitant with formation of a silyl ether byproduct
(Me;SiOR). This silyl ether byproduct likely undergoes further decomposition in situ. The overall

synthesis is summarized in Scheme C1.

Scheme C1. Synthesis of CrX3 (X = I, Br) nanoplatelets

Me3Sil

F{O—Cr"“OR __(excess) Crls ’ . centrifuge
“OR  toluene. reflux | (nanocrystalline) *,3'\/'91'*8'09} wash with hexane > ——
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"
R - }‘ﬁ( Bu Y
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Figure C1 shows data from TEM measurements on CrBr; nanoplatelets. These data are similar to
those presented for Crls nanoplatelets in the main text.

Occurence

1 2 3 4 5
Thickness (nm)

Figure C1: Characterization of CrBr; nanoplatelets. (A) TEM image of an aggregate of
CrBr; nanoplatelets. (B) HR-TEM image of a CrBr; nanoplatelet lying on its short side.
Lattice fringes are clearly seen. The nanocrystal in this image shows 5 individual CrBr;
monolayers within the van der Waals nanoplatelet structure. (C) Selected area electron
diffraction (SAED) image of aggregated CrBrs; nanoplatelets. (D) Distribution of CrBrs;
nanoplatelet thicknesses, determined by measuring the sizes of >40 individual nanocrystals.
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C.2 Inflections in magnetization data of Crl; nanoplatelets. The data in the main text show
multiple distinct inflections at intermediate fields during the MCD field sweep measurement of Crl;

nanoplatelets. These inflections are more easily seen in the derivative of the field sweep data, as shown

in Figure C2.
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Figure C2: Inflections in the MCD magnetization »s magnetic field data for Crl;
nanoplatelets. First derivative of the MCD magnetization field sweep data presented in the
inset to Fig. 4.4b of Chapter 4. The derivative highlights the inflections in the hysteresis

loop. These inflections are assigned to spin flip events of individual Crl; layers.

C.3 Anion alloying and its effects on spectroscopy and 7c. Cr(I:..Br,); nanoplatelets were
prepared by mixing TMSI and TMSBr anion precursors during the synthesis. Varying the ratio of
TMSI to TMSBr changes the ratio of Br™ to I” incorporated into the nanoplatelets, and this ratio can
be finely tuned across the entire range of 0 < x < 1, but the nanoplatelet stoichiometry differs from the
nominal (precursor) stoichiometry of the reaction. To illustrate, Figure C3A plots the analytical I
contents measured in a series of Cr(l;-.Br.)s nanoplatelets as a function of the amount of TMSI added
during synthesis. Halide compositions were determined by analysis of EDX data and by Vegard's law
analysis of the (060) XRD reflection (inset of Figure C3A); both approaches yield the same results.
The elevated I™ incorporation into the nanoplatelets is attributed to the greater reactivity of TMSI
compared to TMSBr. These data demonstrate facile chemical control over the anion compositions in

these colloidal CrXs nanoplatelets.
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Figure C3: Structural and magnetic characterization of alloyed Cr(I;.Br.)s
nanoplatelets. (A) Measured mole percentage of iodide in the product for a given nominal
iodide percentage in the reactants (TMSI and TMSBr). Compositions were determined by
both XRD (Vegard’s law, red crosses) and SEM/EDX (purple circles) measurements, which
agree well. Inset: powder XRD data for the different alloy compositions, ranging from Crl;
(red) to CrBr;s (purple). The (060) reflection, typically the best resolved in the PXRD data,
is shown. The dashed curve is a guide to the eye. (B) MCD spectra measured at 5 K and
5 T for different alloy compositions (given compositions are as determined by PXRD). (C)
Field vs. magnetization sweeps for four different compositions of randomly oriented
Cr(I;.Br,)s nanoplatelets. (D) Integrated absolute MCD signal as a function of temperature
for four different compositions of Cr(l1.,Br,)s. Inset: Curie temperatures determined from
the data in panel C and plotted as a function of iodide content for Cr(I,..Br,); nanoplatelets.
The dashed curves are guides to the eye.

Anion alloying has dramatic effects on the nanoplatelet optical spectra and, in particular, on

the stability of the ferromagnetic phase. Figure C3B plots 5 K, 5 T MCD spectra of a series of
Cr(I,.Br.,); nanoplatelets with x ranging from 0 to 1. The energies of both the ligand-field and LMCT
transitions redshift with decreasing x, as expected from the endpoint data in Figure 4.3 of Chapter 4.
Figure C3C plots magnetic hysteresis data measured by MCD for the same samples. Increasing x
reduces the coercivity, narrowing the hysteresis. Whereas spin-flip inflections are clearly visible in the
hysteresis data for the Crls (x = 0.00) and lightly bromide-doped (x = 0.06) nanoplatelets, such features
become less evident at higher x, where B, is diminished. Nevertheless, even in the CrBr; nanoplatelets

a small foot in the magnetization curve is seen at ~0.3 T that appears to stem from the same
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phenomenon. Figure C3D plots the integrated MCD intensity (absolute) as a function of temperature
for the various Cr(l,..Br.,); nanoplatelets. The spectra used for this analysis are presented in Figure C4.
Tt values determined from these data are summarized in the inset of Figure C3D, which shows that
Tt decreases as x increases, reaching 7c = 33 K at x = 1 (CrBrs). This value of 7¢ is slightly smaller
than the value (37 K) reported for bulk CrBrs,* suggesting confinement effects in CrBr;3 similar to

those found in the Crl; nanoplatelets.
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Figure C4: Variable-temperature magnetic circular dichroism spectra of Cr(I,.Br.)s
nanoplatelets. Temperature dependence (5 to 150 K) of the MCD spectra of Cr(l;..Br.)s
nanoplatelets, measured at 5 T. These spectra were used to determine the data points in

Figure C3D.

C.4 Estimation of the energy barrier to magnetization reversal in Crl; nanoplatelets. The Néel-

Arrhenius equation (eq C1) describes the time constant for aligned spins to reverse their orientation:

KV/
Ty = Tpe kpT (Cl)

where Ty is the attempt time, K is the magnetocrystalline anisotropy constant, and V'is the particle
volume. The product KV represents the energy barrier to spin reversal of the single-domain particle.

Idealizing the Crl; nanoplatelets as hexagons, we can express this energy barrier as:

3V3
Espin reversal = K * e d*h (C2)
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where d is the platelet diagonal and 4 is its height. K'has been measured for bulk Crl; where it is found
to be temperature dependent.” Taking the values of XK'= 50 kJ/m® (0.31 meV/nm’) measured at - 7c
and 300 kJ/m? (1.86 meV/nm?) measured at low temperature, and using the interlayer spacing of 0.65
nm for the hexagon height, Figure C5 plots KV (meV) as a function of nanoplatelet size (). For
comparison, ks 7¢ is also plotted. This analysis shows that with these assumptions, KV > ks 7¢ for Crl;

dimensions larger than & - 6.5 nm.
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Figure C5: Size dependence of the barrier to magnetization reversal in Crl;
nanoplatelets. Plots of estimated barriers to magnetization reversal (KV) for Crl; as a
function of nanoplatelet size. Energy barriers were estimated from eq C2 for two different
experimental (ref. 5) values of the volumetric anisotropy constant, K. K = 50 kJ/m? (0.31
meV/nm?) was measured at -~ 7¢, and K = 300 kJ/m? (1.86 meV/nm?) was measured in the
low-temperature limit. For comparison, the value of 437 at 7¢ is also included in the plot.
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