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Physics

Luminescent materials play important roles in energy sciences, through solid state
lighting and possible applications in solar energy utilization, and in biomedical research and
applications, such as in immunoassays and fluorescence microscopy. The initial excitation of a
luminescent material leads to a sequence of transitions between excited states, ideally ending
with the emission of one or more optical-wavelength photons. It is essential to understand the
microscopic physics of this excited state cascade in order to rationally design materials with high
quantum efficiencies or with other fine-tuning of materials response. While optical-wavelength
spectroscopies have unraveled many details of the energy transfer pathways in luminescent
materials, significant questions remain open for many lanthanide-based luminescent materials.
For organometallic dyes in particular, quantum vyields remain limited in comparison with
inorganic phosphors.

This dissertation reports on a research program of synchrotron x-ray studies of the
excited state electronic structure and energy-relaxation cascade in trivalent lanthanide phosphors

and dyes. To this end, one of the primary results of this dissertation is the first time-resolved x-



ray absorption near edge spectroscopy studies of the transient 4f excited states in lanthanide-
activated luminescent dyes and phosphors. This is a new application of time-resolved x-ray
absorption spectroscopy that makes it possible to directly observe and, to some extent, quantify
intramolecular nonradiative energy transfer processes. We find a transient increase in 4f spectral
weight associated with an excited state confined to the 4f shell of trivalent Eu. This result implies
that it is necessary to revise the current theoretical understanding of 4f excitation in trivalent
lanthanide activators: either transient 4f-5d mixing effects are much stronger than previously
considered, or else the lanthanide 4f excited state has an unexpectedly large contribution having
a strong charge-transfer character.

A second primary result comes from an an x-ray excited optical luminescence (XEOL)
study that demonstrates, for the first time, that the high flux of modern synchrotron light sources
can induce high fractional populations of excited states in trivalent lanthanide phosphors. In this
work we have identified the leading-order nonlinear-response mechanism by drawing on strong
similarities between XEOL and cathodoluminescence. These results establish the groundwork
for studies that would allow deeper inquiry into energy-transfer mechanisms through time-
resolved x-ray pump/optical-probe spectroscopies, through time-resolved x-ray emission
spectroscopy, or through quantifying of higher-order nonlinear effects at further-enhanced
fractional excitation levels.

The above scientific results are augmented by a supporting effort in instrumental
methodology. This includes the development of high-efficiency x-ray emission spectrometers
and their use in collaborations to study pressure-induced changes in f-electron physics and to

characterize the intermediate states that occur after photoexcitation of the photosystem-I1 protein.
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Chapter 1. Lanthanide luminescence

1.1 Introduction and summary of the dissertation

Luminescence is the emission of optical-wavelength light by processes other than thermal
radiation. This dissertation is primarily concerned with photoluminescence, i.e., emission from
processes in which the initial excitation is also caused by visible or near-visible light. Other
processes include cathodoluminescence (excited by high-energy electrons), electroluminescence
(excited by an applied voltage), and x-ray excited luminescence (discussed in Chapter 5) [1].
Conversion of energy into light has a wide range of natural applications in science and industry,
including fluorescent lights, LEDs, and display screens [2-6]; solid-state and dye lasers [7-9];
phosphors for detection of ionizing radiation [10-12]; and biomedical dyes [13-16]. Emerging
applications include conversion of the solar spectrum to improve the performance of
photovoltaic cells [17-21].

High energy-conversion efficiency is a desirable property in all of these applications; for
example, one class of white LEDs became commercially available thanks to years of steady
improvement in the efficiency of blue-to-yellow converting phosphors [4, 22, 23]. Therefore,
quantum yield is a central figure of merit for photoluminescent materials. In order to rationally
design new materials with high quantum vyields, it is necessary to understand the atomic,
molecular, and solid-state physical processes at work.

This chapter reviews applications of photoluminescent materials and the established
UV/visible spectroscopy methods used to characterize them. We identify areas where there are
opportunities for x-ray measurements to directly interrogate aspects of luminescence that are not
practically accessible in the UV/visible regime. In particular, we will focus on internal energy

transfer processes in materials containing lanthanide (Ln) ions, in which the properties of the Ln



4f shell pose unique experimental challenges. Chapter 2 reviews applications of the main
experimental method, x-ray absorption near edge spectroscopy (XANES), to transition metal and
lanthanide systems.

Chapters 3 and 4 report time-resolved XANES studies of several Ln-activated materials.
This is the first set of studies that is directly sensitive to the excited state of the luminescent
activator in each sample, and we identify a novel transient XANES signature of 4f intrashell
excitation. The effect is general across disparate organometallic and inorganic phosphors, and
allows us to monitor a crucial nonradiative transition in the excited state cascade. These results
establish time-resolved x-ray methods as a valuable tool for interrogating 4f electronic structure
in lanthanide-based luminescent materials. From an applied physics perspective, we have
established a new method of characterizing the performance of Ln-based phosphors. From a
fundamental condensed matter physics and physical chemistry perspective, the TR-XANES
signature raises interesting questions about Ln photophysics. In particular, our results require
revision of the standard theoretical models of Ln sensitization and optical emission via 4f — 4f
transitions. Further, they motivate a very specific future direction, wherein we propose that
time-resolved x-ray emission spectroscopy can be used to directly investigate the physics of the
energy transfer mechanism between sensitizer and emitter in these systems.

Chapter 5 describes an x-ray excited optical luminescence study of several inorganic
phosphors. We observe, for the first time, nonlinear saturation effects in the luminescence yield
under x-ray excitation at high flux density, and identify the dominant energy-loss mechanism.
This allows us to quantify the Ln excited state population induced by the x-ray beam, an
important technical consideration for future x-ray spectroscopy studies. Specifically, we have

established the necessary context to evaluate the effects of a high-intensity x-ray probe in laser-



pump/x-ray probe studies. The result also demonstrates that x-ray pump/laser-probe experiments
of Ln phosphors are feasible, opening up the the possibility of studying excitation channels that
are not accessible by UV/visible excitation. Given the broad technical importance of Ln-based
phosphors, this final capability is a new avenue of research with high potential to identify
presently unknown nonradiative quenching mechanisms, and thus have high impact on future
efforts to improve, e.g., the quantum efficiency of Ln-based luminescent materials (particularly
organometallic complexes and materials).

In Chapter 6 we summarize, conclude, and briefly describe ongoing and proposed work.
This emphasizes the new directions, especially at XFEL facilities, that will directly build on the
work completed in this dissertation; in particular, we propose to use time-resolved x-ray
emission spectroscopy (XES) to study the spin dynamics that accompany Ln 4f excitation.
Finally, in an appendix, we describe a class of instruments designed for x-ray emission
spectroscopy studies of the lanthanides and transition metals. These instruments have been used
in two collaborations: a study of a Ln 4f electronic structure effect, specifically volume collapse
and the associated 4f electron delocalization in Pr metal [24], and a time-resolved XES
investigation of transient excited states in photosystem Il [25]. In addition to their scientific
value, these results demonstrate the utility of the instruments for the research program reported
here.
1.2 Survey of photoluminescent materials

The process of photoluminescence is shown schematically in Fig. 1.1. The essential
component of a phosphor is an “activator,” an ion or functional group of atoms with an excited
state that preferentially decays by emitting light. In some materials, the activator also absorbs the

exciting light (Fig. 1a). However, it is common for the activator to be coupled to a “sensitizer,” a
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Figure 1.1. Schematic of the process of luminescence. Solid and dashed arrows represent
radiative and nonradiative transitions, respectively. (a) A luminescent activator absorbs a
photon with frequency waps and emits a photon with frequency wen. Nonradiative relaxation
steps may occur before or after emission, producing a Stokes shift %(was — wem). (b) The
activator may be coupled to a sensitizer that strongly absorbs higher-energy photons.
Nonradiative energy transfer (ET) from the sensitizer to the activator fills the desired excited
state.

Emission
Example Stokes Emission | Luminescence | bandwidth
Material application Sensitizer Activator | shift (V) | transition | lifetime (eV)
3 Solid state laser 3+
AlLO3:Cr’* (ruby) [1, 26] medium None Cr 0.7 3d —3d 3.5ms 0.06
Y3Als01,:Ce® (YAG:Ce) [4] | LED material None ce® 0.7 5d — 4f 65 ns 0.38
C20H120s (fluorescein) and Biomedical Xanthene «
derivatives [27, 28] imaging None moiety 0.1 Ton 4ns 0.22
CaS:Eu® [29] LED material None Eu®* 0.2 5d — 4f 1.4 ps 0.17
LaPO,:Ce™ Th™ [2, 3] E:;]uh(:ﬁ;cem ce* Tb* 22 Af4f | 32ms 0.05
YVO,Eu® [6] CRT displays VO Eu® 1.9 4f — 4f 0.5 ms 0.02
Eu**-trisbipyridine diamine Fluorescent . 2
(TBP:Eu) [30, 31] immunoassays TBP ligand | Eu 21 4f — 4f 0.3 ms 0.02
LiGdF:Eu® [19] Lighting; Gd* Eu® 25 AF4f | 03ms 0.02
quantum cutting

Table 1.1. Summary of the properties of several luminescent solids and molecules. Possible
sensitizers and activators for luminescence include organic functional groups, as well as
transition metal and lanthanide ions. Note the large Stokes shifts and long luminescence lifetimes
of the phosphors activated by Th*" and Eu**.
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strongly absorbing species that can transfer energy nonradiatively to the activator (Fig. 1.1b) [1,
34]. The sensitizer may be an ion, an organic moiety, or a crystal lattice containing the activator
as a dopant. Between absorption and emission, the material moves through a series of
nonradiative transitions between excited states. Much of the literature on luminescent materials
is devoted to identifying the intermediate states and reducing the nonradiative quenching that
may occur at each step. To illustrate the variety of materials and processes encountered in the
field, Table 1.1 summarizes the photophysical properties of a set of materials with established
industrial and scientific applications, and Fig. 1.2 shows the contrasting energy transfer chains in
several luminescent systems.

As specific examples, we consider two of the materials in Table 1.1, CaS:Eu** and
YVO,:Eu**. CaS:Eu®" has a photoluminescence excitation (PLE) band centered near 475 nm and
an emission band centered at 650 nm, both from transitions between the 4f and 5d orbitals of the
Eu? ion [29, 35]. Here, Eu* is the activator and there is no separate sensitizer, i.e, the CaS host
lattice does not directly participate in the process of luminescence. The lattice does, however,
determine the absorption and emission wavelengths via crystal field splitting of the Eu** 5d
levels. This fact is reflected in the behavior of the emission band as the host lattice changes: the
photoluminescence band of Ca;Sr,S shifts continuously as the fraction x increases (Fig. 1.3).

In contrast, the display screen phosphor YVO4Eu®* uses the host YVO, lattice as a
sensitizer for the Eu®" dopant [6]. The PLE spectrum shows a broad UV excitation band centered
at 320 nm (Fig. 1.4), derived from V-O charge transfer transitions [33, 36]. The charge transfer
state can be converted into an excited state of the Eu®* ion, which proceeds through several
lower-energy excited states before emitting a photon. An important qualitative difference from

the behavior of divalent Eu is that the emission from trivalent Eu is due to 4f — 4f intrashell



transitions. This produces a spectrum with sharp emission lines rather than a broad band. The
emission wavelengths shift by at most a few nm if the host lattice changes; it is therefore
possible to produce Eu®'-activated phosphors with different absorption bands and nearly
identical emission spectra [37-39]. For the rest of this chapter, we will focus attention on

trivalent lanthanide (Ln®") phosphors, beginning with a discussion of 4f electronic structure.
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Figure 1.3. From Hu et al. [35], (a) photoluminescence excitation and (b) photoluminescence
spectra of Ca;.,SrS. Curves are labeled by the Sr:Ca stoichiometric ratio.
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Figure 1.4. PLE and PL spectra of YVO4:Eu®" powder [40]. The narrow 4f — 4f emission lines
are characteristic of Ln** luminescence (see Table 1.1).




1.3 Lanthanide 4f emission lines

The lanthanide elements are characterized by their partially filled 4f shells. The Ln** ions
in particular have the electron configuration [Xe]4f", with n increasing from 0 to 14 through the
lanthanide series. This produces a rich set of 4f energy levels (Figure 1.5), with transitions
between them that emit at wavelengths spanning the visible spectrum. The 4f orbital is spatially
surrounded by the 5s and 5p shells, and therefore screened from interaction with other atoms [41,
42]. For instance, the radius of the Eu®" 4f orbital is 0.3 A while the radius of the filled 5p shell is
0.7 A [43]. As a result, the 4f levels are very weakly affected by external fields. When an Ln**

ion is embedded in a solid (or bound to a ligand), the 4f emission lines show little crystal field
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splitting and almost no broadening from, e.g., coupling to phonons. This means that the 4f
excited states of an Ln®* activator in a luminescent material correspond well with excited states
of the bare ion, and it is standard practice to label them with atomic term symbols in the LS-
coupling scheme [17, 41], as in Figs. 1.4 and 1.5.

The intensities of certain 4f — 4f lines, however, vary greatly as the local environment
changes. These are referred to as the “hypersensitive” lines [41, 44]. For example, Eu®" ions
bound to different organic ligands show an order of magnitude of variation in the intensity of the
Dy — 'F, emission [45]. This effect is essential for practical applications of Ln** luminescence,
since 4f — 4f transitions on the bare ion are parity-forbidden and extremely weak. Judd and
Ofelt [46, 47] proposed that hypersensitivity is due to mixing of the Ln®*" 4f orbitals with
opposite-parity 5d states, induced by the ligand or crystal field. This occurs, for example, when
the Ln®" dopant site in a crystal lattice does not have inversion symmetry. The parity selection
rule is relaxed for mixed 4f-5d states, allowing radiative transitions between them.

Other contributions to the hypersensitive effect have been proposed, though theoretical
calculations indicate that they enter at lower order than mixing of opposite-parity Ln** states.
Jorgensen and Judd [48] noted that all the hypersensitive lines come from electric quadrupole
transitions. This led them to propose a mechanism based on inhomogeneities in the dielectric
constant around the Ln®*" ion, again caused by the ligand or crystal field. Judd later showed that
this approach is equivalent to considering polarization of the ligand induced by the Ln** 4f
electrons [49, 50]. Mixing with charge transfer states has also been investigated [51, 52].

1.4 Quenching mechanisms
Recall again that the 4f — 4f transitions are parity-forbidden (in some cases they are also

forbidden by spin). Consequently, 4f intrashell excited states are long-lived, and Ln®** phosphors



have luminescence lifetimes of up to milliseconds, orders of magnitude longer than most other
luminescent materials. (See Table 1.1; note that Ce®* is an exception since it emits via 5d — 4f
transitions.) This property is crucial in two biomedical applications. First, we consider
fluorescence microscopy, in which a fluorescent species is bound to a biologically active
structure or molecule and used to track its position within an organism. A wide variety of
fluorescent labels has been developed to fit the varying technical constraints of imaging studies
[28, 53, 54]. Ln**-activated dyes in particular are useful in imaging highly autofluorescent
species, i.e., organisms that natively produce fluorescent molecules and tissues. The long lifetime
of the 4f — 4f emission makes it possible to remove autofluorescence backgrounds by time-
gating [13, 55, 56]; see Fig. 1.6. Second, Ln** dyes are used in assays that study the interaction
of two macromolecules, e.g., an antibody and an antigen [14, 57-59]. In an experiment of this
type (Fig. 1.7), the long lifetime of the 4f excited state increases the probability of energy
transfer from the Ln®" to a second luminescent label. The transfer rate is distance-dependent (see
Section 1.5) and can therefore be used to measure the ensemble-averaged distance between the
two labeled macromolecules.

However, the long lifetime also introduces a problem: faster processes may quench the
luminescence by causing the excited state to relax nonradiatively, rather than by emitting a
photon. Avoiding these quenching effects is part of the process of rational design of phosphors.
We consider two examples. First, in solution-phase systems, solvent quenching is a common
obstacle. The O-H bonds of water have vibrational modes that are energetically well matched
with Ln*" excited states [60-62]. Ligands for soluble luminescent dyes are therefore usually
chelates designed to prevent coordination of water molecules with the Ln®". Water coordination

can be detected by comparing dye solutions in H,0 and D,O (deuterated water). Since the
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gate-delay 60ps

25 micron

Figure 1.6. From Connally et al. [55]. (a) An algal desmid with several cysts (c) that have been
labeled with an Eu-activated dye. Under UV illumination, both the dye and the desmid itself are
fluorescent. (b) Time-gated acquisition of the image suppresses the ps-lifetime background from

the desmid.

organic dye
fluorescence

Antibody

Ln(III)
‘rrr"r fluorescence

Fig. 1.7. Schematic of an immunoassay
using two fluorescent labels, adapted from
Moore et al. [32]. The interaction between
an antigen and an antibody is studied by
labeling the antigen with a Ln-activated
dye (~100-us luminescence lifetime) and
the antibody with a purely organic dye (~1-
us luminescence lifetime). The sample is
excited with a pulse of light at a
wavelength that preferentially excites the
Ln dye. If the antibody binds to the
antigen, the dye molecules are held
sufficiently close together for Forster
resonant energy transfer (FRET) from the
Ln ion to the organic dye to occur (see
Section 1.6). This suppresses the
luminescence from the Ln and induces
luminescence from the organic dye on long
timescales (i.e. > 1 ps).

11




vibrational modes of the O-D and O-H bonds have different energies, H,O is a stronger
quencher, and the H,O/D,0 coordination number can be calculated from the luminescence
lifetimes of the two solutions [63].

Second, we consider quenching due to interactions among multiple Ln** ions. Such
effects become significant in solid state systems with a high concentration of activators. It is
possible for an excitation created on one activator ion to be transferred nonradiatively to other
nearby activators; if this process is repeated until the excitation reaches, e.g., a defect in the host
lattice, the energy is lost [64]. Another possibility is that “cross-relaxation,” closely analogous to
the Auger effect, may reduce the luminescence yield [65, 66]. Cross-relaxation can occur when
two activators are both in excited states. Instead of emitting a photon, one activator can transfer
energy to the second, driving it into a higher (possibly non-emissive) excited state. We will
discuss this process further in Chapter 5, in the context of saturation of the luminescence yield at
high excitation density.

1.5 Sensitizer-to-activator energy transfer: rate and efficiency measurements

Studies of the nonradiative energy transfer (ET) from the sensitizer to the activator (Fig.
1.1b) lead to several interesting technical challenges. The main quantities of interest are the
efficiency of ET from a given sensitizer excited state and the rate of ET to a given excited state
of the activator. Here, we summarize several UV/visible spectroscopy ET studies to outline
current methods. ET rates can be studied by measuring the rise and decay times of emission from
the excited states of the sensitizer and activator. Typically, the result is a correspondence
between the decay of emission from particular sensitizer states with the onset of emission from

activator states [33, 67]; this yields a map of the excited state cascade.
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ET efficiency studies, on the other hand, face an experimental challenge: it is difficult to
directly measure the occupation numbers of the relevant Ln** excited states. It is therefore
necessary to deduce the ET efficiency from some other observable. The experiments outlined
here take two approaches. First, one can add and remove “external” ET pathways in a
quantitatively controlled way by letting a phosphor interact with another fluorescent species.
Second, in the specific case of Eu®", it is possible to calculate the ET efficiency from branching
ratios in the emission spectrum and the measured luminescence lifetime.

To understand the first strategy, we consider the overall quantum efficiency @ of any
phosphor, which is the product of the efficiency of each step in the chain of excited states. For a
sensitized phosphor, we can write

b = Do Pern, (1.1)
where @, is the probability that an absorbed photon is successfully converted into an excited
state of the activator, and @, is the probability that the activator emits a photon (rather than
being quenched). Measuring @ is straightforward, so if @, can be determined, it is possible to
calculate @, p.

Xiao and Selvin [68] demonstrated a method for determining ®.,, in luminescent Ln-
organic complexes by taking advantage of ET from the activator to a second, well-understood
luminescent molecule. Solutions were prepared with varying concentrations of a Th*" complex
and the standard dye fluorescein, and excited at a wavelength absorbed only by the Tb**
complex. Increasing the fluorescein concentration led to fluorescein emission as a result of ET
from the Th®" ion, and simultaneous suppression of the Th** luminescence. The quantum yield of
the overall process and the known quantum yield of fluorescein were then used to calculate @,

(and hence ®geps).
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Beeby [69] and Werts [45] developed another method that applies only to Eu**. &, can
be written in terms of the radiative and nonradiative decay rates of the activator excited state,

kpaq and k.

Pem = —frad 1.2)

Krad + knr.
Both k.,4 and k. contribute to the observed luminescence lifetime of the phosphor, 7s:

: (1.3)

Tobs = m.
In the case of Eu®", it is possible to extract the purely radiative decay rate k.4 from a branching
ratio in the steady-state emission spectrum. We write k.4 as a sum of the spontaneous transition
rates for emission from the °Dy state (see Fig. 1.4):

Krad = 21=1 P(CDy - "Fy) (1.4)
The transition Dy — 'F1 is a purely magnetic dipole transition and consequently independent of
the ligand or crystal field affecting the Eu®" ion. The known transition rate P(CDy — 'Fy) [69]

can be used to calculate by rewriting Eq. (1.4) as

— p(s 75y /= PCD='F) s 5. ltot
krad - P( DO - Fl) P(SDO—)7F1) - P( DO - Fl) 11

(15)

where 1., is the integrated intensity of the entire °Do-derived portion of the emission spectrum,
while and I is the integrated intensity of the °Dy — F; line. This determines k.4, which gives
k.- by Eq. (1.3), and hence &, and &, by Egs. (1.2) and (1.1).

We note that both of these methods use measurements of optical emission from the Ln
ion. In studies of the excited state kinetics of the sensitizing ligand, it is possible to collect two
sets of complementary data: one can observe the rise and decay times of emission from the
relevant excited states [67] and use transient UV absorption to measure the excited state

occupancies after photoexcitation [70]. For the Ln ion, however, transient absorption studies are
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impractical, as the 4f — 4f transitions of interest are parity-forbidden. This presents an
opportunity for activator-specific x-ray spectroscopy studies, since the photoelectric cross-
sections of the Ln elements are larger in the hard x-ray regime than in the visible. Chapters 3 and
4 report x-ray studies of luminescent dyes that directly target the activator ion to yield
information about the population of the °D, state, providing an valuable complement to
UV/visible data. Chapter 5 reports another approach to using x-rays as the probe by collecting x-
ray excited optical luminescence.
1.6 Sensitizer-to-activator energy transfer: mechanisms
In this section, we describe the two dominant ET mechanisms observed in most
lanthanide systems. To qualitatively understand the process of internal energy transfer, consider
the Hamiltonian for a sensitizer (S) coupled to a lanthanide ion (Ln) by an interaction U,
Hg + Hpp + U(rs, Tony Xs) Xin)- (1.6)
In general, U will be a function of the positions and the spin states of the sensitizer and
lanthanide. We denote the ground state of each species by s and y;,,, and excited states by g
and ;. The interaction allows transitions in which an excited state of the sensitizer is
transferred nonradiatively to the lanthanide, with transition rate
kgr o {sin U (15, Tpn, X5 Xea) [WsWin)? S (AEs — AEy,). (1.7
Performing a multipole expansion of U yields a number of possible energy transfer
processes. For lanthanide-organic complexes similar to the samples discussed here, DFT-based
calculations [71-74] indicate that the dominant processes are FoOrster resonant energy transfer
[75] and Dexter transfer [76]. At lowest order, Forster transfer occurs when the transitions
Ys = Ys and Y, — Y, are both electric dipole-allowed (the term “Forster transfer” also

includes higher-order multipole transitions). This can be thought of as a transition driven by the
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Coulomb interaction between the sensitizer and Ln. The transition rate shows a power-law
dependence on the distance between the sensitizer and activator.

Dexter transfer, on the other hand, is driven by charge exchange. If we expand Eq. (1.7)
to higher order and keep track of the spin part of each wavefunction, we obtain exchange integral

terms, beginning with

1
f ¢>§*(‘rs)¢2‘n(nn)H%(nn)fbin(rs) X x5'(0)Xin (0 Xs (o) Xin(0s)  (1.8)

This term will be nonzero only when the spin states of both S and Ln change (see Fig. 1.8). The
electric n-pole operators do not act on spins, so it follows that in this case there is no Forster
transfer. Furthermore, this term will be negligible unless there is substantial spatial overlap
between the sensitizer and Ln wavefunctions. The Dexter transition rate thus decreases

exponentially with distance.

FoOrster Dexter

v @ — i || —@._ Vi
v
Ys # Yin Ys %""@4‘ Yin

Sensitizer Lanthanide Sensitizer Lanthanide

Figure 1.8. Schematics of Forster energy transfer (caused by Coulomb terms in the interaction
between the sensitizer and the lanthanide) and Dexter transfer (mediated by charge exchange
terms).

The difference in behavior with distance can be used to identify the transition mechanism
in some cases. Stryer and Haugland [77] observed Forster transfer by synthesizing a set of

organic molecules in which the sensitizer and activator were separated by carbon chains of
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several lengths. In most luminescent systems, however (including inorganic phosphors and Ln**
chelates), this type of direct control is impossible. There are also interesting exceptions to the
general distance-dependence behavior of both processes. For example, Dexter transfer has been
counterintuitively found to be the dominant process over distances of up to 20 A in one class of
large metal-organic complexes [78]. A long-term goal of the research program initiated by this
dissertation is to use the spin-sensitivity of Xx-ray emission spectroscopy to experimentally
distinguish between the two mechanisms across a broad class of photoactive materials.
1.6 Conclusion

While the properties of many luminescent systems are superficially similar, the
intermediate steps between absorption and emission of photons vary widely. Decades of
UV/visible spectroscopy studies have been dedicated to mapping the excited state pathways, and
corresponding synthesis work has led to increasingly sophisticated and efficient phosphors. In
lanthanide-activated phosphors in particular, optical emission measurements can provide detailed
information on the excited state kinetics of both the sensitizer and the activator. The sensitizer-
to-activator energy transfer efficiency can be deduced from observations of the emission in some
cases, and transient absorption can be used to further interrogate the sensitizer. This leaves an
opportunity for transient absorption measurements to provide unique insights into the 4f electron
physics of the lanthanide ion. However, such experiments are impractical in the UV/visible
regime. The rest of this dissertation covers novel applications of x-ray spectroscopy to this
question.
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Chapter 2. X-ray absorption spectroscopy methods and applications
2.1 Introduction

This chapter provides an overview of the x-ray spectroscopy modes used in the studies of
lanthanide materials reported in this thesis, particularly x-ray absorption near edge structure
(XANES) and high energy resolution fluorescence detection (HERFD). First, x-ray interactions
with matter are discussed in general, to provide a basic understanding of the physical and
chemical information that can be derived from XANES. We then summarize the current
technical reach of time-resolved x-ray spectroscopy, and review the literature on time-resolved
XANES (TR-XANES) studies of transition metal complexes, to provide context for the TR-
XANES studies of lanthanide complexes covered in chapters 3 and 4. Finally, the theoretical
discussion of XANES is extended to discuss the spectral features that can be resolved by moving
to HERFD.

2.2 Overview of XANES

A XANES spectrum consists of a measurement of the x-ray absorption coefficient in a
~100 eV band around the binding energy of a core electron. XANES is a well-established
technique in condensed matter physics and physical chemistry; common applications include
analysis of catalysts [1-5], battery electrodes [6, 7], geological materials [8-10] and biological
samples [11-13]. In basic physics, examples of XANES results include studies of electron
distribution in alloys [14, 15], structural disorder in nanoparticles [16-18], and phase transitions
[19-21]. In general, XANES is sensitive to valence and conduction band structure in solids (and
analogously, to bonding orbital structure in molecules); consequently, the spectral features
contain information on chemistry and local coordination. In addition, it is an element-specific
technique, and uses radiation that penetrates through organic material. These features are

important in applied sciences, where samples are often heterogeneous and the ability to perform
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measurements in situ is a major advantage. Furthermore, in studies of non-isotropic materials,
detailed information about orbital ordering can often be obtained by collecting polarization-
dependent spectra [12, 19-22]. All of these capabilities can be broadly understood from the
following description of x-ray absorption by condensed matter, using a treatment similar to the
ones in refs. [23-25].

Experimentally, the quantity to be measured is the absorption coefficient u(w). This
quantity is defined so that a sample of thickness t attenuates photons of energy Aw by a factor of
e M@t We will focus on energies in the “hard X ray” regime, i.c., between approximately 5
keV and 120 keV. This range covers the K shell binding energies of the 3d transition metals and
the L shell binding energies of heavier elements, including the lanthanides. To illustrate, the hard
X-ray mass absorption coefficients u/p of Mn and Eu are plotted in Figure 2.1. As the photon
energy crosses the binding energy of each core electron, the photoelectric effect produces a sharp
step referred to as an “absorption edge.” Note that distinct edges are widely separated, which

gives XAS its element specificity.

Hard X ray mass attenuation coefficients
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Figure 2.1. Mass attenuation coefficients of a transition metal and a lanthanide in the hard X ray
regime. Data obtained from ref. [26].
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To write down a description of a photon being absorbed by the sample, we make the
simplifying assumption that the photon excites only a one-electron transition. This means that the

absorption coefficient is given by Fermi’s Golden Rule,
p(@) & ) [(flp - AEIDIP8(Ey - B — ho), @Y
f

where p is the momentum operator, and A(r) is the electromagnetic vector potential, and |i) and
|f) are the initial and final states of the sample. Following ref. [23], we write each final state as
the initial state with the addition of a core hole ¢ and a photoelectron e. The sum over f then

becomes a sum over possible states of the photoelectron:

p(@) & ) (G e,clp - AWIDIE, = (heo — ). 22)
Next, we sum over e, and idente;fy the sum of delta functions with a density of states pz. Here,
the notation emphasizes the fact that the core hole affects the density of states.
p(w) < [(hw — E;lp - A(M)|)]?pe(hw — Ey). (2.3)
This formulation shows explicitly that the absorption near an absorption edge E; is sensitive to
the density of unoccupied states that are available for the photoelectron, i.e. the valence and
conduction band structure in a solid, or the valence and bonding orbital structure of the target
element in a molecule.

Several considerations prevent a simple interpretation of the measured spectrum as a map
of the density of states. First, rewriting p - A(r) in the standard multipole expansion shows that
the spectrum is dominated by electric dipole transitions. The K edge (1s) XANES, for example,
primarily measures the p-projected density of states; transitions of 1s electrons to d orbitals (and
d-derived bands) are parity-forbidden and will contribute weakly. Second, overlap between core
and valence wavefunctions can lead to near-edge spectral features that do not neatly correspond

to valence states. Third, the core hole changes the potential of a single atom. In a solid, this
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weakly perturbs the band structure but strongly affects the states localized at the absorption site,
e.g. the 4f states of the lanthanides (see Section 1.2). Fourth, the short lifetime of the core hole
causes an intrinsic broadening of the spectrum, further discussed in Section 2.5. Finally, the
straightforward one-electron picture used above may break down; corrections for many-body
effects and scattering of the photoelectron from multiple atoms are often necessary to reach

quantitative agreement between theory and experiment.

FeK edge XANES

FeO A
Fe 2 0] 3

((E) (arb. units)

7080 7100 7120 7140 7160 7180
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Figure 2.2. Fluorescence-mode XANES collected from Fe foil and two reference Fe oxides
(Pacold, Plummer, et al., unpublished data).

With these caveats in mind, it is still possible to at least qualitatively interpret many
features of experimental XANES data in terms of band structure (or molecular orbital structure)
and local coordination geometry. To illustrate, we now summarize several XANES datasets.
Figure 2.2 shows iron K-edge spectra collected from Fe foil and powders of FeO and Fe,Os.

There is a clear correlation between formal Fe oxidation state and the energy of the absorption
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edge. In addition, 1s — 3d transitions produce smaller “pre-edge” features near 7115 eV, with
relative spectral weights and positions that are also dependent on Fe valency. Finally, variations
in the conduction band structure lead to variations in the functional form of the spectrum above
the edge. The strong sensitivity of XANES to oxidation state, particularly in the edge shift, is a

mainstay of catalysis studies [1-5, 27, 28].

(a)
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(b)
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Figure 2.3. Cu K-edge XANES of several Cu complexes. (a) Reproduced from ref. [29], spectra
collected from a [CuCl,]* in complex with a series of ligands that constrain the position of the Cl
atoms, fixing the angle between the two CI-Cu-Cl planes (in parentheses). (b) Reproduced from
ref. [30], spectra of a Cu-ATP complex in solution at varying pH.

Structural displacements alone (i.e. with no formal change in oxidation state and without
breaking or formation of bonds) lead to less drastic reorganizations of the valence electrons, and
therefore produce smaller but measureable spectral signatures. Figure 2.3a shows copper K-edge
spectra collected from a set of Cu** complexes. In each complex, the Cu?* ion is coordinated to
four CI™ ions. The [CuCl,]* subunit is bonded to a ligand which constrains the positions of the
Cl- ions, so that they adopt square planar geometry in one complex and distorted tetrahedral

geometry in the remaining three. The resulting variation in Cu®* 3d orbital structure leads to a

27




monotonic increase in the intensity of the 3d-derived pre-edge peak as the dihedral angle
increases. A similar pattern appears in Figure 2.3b. Here, the samples were solutions of Cu-ATP
complexes. Varying the solution pH causes a distortion of the ATP molecules, again changing
the coordination geometry around the Cu without breaking any bonds.

2.3 Ultrafast x-ray spectroscopy

The timescale for atomic motions over angstrom distances is ~100 femtoseconds [31],
setting the time resolution needed to study a wide range of elementary chemical and physical
processes. This has motivated the development over the past three decades of several
experimental techniques with picosecond and sub-picosecond time resolution. Here, in
particular, we will discuss the combination of pulsed pump lasers with x-ray probes of structural
and electronic dynamics [31, 32]. The time resolution of such studies is currently limited by the
length of the X ray pulse; synchrotron beamlines routinely obtain 100-ps resolution [33-36],
while sub-picosecond resolution can be achieved at by laser-slicing of the electron bunches at a
synchrotron (at the cost of significantly reduced flux) [37-39] and at XFELs [40].

In many time-resolved studies, the scientific goal is to observe the structural
rearrangement of atoms in the sample. Time-resolved x-ray diffraction has been used to study
lattice dynamics in crystalline materials [41, 42], while small angle x-ray scattering can be used
with non-crystalline species, e.g. proteins in the process of folding [43, 44]. Here, we will focus
on time-resolved XANES (TR-XANES) results that take advantage of the scope of XANES
outlined in the previous section. In particular, we will review several TR-XANES studies of
transition metal-organic complexes, to provide context for the studies of lanthanide-organic
complexes in the following chapters.

2.3.1 Transition metal-organic complexes

28



Decades of work towards lowering the cost and scalability of solar energy production
have led to the discovery of a broad range of novel photoactive materials and devices [45-52].
One promising example is the dye sensitized solar cell (DSSC); reports of prototype cells by
Grétzel and co-workers [53-56] sparked an intensive research effort towards commercialization.
In a typical DSSC (Fig. 2.4), the anode is in contact with a mesoporous, nanocrystalline
semiconductor film; the surface of the semiconductor is coated with a light-harvesting dye. The
dye is kept in electrical contact with the cathode through a redox electrolyte. Absorption of light
by the dye places it in an excited state that is capable of transferring an electron into the
conduction band of the semiconductor; the charge on the dye is restored by the electrolyte, which

in turn accepts electrons from the load circuit.
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Figure 2.5. Schematic of a dye-sensitized photovoltaic cell, from ref. [54]. Absorption of a
photon (hv) causes a light-harvesting dye to inject an electron into the conduction band of a
nanocrystalline semiconductor film (here, TiO;). The load circuit and a redox electrolyte then
replenish the charge on the dye.
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For commercial viability, the dye must (1) absorb strongly across a broad range of the
solar spectrum, (2) have excited states capable of electron transfer to the semiconductor, (3)
easily form a monolayer on the surface of the semiconductor, and (4) be stable under long-term
exposure to sunlight and rapid redox cycles. Research efforts have focused on engineering
organic [57-59] and organometallic [56, 57, 60] dyes to satisfy these criteria. Here, we will
concentrate on transition metal-organic complexes, which typically achieve higher solar power
conversion efficiency than purely organic dyes and show better long-term stability (though at
higher material cost) [61]. In particular, Ru-based dyes have attracted consistent interest over the
entire development history of DSSCs [53, 56, 62, 63].

The charge transfer and energy transfer properties of these materials have other potential
applications that are the subject of ongoing research. Transition metal complexes have been
studied for use in photocatalysis and solar fuel generation (in devices closely related to DSSCs)
[54, 64-66]; as electroluminescent materials [57]; and in the construction of molecular-scale
optoelectronic and magnetic devices [67-69]. In all of these applications, as well as for DSSCs, it
is crucial to understand the excited state dynamics in order to engineer improved materials. To
illustrate, we review several representative time-resolved XANES studies.

2.3.2 Examples of TR-XANES studies

Van Kuiken and co-workers [70] reported a laser-pump/x-ray probe study of a Ru-
organic solar cell dye in solution, using Ru L3 edge XANES to probe the 4d bonding orbitals.
Photoexcitation of the dye places it in a metal-to-ligand charge transfer (MLCT) state, which
relaxes within ~50 fs to a metastable spin-triplet MLCT state (lifetime ~60 ns). Spectra collected
from the ground state and the triplet MLCT state are shown in Fig. 2.5. The ground state XANES

shows two peaks attributed to transitions into the bonding orbitals of the Ru ion (B) and the
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ligand (C). The charge transfer excitation decreases the screening of the Ru nucleus, shifting the
2p and bonding orbitals; this causes the observed shifts to B’ and C'. In addition, the Ru 4d
vacancy left by the charge transfer opens a new 2p — 4d x-ray absorption channel. This creates a

peak in the excited-state XANES (A') with no corresponding feature in the ground state.

Figure 2.5. From ref. [70]. (a) Ru Ls-edge

= XANES collected from the solar cell dye
O 0.2+ N3 in its ground state (*A;) and metal-to-
o ligand charge transfer excited state

= (*MLCT). (b) Difference from the ground-
'g state spectrum 250 ps after the pump pulse.
é 0.1 Inset: time-dependent XANES traces at the

energies corresponding to the A’ and B
features (see main text).

AA (mOD)

T
2840 2845
Energy (eV)

Bressler et al. [71] and Khalil et al. [72] reported on the excited state dynamics of Fe-
organic complexes. In each study, steady-state measurements of reference complexes were used
to identify structures corresponding to low-spin and high-spin states of the central Fe ion. The
structures can be clearly distinguished in the Fe K-edge XANES, due to differences in the Fe-
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ligand bond lengths of approximately 0.2 A (Fig. 2.6; compare this effect with the structural
signatures seen in XANES of Cu complexes, Fig. 2.3). The steady-state data were then used to
interpret TR-XANES observations of the complexes in solution. In contrast with the Ru complex
studied by Van Kuiken et al., the MLCT state is converted into a triplet excitation on the ligand.
This transition also returns the charge to the Fe ion, placing it in a high-spin state (Fig. 2.7a).
Consequently, there is no edge shift comparable to that observed in the Ru dye. However, the
high-spin state is accompanied by a structural distortion, producing a transient XANES signal.
The difference of the ground state and high-spin-state XANES corresponds closely with the
difference of the reference steady-state spectra (Fig. 2.6b-c). Lemke et al. [40] recently extended
this work to finer time resolution by using the sub-picosecond pulses generated by an X ray free
electron laser. This made it possible to identify transient features corresponding to the short-lived
(~200 fs) MLCT state.

Huse and co-workers [73, 74] performed time-resolved XANES studies of another Fe
complex (closely related to those used in refs. [40, 71, 72]), using soft X rays to probe the Fe L
edges. This is experimentally more challenging than using the K edges, due to strong attenuation
of the X rays by the solvent, but is more sensitive to electronic structure changes in the 3d
bonding orbitals, since the signal is dominated by 2p — 3d transitions. (Recall that in K-edge
spectra, the contribution of the 3p shell is suppressed, since 1s — 3d transitions are parity-
forbidden. One way of viewing the distinction is that the Fe K-edge detects changes in atomic
motions, while the L edges specifically detect changes in the state of the 3d electrons.) Huse et
al. [73, 74] (1) used the total spectral weight across the L edges to confirm that the MLCT state
does revert to a state in which the charge returns to the Fe ion, and (2) used the relative spectral

weight of the L, (2p12) and Ls (2ps2) edges to track changes in spin state. As in the K-edge
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studies, analysis is assisted by comparison of the ground state and excited state spectra with

steady-state models.
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Figure 2.6. Adapted from Khalil et al. [72]. (a) Steady-state Fe K edge XANES of the low-spin
complex [Fe(tren-(py)s)](PFs)2 and its high-spin analogue [Fe(tren(6-Me-py)3)](PFs).. (b)Open
circles: excited — ground state difference from time-resolved XANES measurements of
[Fe(tren(py)s)](PFs). in solution. Solid line: difference of the steady-state spectra from (a). (c)
Model of the [Fe(tren(py)s)](PFs)2 complex, with arrows indicating the structural distortion that
accompanies the high-spin state (as determined by time-resolved EXAFS).
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Figure 2.7. Adapted from Bressler et al. [71]. (A) Excited state cascade of the Fe(bipyridine)s
complex. Photoexcitation of the low-spin ground state (*A;) produces a metal-ligand charge
transfer (MLCT) state, which is quickly converted into a high-spin state (°T»). (B) The high-spin
state is accompanied by distortion of the ligand. (C) Fe K-edge XANES of the high-spin and
low-spin states and (D) their difference.
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2.4 Distinguishing between structural and electronic effects

It is a basic principle of condensed matter physics and physical chemistry that atomic
positions affect electronic structure. The arrangement of atomic nuclei in space sets the potential
seen by the electrons, and is the starting point for determining band structure in a solid and
hybrid orbital structure in a molecule. Atomic motions therefore perturb both the spatial
distribution of the electrons and the electronic energy levels. This is a theme of the studies of Fe
complexes reviewed above: the dynamics of an electronic signal (XANES) are correlated with
structural distortions. Since the physics of interest lie in the dynamics of the electronic excited
states, care must be taken to disentangle structural and electronic effects in the observed spectra.
This may be done by using structural information from DFT [70] or Raman spectroscopy [75,
76]. Recent work has also shown that time-resolved Xx-ray emission spectroscopy (which is
relatively less sensitive to structural distortions) can provide important complementary
information [77, 78].

“Purely electronic” TR-XANES signatures, i.e. transient changes in x-ray absorption that
are not associated with structural distortion, are rare but not unprecedented, having been
observed in at least two solid-state systems. In GaAs, a pump laser can be used to partially empty
the valence band, modifying the density of unoccupied states p; (see Eg. 2.3) and producing a
transient XANES signal [79]. In VO,, high-fluence photoexcitation has been reported to cause a
purely electronic insulator-to-metal phase transition within ~500 fs of the pump pulse [80],
followed by a lattice distortion over several picoseconds as the electrons thermalize with the
lattice. It should be noted that more recent work calls this result into question: time-resolved
electron diffraction data suggest that the lattice reorganization includes an initial sub-picosecond

motion along one axis, followed by slower motions along the other axes [81].
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These considerations will be important throughout this thesis because many lanthanide
systems do not undergo significant structural distortions during the process of luminescence. For
example, DFT calculations on the samples studied in Chapter 3 show negligible atomic motions
upon excitation of the ligand (less than 0.02 A, compared to 0.2 A in the Fe complexes).

2.5 Experimental modes and core hole effects

To conclude the chapter, we discuss the established techniques for collecting XANES
data. A schematic of an x-ray absorption experiment is shown in Figure 2.8. A sample of
thickness t is placed in a monochromatic beam of photons with energy Aw and intensity I,
which is attenuated to intensity Ir = I,e ()t In a transmission-mode measurement, the
absorption spectrum is collected by scanning w and monitoring I /I, with detectors immediately
upstream and downstream of the sample. In a fluorescence-mode measurement, the signal is
derived from the intensity I of the x-ray fluorescence of the sample, i.e., the radiation emitted as

the core holes created by the beam are filled by electrons from higher energy levels. For thin

fluorescence detector

/ spatial filter
chemical filter

X—ray
fluorescence

>~ b
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Figure 2.8. Schematic of the experimental setup for x-ray absorption spectroscopy
measurements. A beam of X rays passes through a sample of thickness t and the resulting
attenuation is measured by a pair of detectors upstream and downstream of the sample.
Alternatively, the x-ray fluorescence can be used; for thin and dilute samples this is proportional
to the absorption and is often experimentally easier to measure. A chemical filter may be used to
reject elastic scattering from the sample and pass fluorescence through to the detector, and a
spatial filter may be used to reject stray scattering from positions other than the beam spot.
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samples, Iz/I, is directly proportional to u(w). This is also true for dilute solutions of the
element of interest in weakly absorbing solvents or solid matrices (thick and concentrated
samples require corrections for re-absorption of the fluorescence by the sample itself).

Both synchrotron light sources and laboratory-based plasma and tube sources produce
broadband x-ray radiation. In order to perform an energy scan as described here, a Bragg
monochromator is used to select a narrow, tunable band from the source. A bandwidth of
AE < 2 eV is typical at the lanthanide L edges (5.5 keV < E < 10.5 keV). Another possibility is
to select a broad (> 100 eV) band from the source and perform an energy-dispersive transmission
measurement, i.e., to collect complete spectra of the incident and transmitted radiation and use
these to calculate u(E). All of the XANES datasets presented in this document were collected at
a third-generation synchrotron light source, using a scanning monochromator and fluorescence-
mode detection. This configuration was chosen since the ~2 mM sample solutions used in most
of the experiments would have yielded poor signal-to-background ratios in transmission mode.
2.6 Core hole lifetime suppression

The monochromator bandwidth is not the only limit on the energy resolution of a
XANES measurement. The core hole produced by an absorbed X ray has a short lifetime; by the
Heisenberg uncertainty principle, this gives the excited state an energy uncertainty, which
appears experimentally as a broadening of the entire spectrum. To describe the effect in more
detail, we must substantially revise the treatment of x-ray absorption in Section 2.2 to include
both an incident and a scattered photon. The core hole state |i,e,¢) in EqQ. (2.2) will now be
viewed as an intermediate state, followed by a final state in which the core hole is filled by
another electron. For concreteness, following the L-edge studies reported in refs. [82, 83], we

will consider one-photon-in/one-photon-out processes, and focus on the case of absorption at the
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L3 (2ps;2) edge and Loy (3ds, = 2ps2) emission. The transition rate, including the widths in

energy of the intermediate and final states, is given by the Kramers-Heisenberg formula [84-86]:
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Here, hw and hw' are the energies of the incident and scattered photons, |2p) is the
intermediate state with a 2p core hole, and |3d) is the final state with a 3d core hole. In the first
factor, the lifetime width I'z; admits processes in which the energy Aw of the incident photon
does not match the energy difference of the ground and |2p) states. For the lanthanide L3 edges,
I ranges from 3.48 eV (Ce) to 4.60 eV (Yb) [87], well above the monochromator resolution at
modern synchrotron beamlines, and the core hole lifetime therefore causes significant
broadening of spectral features in conventional transimission-mode or fluorescence-mode
XANES measurements (Fig. 2.9).

The second factor in Eq. 2.4 partially enforces energy conservation. The width 53
(specifically for the 3ds/, core hole) is less than 1.6 eV for Z < 70, which includes the lanthanides
[88, 89]. This constrains hw — hw' to be close to the difference in energy between the Lz edge
and the Loy emission line (of course, energy must be exactly conserved overall by the process
that fills the 3d hole and returns the atom to its ground state). The overall result is resonant
Raman scattering of X rays near the edge. An example, at the terbium L3 edge, is shown in
Figure 2.9. When hw is sufficiently far above the edge, the fluorescence peak at Aw’ = Ey 4,
dominates the spectrum. For Aw near the edge, however, the spectrum shows an inelastic

scattering peak that shifts so that the energy transfer ~iw — hw’ stays constant.
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Figure 2.9. Resonant inelastic x-ray scattering of TbCo, near the Th L3 edge, from ref. [90].
Each trace is labeled with the incident photon energy; note that the horizontal axis is the
transferred energy (rather than the detected photon energy).

This suggests an experimental approach to suppression of the 2p core hole broadening.
The strategy is to only detect photons Aw’ in a narrow band around Ey, , so that the energy
transfer condition constrains Aw. Then I3z, rather than I35, becomes the intrinsic limit of the
spectral resolution. This method is referred to as high energy resolution fluorescence detection
(HERFD) and is typically implemented with a Bragg crystal analyzer. Early HERFD studies
showed that it is possible to resolve pre-edge spectral features in the Ls; edge XANES of several
lanthanides [82, 91, 92] which are not visible in transmission-mode and total-fluorescence data

(Fig. 2.10). The pre-edge region can be assigned to quadrupolar 2p — 4f transitions; in light of
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the rich physical properties of the lanthanide 4f electrons, this is particularly interesting for the
broader purpose of understanding lanthanide electronic structure. HERFD has also produced
interesting results on transition metal systems, for example in L-edge studies of Pt catalysts [83,

93, 94].
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Figure 2.10. “Conventional” transmission-mode XANES and HERFD-mode xanes at the L3
edge of Dy, reproduced from ref. [82]. Note the pre-edge feature centered near 7795 eV resolved
in the HERFD spectrum, which corresponds to electric quadrupole 2p — 4f transitions.
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Chapter 3. Direct Observation of 4f Intrashell Excitation in Luminescent Eu
Complexes by Time-Resolved X-ray Absorption Near Edge Spectroscopy

The text of this chapter is adapted from ref. [1], by Joseph I. Pacold,” David S. Tatum,* Gerald T.
Seidler,” Kenneth N. Raymond,* Xiaoyi Zhang,! Andrew B. Stickrath,” ® and Devon R.
Mortensen’. The published paper and supporting information have been combined; some
introductory information has been moved to the general discussion of luminescence in Chapter 1,
particularly details on the UV/visible spectroscopic determination of the energy transfer
efficiency.
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Abstract
We report time-resolved X-ray absorption near edge structure (TR-XANES)

_pased luminescent

measurements at the Eu Lz edge upon photoexcitation of several Eu
lanthanide complexes. We find an unambiguous signature of the 4f intrashell excitation that
occurs upon energy transfer from the photoactive organic antennas to the lanthanide species.
Phenomenologically, this observation provides the basis for direct investigation of a crucial step
in the energy transfer pathways that lead to sensitized luminescence in lanthanide-based dyes.

Interestingly, the details of the TR-XANES feature suggest that the degree of 4f-5d hybridization

may itself vary depending on the excited state of the Eu'" ion.
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3.1 Introduction

The photophysical properties of the lanthanides and applications of lanthanide
luminescence were covered in Chapter 1. Here, we briefly review the main points. Despite the
development of numerous applications [2-7], elucidating the energy transfer pathways in
luminescent lanthanide materials remains challenging. Most of these systems exploit transitions

within the partially filled 4f shells of the trivalent lanthanide ions (denoted Ln™

). The optical
cross-sections for direct excitation (or de-excitation) of 4f-4f transitions are very weak, since
they are electric dipole forbidden by parity and, in some cases, by spin. It is more efficient to
indirectly excite the lanthanide by coupling to a sensitizer, i.e., another species that strongly
absorbs photons and then transfers energy nonradiatively to the lanthanide [8-10].

In order to rationally design efficient luminescent lanthanide materials, it is crucial to
understand the underlying mechanisms of energy transfer (which vary from system to system).
After initial photoexcitation, the sensitizer may undergo intersystem crossing to lower energy
excited states before transferring energy to the lanthanide, creating uncertainty about which
particular states contribute most. There are several possible mechanisms for the ligand to Ln™
energy transfer, such as: resonant Coulomb interactions including Forster dipole-dipole transfer
and resonance between higher multipole transitions [11, 12], or charge exchange (Dexter
transfer) [13]. Resonance conditions and selection rules may constrain these possibilities, but it is
often not clear a priori which mechanism is dominant [14-17]. Following energy transfer, the
excited state of the lanthanide may relax to a lower excited state before emitting a photon, or be
nonradiatively quenched without any photoemission [18-20].

Here, we report a time-resolved X-ray absorption near edge spectroscopy (TR-XANES)

signature of the ligand-to-lanthanide energy transfer (ET) step in a set of luminescent Eu™
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complexes. Specifically, we find that photoexcitation of the sensitizing ligand leads to a long-
lived (ms) transient change in the XANES at the Eu L3 (2p3/2) edge, and that the magnitude of the
change is correlated with the efficiency of the ligand-to-lanthanide ET. TR-XANES directly
interrogates the metal ion and is complementary to time-resolved optical measurements that
indirectly provide information about the ET step. While the result we report here is a purely
phenomenological observation, we aim to use this ultrafast technique as a time-resolved probe

for the excited state electronic structure of Eu'"

and other lanthanides, toward establishing a
more detailed understanding of energy transfer in these systems.

Over the past two decades, TR-XANES has emerged as a powerful technique for studies
of transient photo-induced effects, including chemical reactions [21, 22] and spin crossover in
photoactive transition metal complexes [23-26]. All of these phenomena involve significant
distortions in local structure (e.g. dissociation, or bond length changes larger than 0.1 A) that are
driven by interatomic charge transfer or by electronic occupancy changes in bonding orbitals.
Here, we find that TR-XANES can be used to observe a qualitatively different process, the
nonradiative transfer of energy to a lanthanide ion, involving no intermediate charge transfer
state. Because the long-lived Eu'" excitation is confined to nonbonding 4f orbitals, we expect no
significant structural change relative to the ground state at the 100-us timescale of the observed
signal. The nonbonding nature of the 4f orbitals is well documented and self-evident from the
atomic-like spectroscopic properties, which is why atomic term symbols are used to label the
observed transitions. We note that lanthanide phosphors in general, including those that are
sensitized via intermediate charge transfer states, show no difference in configuration coordinate

between 4f intrashell excited states [27-29]. It is therefore interesting that we observe a clear TR-

XANES feature at all.
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The functional form of the transient signal raises questions about the nature of 4f
coupling to other atomic orbitals and to the local environment (e.g. the ligand). In particular, we
consider whether the degree of 4f mixing with the bonding s- and d-orbitals, and consequently
the energies of the nominal 4f and 5d manifolds, may itself be a function of 4f excitation.

Luminescent lanthanide dyes [30-40] such as the ones used in this study provide an
illustration of the difficulties involved in understanding the photophysics of a general
luminescent lanthanide system. An organic ligand attached to a trivalent lanthanide ion (Eu'"
here) serves as a light-harvesting antenna [8, 32, 41] by absorbing broadband UV light (Figure

I . . . .
, which can later emit a visible

3.1). Ideally, this excitation is eventually transferred to the Eu
photon (Figure 3.1a). The quantum efficiency of this process is limited by the existence of other
pathways for radiative and non-radiative dissipation of energy, which we will now summarize.
The initial excited singlet state (S) of the ligand may quickly undergo intersystem crossing to the
triplet state (T). However, it may also transfer energy directly to the lanthanide, or decay back to
1T

the ground state (Figure 3.1c). When sufficient coupling exists between the ligand and the Eu

ion, a portion of the energy in the ligand S or T state is converted to a 4f intrashell excitation on

the Eu™".
Ligand Eu'
3
#____ Figure 3.1. A schematic representation of the
_____ . . .
It I — different possible energy transfer pathways in
i LT S R photo-active luminescent lanthanide
> ol | ; e 5D, complexes. Solid arrows represent radiative
© El|! : —1r ____ Sp, transitions, while dashed arrows represent
o - I 1 | . . .o, p .
w ;‘ : | ! nonradiative  transitions. Three possible
>4 ; ®)y @ outcomes of photoexcitation (a, b, c) are
<< U i described in the text.
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The long-lived Eu' excited state requires substantial isolation from solvent species that
have vibrational modes capable of quenching the excitation through nonradiative channels [18-
20] (Figure 3.1b). Ligands used for lanthanide luminescence must therefore be carefully
designed to minimize non-radiative solvent coupling. In cases where the excited lanthanide is not
quenched, the lanthanide may emit a photon upon 4f intrashell de-excitation along narrow,
atomic-like emission lines (Figure 3.1a). In this final emission step, the intensities of certain 4f-
4f transitions, the “hypersensitive” lines (e.g. Dy to 'F, of Eu'™), are strongly dependent on the
local environment of the lanthanide atom [10, 42-44].

Each step in this process has been investigated experimentally by UV/visible
spectroscopy [10, 18, 45-47] and by extensive theoretical calculations [48-52]. The overall
efficiency of the antenna-to-lanthanide energy transfer in several complexes has been estimated
through calculations based on optical photoemission measurements (as outlined under “Materials
and Methods”) and on the efficiency of energy transfer to a second fluorescent species [53].
Additionally, transient absorption measurements have been used to determine the lifetimes of the
various ligand excited states responsible for energy transfer [46, 54]. There have been no
complementary metal-specific absorption spectroscopy observations of the lanthanide excited
state electronic structure, likely due to the very weak, dipole-forbidden nature of the 4f intrashell
transitions.

3.2 Materials and Methods

The samples are listed in Table 3.1. The three ligands are similar in that they each bear
two 1-hydroxypyridin-2-one amide antennas (Table 3.1, shown in blue) which bind the Eu' ion
through both types of pyridyl oxygen donors. Each ligand has four donors, leading to 8-

coordinate 1:2 metal:ligand complexes in the solid state [36, 55]. Note that upon solvation, the
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Table 3.1. Ligand structures and photophysical parameters of the luminescent Eu'"" complexes.
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Amax (nM) 333 337 342
emax MTem™) 22,000 19,000 21,000
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Figure 3.2. Photoabsorption spectrum (black) and photoluminescence spectrum (red) at 333 nm

excitation, collected from a 2uM solution of [Eu(L'),] in 0.1 M TRIS buffer (pH = 7.4).
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coordination number of [Eu(L?),] increases to nine (Fig. 3.6). The UV-visible absorption and
photoluminescent emission properties of the three complexes are similar. In particular, all three
show broadband absorption in the near UV, with the absorption maxima (Amax) Occurring at
wavelengths near 340 nm and similar peak molar absorptivities (emax). Combined spectra of
[Eu(L"),] in aqueous buffer are provided in Fig. 3.2 as a representative plot. A notable feature of
the luminescence spectrum is the large Dy — 'F, transition, which accounts for 79% of the total

emission.

Analysis of Eu' luminescence is greatly simplified by the presence of a purely magnetic
dipole transition "Dy — 'F;). With an intensity that is unaffected by the ligand field, the *Dj to
7F1 transition acts as an internal reference for estimating the radiative (k.q) and nonradiative
(knonrad) decay rates of the 5Do state. These quantities, together with the overall quantum yield
®,, can then be used to determine the sensitization efficiency #ses, the probability that the

center. This calculation is

energy of an absorbed photon is successfully transferred onto the Eu
described in refs. [36, 44, 56] and in Section 1.4 of this dissertation. The overall quantum yields

(Do) were experimentally determined by the optically dilute method using quinine sulfate as the

fluorescence standard.

In aqueous solution, the lifetimes of each complex in H,O and D,O can be used to
determine the degree of Eu'" hydration. Since O-H oscillators resonate at high energy, water is a
particularly efficient quencher of Eu"" luminescence [18-20]. Consequently, each complex shows
a shorter luminescent lifetime in water than deuterated water. The number of inner-sphere water

molecules, g, is calculated using the empirically derived Horrocks equation [47],

q= 1.11(1/‘[‘]-]20—1/‘5])20—0.31), (1)
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where 7o and pro, the observed luminescent lifetimes in the two solvents, are in ms.
Comparing kponrag and ¢ in Table 3.1 shows that water coordination leads to increased rates of

nonradiative quenching.

Comparing the values 7sens and #g, in Table 3.1 reveals the rationale for choosing these
three complexes to study. Complex [Eu(L'),]” is approximately four times brighter than
[Eu(L?),] and [Eu(L*),]" due to efficient sensitization (large #ns) and minimal quenching (large
NEw ¢ close to zero; small Kyonraq). Complex [Eu(L?),] has efficient sensitization (large #sens), but
a low quantum yield due to quenching by a bound water molecule (small #g,; ¢ close to one;
large knonrad)- Finally, [Eu(L*),] has minimal quenching (large #gy; g close to zero; small knonrad)
but also a low quantum yield due to inefficient sensitization of the metal (low #sens). Thus,
complex [Eu(L'),] is representative of pathway (a) in Figure 3.1, [Eu(L?),] is representative of
(b), and [Eu(L),] is representative of (c). Synthesis and characterization of [Eu(L*),]" and
[Eu(L*),]” have been reported previously (including further details on the photophysical

measurements summarized in Table 3.1), while [Eu(L"),]” will be reported soon [36, 55, 57].

Time-resolved Eu L;-edge XANES measurements were performed in total fluorescence
mode at beamline 11-ID-D of the Advanced Photon Source (APS) using a flowing jet of each
sample in solution, at concentrations varying from 0.3 mM to 1 mM. The energy of the incident
X-ray beam was scanned through the Eu L3 edge (i.e., the 2ps3,; binding energy) in 0.25 eV steps,
and the total X-ray fluorescence (proportional to the absorption for a dilute sample) was
measured at each step. Avalanche photodiodes were used to record the time-resolved incident X-
ray flux and the fluorescence from the sample. A pulsed 351 nm laser was used to excite the
chromophore. Data were collected for 300 us before and after each laser pulse. This collection

time was limited by the height of the laser-illuminated volume of sample (approximately 750
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um) and the minimum jet flow rate needed to sustain laminar flow (approximately 3 m/s), rather

than the luminescence lifetimes of the samples (zops H20, Table 3.1). Additional experimental

details are given in the Supporting Information.

3.3 Results and Discussion

Typical Ly XANES spectra for [Eu(L'),] are shown in Fig. 3.3a. The “white line” peak at

6987 eV corresponds to the 2p3;,» — 5d excitations dominating the spectrum, since the 5d shell is

unoccupied. The width of the peak is determined largely by the splitting of the 5d levels. There is

an additional intrinsic broadening of the entire spectrum due to the lifetime of the 2p3, core hole;

the implications of this effect are discussed below.
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Figure 3.3 (a) Eu L; edge XANES
collected from a 1 mM solution of
[Eu(L"),]". The sample was excited by a
351 nm laser with a fluence per pulse of
approximately 20 mJ/cm”. Two sections
of the spectrum are magnified (insets)
to show part of the change induced by
the UV  pump. (b) Fractional
differences in the excited-state and
ground-state XANES from the three
complexes used in this study. To
mitigate sample damage, the laser
fluence was decreased to approximately
12 mJ/em® while collecting these
spectra, giving a smaller change than
the one seen in (a). Data were averaged
over 75 us after the pump pulse to
generate the excited-state spectra.
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The UV photoexcitation caused a suppression of the white line and additional smaller
changes, which are visible in the difference spectra shown in Fig. 3.3b. The difference scales
with the pump laser power, saturating (but not changing functional form) near a fluence per shot
of 20 mJ/cm?; the spectra in Fig. 3.3a were collected at this fluence. The data shown in in Fig.

3.3b were collected at a fluence per shot of 12 mJ/cm?.

The UV pump laser gradually caused sample damage, observed as precipitation of
unidentified Eu-containing material out of each solution. Monitoring the intensity of the total
fluorescence over time showed that during a typical ten-minute long XANES scan the
concentration of Eu in solution decreased by approximately 0.05% (an amount we regard as
negligible). The total white line intensity changed by approximately 1% following each laser
pulse (Fig. 3.3b). In addition, we observed visible luminescence extending approximately 2 mm
along the sample jet below the laser spot. Based on the jet flow rate (approximately 3 m/s), we
estimate the luminescence lifetime to be on the order of 0.5 ms, consistent with optical

measurements.

We first note that the signals from [Eu(L'),]” and [Eu(L*),] have similar magnitudes and
shapes, while the signal from [Eu(L*),] is strongly suppressed. We find this to be consistent with
the calculated 7..ns values discussed above; specifically, there is a clear correlation between the
magnitude of the transient XANES signal and the efficiency of energy transfer from the ligand to
the Eu"" ion. The long lifetime (> 100 ps) of the TR-XANES signal is also inconsistent with the
short lifetimes of the ligand excited states of related systems at room temperature (< 10 ps) [46,
54]. We conclude that the transient signal is a feature of the Eu'' 4f-4f intrashell excitation that

follows photoexcitation of the antenna, and that X-ray absorption spectroscopy is a useful probe

of the transient 4f electronic state of the lanthanide atom in these systems.
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Furthermore, we again emphasize that this method specifically targets the lanthanide, and
it is therefore complementary to transient absorption and time-resolved photoemission
measurements. As a possible application, we suggest that measurements at higher time resolution
(available at XFEL facilities) should be able to determine the time delay between UV activation
of the ligand and population of the lanthanide 4f excited state(s). This would directly probe the

ligand-to-lanthanide energy transfer mechanism in complexes of this type [14-17, 45, 58].

Before concluding, it is interesting to consider possible mechanisms for the sensitivity of
the L3 XANES to the 4f intrashell configuration. Recall that this effect is unexpected in light of
the insignificant structural differences between the ground state and the excited states of each
complex (Fig. 3.7). We therefore consider mechanisms driven purely by changes in electronic

structure.

Fig. 3.4a shows a simplified schematic of the density of states of Eu'" in the presence of a
ligand. The ion has several narrow, atomic-like unoccupied 4f states near the Fermi level Er, and
a large unfilled 5d band. For clarity, we have plotted a small number of arbitrarily positioned 4f
states rather attempting to show the entire 4f manifold. A simple broadening of the 5d band (Fig.
3.4b) would lead to suppression of the associated XANES peak. This might be caused, for
example, by an increase in the crystal field splitting due to a change in the symmetry of the

chelating cage around the Eu'

ion. However, no such distortion is expected here (Fig. 3.7). As
an alternative explanation of our result, we first note that there is a TR-XANES peak at 6977 eV.
We expect unoccupied 4f states (or mixed 4f-5d states) to contribute to the XANES near this
energy, since FEFF calculations [59] (Fig. 3.12) show a concentration of Eu f states there. In

addition, this energy is 10 eV below the white-line peak, and the gap between the 4f and 5d

levels of Eu™ is on the order of 10 eV in solid-state systems [60-62].

55



(C)

(@)
;v 5d
4f Lo
b continuum
[ E.E._LJ-.'.. 1 |“.-.._L4J.: [P
-5 5 10 15 20 25 30
E - Eq (eV)
®)
L Py
1 1 : i
Ll : “s
L E..gJ—.‘ 1 ;‘.:_1..J ..:. ] )
-5 5 10 15 20 25 30

Figure 3.4. (a) Schematic representation of the
density of states for ground-state Eu'"'
including atomic-like occupied 4f states (solid
lines), unoccupied 4f states (dashed), and
unoccupied 5d and continuum bands. (b) Effect
of a 4f-4f transition accompanied by a change
in 5d crystal field splitting. (c) Effect of a 4f-4f
excitation accompanied by a change in the
degree of 4f-5d hybridization. The curved
arrows indicate the change in electron
occupancy upon excitation, while the
orthogonal arrows indicate reorganization of
the 4f manifold due to a changed 4f-5d

hybridization.

Taken together, the TR-XANES features of the long-lived Eu" excited state indicate a

change in both the 4f and 5d states, as would be associated with an increase of 4f-5d mixing (Fig.

3.4c). As support for this hypothesis, we note that static orbital hybridization effects in

lanthanide materials have been extensively studied [63-65]. In particular, quantitative
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interpretations of visible lanthanide emission spectra [66-69] use 4f wavefunctions that are
mixed with opposite-parity 5d states due to perturbation by the ligand field. The observation of a
time-dependent change in the degree of orbital mixing would have important consequences for
theoretical calculations of the energy transfer rate, as well as for treatments of the emission

spectrum in these complexes.

The total fluorescence detection method used in this experiment gives spectra with an
energy resolution intrinsically limited by the 3.91 eV lifetime of the 2p;, vacancy. The low
resolution destroys some information about the density of states, especially changes of the
hypothetical type shown in Fig. 3.4. The present data therefore do not distinguish unambiguously
between the possible scenarios. Existing data on lanthanide compounds [70-73], including
europium (III) oxide [62], show that it is possible to resolve 2p to 4f excitations with high

detection energy resolution; further studies are ongoing.

3.4 Summary

We have identified a transient XANES signal associated with the 4f-4f intrashell
transition that precedes hypersensitive emission in a family of luminescent Eu complexes. The
functional form of the transient signal suggests that excitation-induced orbital hybridization
effects may play an unexpected role in systems of the type studied here. More fundamentally, the
existence of the signal demonstrates that time-resolved X-ray absorption spectroscopy is a
promising tool for directly studying the excited states of lanthanides in luminescent materials.
3.5 Supporting Information
3.5.1 DFT Calculations

Ground state geometry optimization and frequency calculations were performed using

Gaussian 09 at the Molecular Graphics and Computation Facility at University of California,
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Berkeley, CA [74]. The B3LYP functional [75, 76] was used, treating the light atoms with the 6-
31G(d,p) basis set [77-79] and the Eu"' atoms with the quasi relativistic effective core
pseudopotential ECP52MWB (Gaussian Keyword MWB52) [80, 81]. All calculations were run
with no symmetry constraints. Frequency calculations were inspected to ensure the absence of
imaginary frequencies, confirming the structures minimized to a ground state. In all cases, input
coordinates were originally taken from the appropriate crystal structures [36, 55]. Coordinates
for the singlet-triplet structural comparison were superimposed in Accelrys Discovery Studio
Viewer v3.5 using the metal and first coordination sphere as tether points. Molecular graphics
were rendered in POV-RAY [82]. Ground state geometry minimizations of the XRD crystal

structure coordinates are shown in Figure 3.5.

Figure 3.5. DFT geometry optimized structures of [Eu(L).]™ (left), [Eu(L?),]" (middle), and
[Eu(L%:]" (right).
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The DFT minimizations of the XRD crystal structures are shown, viewed along the
apparent C, symmetry axis that relates the two ligands. The shape of the eight coordinating
oxygen atoms is closest to a Dyq4 trigonal face dodecahedron in all three cases. The 1,2-HOPO
chelates span the m edges and the connecting backbones span either g edges (for [Eu(L"),] and
[Eu(L?)2]) or a edges ([Eu(L®),]). However, we know from the g-value of [Eu(L?),] (see
Materials and Methods) that [Eu(L?),]" is not 8-coordinate in aqueous solution. Addition of the
9th oxygen-containing ligand was modeled as a molecule of DMSO in these gas phase DFT
calculations. DMSO was chosen instead of water for the purposes of calculation, since
optimizations using water were skewed by the strong hydrogen bonding between the water
protons and the anionic HOPO oxygens, an effect that is exacerbated by the lack of solvent

treatments in these gas-phase calculations.

Figure 3.6. Two views of the DFT geometry optimized structures of [Eu(L?),] (left) and
[Eu(L?),DMSO] (right), hydrogens and DMSO atoms (except coordinating oxygen) were
removed for clarity.
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Figure 3.7. Two views of singlet (blue) and triplet (yellow) [Eu(L'),]" superimposed to
demonstrate similarity.

Superimposing the singlet and triplet state DFT minimized structures for [Eu(L'),]
reveals that the structures are nearly identical. The average M-O bond distances were found to be
0.004 A longer in the triplet state structure, which is an extremely small difference. Note that the
triplet excited state calculated here is not the state that can be observed by our time resolved
XANES signal. The ligand-centered singlet and triplet excited states are short lived in aqueous
solution at room temperature, even more so in the presence of an accepting state on the Eu"". The
ligand is expected to quickly relax to the ground state structure once the energy has been

transferred onto the Eu'""

center. We therefore expect that the structures of the ground state and 4f
metal-centered excited state are even more closely matched than the two structures shown above.
3.5.2 Collection of Time-Resolved XANES

Laser pump/X-ray probe experiments were carried out at beamline 11-ID-D of the

Advanced Photon Source (APS). The X-ray beam at this station has a flux of 5 x 10%

photons/second at the sample position, after focusing with a toroidal mirror to measure
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approximately 2 mm (H) by 50 um (V). The APS produced X-ray pulses approximately 80 ps
wide at 153 ns intervals. The sample was excited with an Nd:YLF regenerative amplified laser
(repetition rate 1.6 kHz, FWHM 5 ps); a frequency-tripling crystal was used to produce a 351
nm-wavelength beam. The laser spot, approximately 750 microns in diameter, was centered over
the X-ray spot at the sample position. Neutral density filters were used to attenuate the laser, with
the resulting fluence per shot incident on the sample varying between 1.6 and 40 mJ/cm?.

We used a flowing jet of solution with diameter 0.5 mm. Assuming laminar flow, the
linear speed of material in the jet can be estimated from the cross-sectional area and the volume
flow rate. We found that (by adjusting the pump speed) the linear speed could be varied from
2.7 m/s to 3.5 m/s; the jet became visibly unstable outside this range. This means that after each
laser pulse, the UV-illuminated volume of sample flowed past the X-ray beam within ~150
microseconds, which is less than the luminescence lifetime of all the samples studied here (see

Table 3.1). We consequently found that the apparent decay rate of the TR-XANES signal

Decay of TR—XANES signal, [Eu(Z'),7]
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Figure 3.8. Time-dependence of the relative amplitude of the TR-XANES signal from complex
[Eu(LY),]", averaged over 3.6 ps intervals (points). The apparent lifetime is 92 ps (solid line).
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depended on the flow speed. This constitutes a limitation on the measurement, as we cannot
directly compare the decay rate of the TR-XANES signal with the known lifetime of the 4f
intrashell excitation that we claim to observe. However, we note that there is no other excitation
with a comparable lifetime (on the order of 100 ps) in the systems being studied here. Fig. 3.8
shows the apparent decay rate of the signal from complex [Eu(L"),]” with the jet speed set to 3
m/s (this flow speed was used during collection of all the data presented here).

Sample concentrations ranged from 0.3 mM to 1 mM in pure water or ageuous TRIS
buffer (0.01 M, pH 7.4), with up to 15% DMSO by volume as a cosolvent. Solutions were
prepared by dissolving each solid sample in DMSO and then diluting with either water or TRIS
buffer. Spectral features were unaffected by these variations in solvent chemistry. We also
compared solutions of complex [Eu(L'),]" prepared from crystallizations with two counter-ions,

py" and NMe4". The two transient XANES signals are shown in Fig. 3.9.

[Eu(L1)2}": counter—ion comparison
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Figure 3.9. Transient XANES signals obtained from solutions of [Eu(L'),]” with two counter-
ions.
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The data taken from the solution of [Eu(L"),][NMe4] show higher noise, since a smaller
quantity of sample was used. Otherwise, we observe no significant difference as a result of the
change in counterion, especially when compared to the much larger variations among the three
signals shown in Fig. 3.3. The similarities of the XANES signals are consistent with the fact that
the luminescence behavior of the representative complex is unaffected by the counterion. For the
sake of consistency, however, we have only used data collected from solutions of the pyridinium
salts for making Fig. 3.3.

To clearly show the correlation between the observed XANES signal and the known

efficiency for excitation of the Eu™ ion, the sensitization efficiency 7sens (See Table 3.1) is plotted

against the integrated TR-XANES signals (Fig. 3b) of the three complexes (see Fig. 3.10 below).
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0.3}
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TR-XANES (integrated absolute value)
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Figure 3.10. Correlation between #sens and integrated TR-XANES signals.

3.5.3 Laser-Induced Damage
We used two criteria to assess sample damage: visual inspection of the sample solutions
for precipitation and discoloration, and systematic drifts of the ground-state XANES. X-ray

exposure caused no visible change in the samples, and correspondingly, we found no significant
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change in the ground-state XANES over 1 hour of exposure to the X-rays alone (Fig. 3.11a).
Exposure to the pump laser caused both precipitation of unidentified Eu-containing material out
of solution and a gradual decrease in the ground-state XANES intensity (Fig. 3.11b). For
comparison of this systematic drift with the transient signal, Fig. 3.11c shows the excited —
ground state difference from a single scan, plotted against the difference in the ground state
spectra from two consecutive scans (i.e., the systematic drift induced by 10 minutes of exposure
to the pump laser). Note that the systematic drift is uniform across the scan range, and smaller in
magnitude than the transient signal.
3.5.4 FEFF calculations

Using FEFF9 [83], we performed ab initio calculations of the I-projected density of states
and multiple scattering calculations of the L; edge XANES for the Eu" ion in the DFT-
minimized structure of the ground state of complex [Eu(L).]. Self-consistent scattering
potentials were calculated while including the effect of the f electrons (using the UNFREEZEF
card). The results are shown in Figure 3.12. In the pre-edge region (below 6980 eV), the features
of the d-DOS and f-DOS are closely aligned, a signature of the expected (static) 4f-5d
hybridization common in lanthanide materials. The calculated XANES shown includes both
electric dipole and electric quadrupole transitions (specified in the MULTIPOLE card). The
contribution from quadrupole transitions alone, i.e. the expected position of 2p - 4f transitions,
is shown in the same panel. We note that both the large f-dos peak and the contribution to the
XANES from quadrupole transitions have maxima in the same region as the TR-XANES signal
at 6977 eV, providing evidence that the TR-XANES signal at this energy is associated with a

change in either a mixed f-d state or a pure 4f state.
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Figure 3.11. (a) Ground-state XANES collected from a newly prepared solution of [Eu(L%),]
and from the same solution after 1 hour of exposure to the X-ray beam. Each scan required
approximately 10 minutes of collection time. (b) Ground-state XANES collected from a second
solution of [Eu(L"),]” and from the same solution after 1 hour of simultaneous exposure to the X-
ray beam and pump laser (12 mJ/cm? fluence per shot at 1.6 kHz). (c) Comparison of the
transient signal with the systematic scan-to-scan drift.
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Figure 3.12. Upper panel: FEFF calculations of the I-projected density of states for the central
Eu" ion in [Eu(LY),]". Lower panel: experimental ground state XANES and TR-XANES signal
(solid lines; TR-XANES scaled vertically for clarity). Also shown are the FEFF-calculated
XANES including both electric dipole and electric quadrupole transitions, and the contribution
from quadrupole transitions alone (dashed lines; quadrupole contribution scaled vertically).
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Chapter 4. Further time-resolved XANES signatures of 4f excited states in
luminescent lanthanide materials

This text is derived from two manuscripts that are being prepared for submission: Energy
transfer and heavy-atom effects in Th-organic complexes, by Joseph I. Pacold,” David S. Tatum,*
Xiaoyi Zhang!, Gerald T. Seidler, and Kenneth N. Raymond;* and Transient x-ray signature of
a 4f excited state in a nanocrystalline Eu phosphor, by Joseph 1. Pacold,” Tetsuhiko Isobe,®
Xiaoyi Zhang,! and Gerald T. Seidler.”

"Department of Physics, University of Washington, Seattle, Washington 98195, United States
*Chemical Sciences Division, Lawrence Berkeley National Laboratories, Berkeley, California
94720, United States, and Department of Chemistry, University of California, Berkeley,
California 94720, United States

IX-ray Science Division, Argonne National Laboratory, Argonne, Illinois 60439, United States
SDepartment of Applied Chemistry, Keio University, Kanagawa 223-8522, Japan

4.1 Introduction

This chapter summarizes two time-resolved XANES results on luminescent materials
closely related to the samples reported on in Chapter 3. First, we studied a set of metallo-organic
dyes in which Tb"' (instead of Eu'") is the activator ion, and obtained a transient signal whose
magnitude again is correlated with the quantum yield of the dye. Second, we studied a colloidal

suspension of an inorganic Eu"

-activated phosphor, YVO,:Bi,Eu. In both cases, we found
transient XANES signals similar to those observed in the Eu-organic dyes. This validates the
general approach of using TR-XANES to study excited state pathways in lanthanide materials. A
limitation of these experiments is the lack of an independent measurement of the energy transfer
efficiency for quantitative comparison with the TR-XANES signals. However, one can interpret

the functional form of the signals as support for the 4f-5d mixing hypothesis proposed in Chapter

3. We discuss these results in light of another physical interpretation not considered in the
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previous chapter, namely the possibility that the 4f excited state has ligand-to-metal charge
transfer character.
4.2 Tb-organic dyes

Organic and metallo-organic fluorescent dyes are widely used in biomedical imaging and
immunoassays [1-3]. We recall from Chapter 1 that lanthanide-organic dyes typically have lower
quantum yields than purely organic molecules, but have the advantages of narrow emission lines
and long excited state lifetimes. These properties make it possible to strongly suppress
backgrounds (e.g. from other fluorescent species in the sample) by spectral filtering and time-
gating. In the case of fluoroimmunoassays, which rely on energy transfer between two
cooperating dyes, the long lifetimes of the lanthanide 4f states also increase the probability of
successful energy transfer to the second dye [4-6]. The most commonly used immunoassay dyes
are chelates of Eu" and Th"' [2, 3], which have strong emission lines at 618 nm and 547 nm.
Since other visible and near-infrared emission wavelengths are sometimes desirable, dyes
activated by other lanthanides have also been developed [1, 4] to take advantage of the range of
4f-4f emission wavelengths found across the lanthanide series.

Here, as an extension of our study of Eu'"

chelates (Chapter 3) [7], we present results
from a study of Th"' chelates. The sample set again consists of three complexes with different
quantum yields. However, the physical basis for the quantum yield variation is significantly
different here. Rather than varying the bridge unit of the ligand (see Table 3.1), we vary
substituent groups attached to the outer carbon atoms. This changes the energies and kinetics of
the ligand excited states without significantly affecting coordination and bonding to the Th"" ion.

Recall that the emitting level of the lanthanide ion in these complexes is populated by energy

transfer from a triplet excited state of the organic ligand (see Fig. 3.1). Consequently, there is a
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straightforward resonance condition affecting ligand-to-lanthanide energy transfer (ET): the ET
efficiency is higher when the ligand triplet state energy is a close match to the energy of the
accepting lanthanide state. (See the discussion of energy transfer mechanisms in Section 1.5.)
Two of the dyes studied here have sensitizing ligands with different triplet state energies, and
therefore have different quantum yields. The third has an unexpectedly low quantum yield given
its triplet state energy, due to a quenching mechanism that is not yet positively identified.
4.2.1 Materials and methods

The structure of the base ligand in all the complexes used in this study is shown in Fig.
4.1. Synthesis and characterization procedures are reported in ref. [8]. In solution, two ligands
bind to each Th", producing a complex in which eight oxygen atoms are coordinated to the
central Th" ion. External groups on the chelating cage, labeled X in Fig. 4.1, may be substituted
to tune the absorption band and excited state energies of the ligand. Absorption and emission

spectra typical of this family of complexes are shown in Fig. 4.2.
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Figure 4.1. From ref. [9], chemical Figure 4.2. From ref. [8], absorbance (blue) and
structure of the 5LI-IAM-X ligand (X = | emission (green; Aexc = 240 nm) of the Th(5LI-IAM-
PEG, SOs, Br). S0O3),; complex in 0.1 M TRIS buffer, pH = 7.4.
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The differences in quantum vyield that result from varying the substituent X are
summarized in Table 4.1. For this study, complexes of Th" with ligands with X = PEG, SOs,
and Br substituents were synthesized. Note that, in general, the quantum yield is optimized with
the triplet state energy is ~2750 cm™ above the energy of the Th"' emitting state. This energy
difference prevents back-transfer of the excitation from the lanthanide to the ligand [10]. Moving
off the resonance to either higher or lower energy decreases the quantum yield. A notable
exception to the pattern is the Br-substituted ligand, which has much lower quantum yield than
the similar Cl-substituted ligand, in spite of their nearly identical triplet state energies. This is
hypothesized [9] to be due to heavy-atom quenching by the Br. Quenching effects due to the
high spin-orbit coupling constants of heavy atoms have been observed in several organic
molecules [11]; the addition or substitution of high-Z atoms tends to increase the rate of
nominally spin-forbidden transitions between states of the ligand, thus increasing both the rate of

singlet-to-triplet conversion and the rate of energy loss via triplet-to-ground state transitions.

Ligand X = | T (cm™) @

Amide 24000 0.40
SO3 23900 0.38
H 23300 0.36
PEG 23170 0.56
Br 22300 0.06
Cl 22100 0.30
CHjs 22100 0.29
F 21600 0.10
NO, 21400 0

OCHjs 19900 0

Table 4.1. Energies of the triplet excited state (To.0) and quantum yields (®) obtained from Th"
complexes of ligands with several substituent groups. For comparison with the triplet state
energies, the energy of the emitting Th'""' °D, state is 20400 cm™. The three ligands used in this
study are highlighted.
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For the present ligands, measurements of the phosphorescence from the triplet state [9]
showed that the triplet state lifetime of the Br-substituted ligand is 1.61 ms, compared to 3.03 ms
for the Cl-substituted ligand. This suggests that increased losses from the triplet state lead to the
lower quantum yield of the Br ligand. It should be noted, however, that the presence of the heavy
atom is also expected to increase the ET rate from the ligand triplet state to the emitting Tb"' °D,
state. In addition, the Th"' luminescence lifetime in the Br-ligand complex is 0.94 ms, compared
to 1.98 ms in the Cl-ligand complex, suggesting that another quenching mechanism is involved
(most likely back-transfer from the Tb" to the ligand). There is no analog for Th"' of the

branching ratio calculation used to deduce the ET efficiency in the Eu"

complexes, and it is
therefore not possible to distinguish between the possible quenching mechanisms with
UV/visible spectroscopy.

We performed a time-resolved XANES study of the complexes with PEG, SO3, and Br
substituents. The samples were prepared as 1 mM (PEG- and SOgs-substituted ligands) and 0.3
mM (Br-substituted ligand) solutions in 0.01 M aqueous TRIS buffer (pH = 7.4) with up to 5%
DMSO as a co-solvent. Laser-pump/x-ray probe measurements were performed on a flowing jet
of each solution at beamline 11-1D-D of the Advanced Photon Source. The samples were excited
with 351 nm pulses produced by a frequency-doubled Nd:YLF regenerative amplified laser. We
collected Th L3-edge XANES averaged over 180 us before and 75 us after each laser pulse.

4.2.2 Results and discussion

Ground state and transient XANES spectra are shown in Fig. 4.3. As with the Eu

complexes, the Ls-edge spectrum is dominated by a “white line” peak due to 2psp, — 5d

transitions. Photoexcitation leads to a transient change in the white line; for the ligands with PEG

and SO; substituents, the ration between the magnitudes of the transient signals corresponds well
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Figure 4.3. Ground state Th Lz-edge XANES of Th(5LI-IAM-PEG), and transient XANES signals
from Tb complexes with three substituent groups.
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with the ratio of quantum vyields. The low-quantum-yield Br-substituted ligand, on the other
hand, produces a transient signal that is statistically indistinguishable from that of the SOs-
substituted ligand. This suggests that population of the Th"' °D, state is in fact of roughly equal
efficiency in the Br- and SOs-substituted ligands, and that thermal back-transfer is the primary
reason for the lower quantum vyield of the Br-ligand complex.

There is no low-energy feature in the transient signal corresponding to the shoulder seen
10 eV below the white line in the Eu data (see Fig. 3.3). One possible explanation for that the
2ps, — 4f contribution to the XANES, which is already weak due to its electric dipole-
forbidden nature, is further suppressed due to the higher 4f occupancy of Th"' relative to Eu'".
The transient signal can be modeled well by a simple shift of the white line to lower energy.
Under the hypothesis presented in Chapter 3 that the 4f excited state is accompanied by a
transient change in 4f-5d mixing, we can interpret this as a reorganization of the 5d orbitals as
they mix with lower-energy 4f states.
4.3 Nanocrystalline YVO,:Bi,Eu

To investigate whether the TR-XANES approach is applicable to inorganic materials, we
performed a study of a colloidal suspension of a nanocrystalline phosphor, YVO,:Bi,Eu. Thin
film coatings of YVO,:Eu and YVO,:Bi,Eu are promising candidates for conversion of solar UV
radiation into visible, in order to improve the useful lifetime of organic and dye-sensitized solar
cells [12, 13]. This application will be discussed in more detail in Section 5.1.

The band structures of YVO, and YVO4:Bi were investigated by Dolgos et al. [14]; as the
precise sequence of excited states following photoexcitation is important for interpretation of the
TR-XANES results, we briefly summarize the results here. In the isolated VO,* ion, there is a

4.5 eV gap between the nonbonding O 2p HOMO and the LUMO, which is a linear combination

78



of antibonding V 3d and O 2p orbitals. The lowest-energy excitation can therefore be thought of
as an O-V charge transfer. Bulk YVO, has valence and conduction bands derived from the VO,*
HOMO and LUMO, respectively, with a 3.8 eV band gap. Upon doping with Bi** (which
substitutes for the Y** ion) there is a shift of the absorption band to longer wavelengths. This
arises from the fact that Y** has a noble gas electron configuration, while Bi** has a partially
filled 6p shell. In particular, the Bi 6p orbitals hybridize with the VO,* antibonding orbitals,
reducing the band gap to 2.8 eV.

Therefore, the UV absorption band of YVO,:Bi can be thought of as an O-V charge
transfer excitation with some O-Bi charge transfer character. The key point here is that the
excitation is confined to the luminescence sensitizers (i.e., the host lattice and the Bi** dopant),
with no participation of the Eu®" activator if it is present. This is in contrast to phosphors that are
excited by charge transfer from the lanthanide activator to the host lattice [15-19]. Choosing this
particular sample therefore ensures that the TR-XANES signal will be derived purely from the 4f
intrashell excited state of the Eu ion, rather than from the more drastic changes electronic
structure that accompany a charge transfer state.

4.3.1 Materials and methods

An aqueous suspension of YVO,:7%Bi,7%Eu (particle size ~30 nm) was prepared
according to a wet chemical synthesis procedure reported in refs. [20, 21]. For transport to the
beamline, the suspension was reduced to a paste (~40% water by mass) using a rotary
evaporator. The photoluminescence spectrum of the paste is shown in Fig. 4.4. We also collected
Eu L3 edge EXAFS (Fig. 5.5) to verify that the Eu®" ion substitutes for the Y** site; EXAFS data

were collected at beamline 20-1D-B of the Advanced Photon Source.
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Figure 4.4. Photoluminescence spectrum of a concentrated colloidal paste of nanocrystalline
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Figure 4.5. Eu Ls-edge EXAFS collected from the nanocrystalline YVO,:Bi,Eu paste. The k-
space data are shown with results from FEFF9 [22] for an Eu atom placed at the Y site.
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Immediately before TR-XANES data collection, the paste was re-diluted with water to a
concentration of approximately 2 mM in the Eu dopant, and sonicated for 30 minutes to produce
a colloidal dispersion. Laser-pump/x-ray probe measurements at the Eu L3 edge were performed
on a flowing jet of the suspension at beamline 11-ID-D of the Advanced Photon Source, using
351 nm pump pulses as in the Tb study reported above.

4.3.2 Results and discussion

Eu L5 edge XANES, YVO,4:Bi,Eu colloidal suspension
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Figure 4.6. Ground-state XANES and difference spectra collected from an aqueous suspension
(~ 5 mM Eu) of nanocrystalline YVO,:Bi,Eu.

TR-XANES results are shown in Fig. 4.6. As in the study of Eu-organic dyes reported in
Chapter 3, we observe an excited — ground state difference signal that consists of a suppression

of the Eu white line together with an increase in absorption near 6977 eV, i.e., at the expected
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energy of 2p — 4f transitions. As discussed in Section 3.3, we hypothesize that this pre-edge
feature in particular can be attributed to transient reorganization of the 4f shell. Here, in light of
this result, as well as the Th XANES dataset, we discuss another hypothesis that was not covered
in Chapter 3: the possibility that the transient state we are observing has metal-to-ligand charge
transfer (MLCT) character. MLCT excitations are part of the excited state cascade in several
inorganic Eu-activated phosphors [16, 23] and transition metal-organic complexes [24, 25]. The
transfer of a 4f electron to the ligand (or to the host lattice in the case of the YVO,:Bi,Eu) would
cause an increase in absorption due to 2p — 4f transitions,

The divalent lanthanides typically have L edge energies approximately 10 eV below the
corresponding edges of the trivalent lanthanides. As an example, Figure 4.7 shows Sm Ls-edge
XANES collected from Sm in three compounds with divalent (SmCI,), trivalent (SmF3), and
mixed (Sm,S4) Sm valence. This raises the question of whether a feature 10 eV below the edge,
as observed in Figs. 3.3 and 4.6, could be a signature of a state with divalent character, i.e. a
mixed state with a small contribution from a charge transfer state. As mentioned in Section 4.3.1,
intermediate Ln-to-lattice charge transfer states are known to play a role in the sensitization of
many inorganic phosphors [15-19]. Metal-to-ligand charge transfer states have also been
observed in closely related photoactive transition metal-organic complexes [26-28], where the
orbital reorganization that accompanies the charge transfer state leads to changes of typically 0.2
A in the metal-ligand bond lengths (see Section 2.3.2).

Similar charge transfer excitations and structural distortions have not been reported,
however, in either the Ln-organic dyes studied here or in YVO4:Bi,Eu (which is instead reported
to be sensitized via a charge transfer confined to the Bi/vanadate host [29]). This is reflected in

the DFT calculations presented in Chapter 3, as well as in the relatively small fractional TR-
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XANES signals that we observe; compare the scales in Figs. 4.3 and 4.6 with, for example, the
charge transfer-associated TR-XANES signal shown in Fig. 2.7. The lack of a transient feature
10 eV below the edge in the Tb results is also evidence that charge transfer states are not
significant in the sequence of excited states in the Th dyes. In summary, while metal-to-ligand
charge transfer is an important possibility to consider in light of existing results on related

systems, we conclude that it is unlikely to contribute significantly in the systems studied here.

Absorption

6710 6720 4730 6740

Figure 4.7 Sm Lz-edge XANES of several compounds with different Sm valences [30].

4.4 Conclusion

We applied the methodology of the TR-XANES study reported in Chapter 3 to several
other luminescent lanthanide systems, specifically a set of Th-organic dyes and an inorganic Eu-
activated phosphor. In the case of the Tb-organic dyes, we found an interesting discrepancy
between the overall quantum yield and our TR-XANES-derived measurement of the efficiency
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with which a heavy atom-containing ligand sensitizes the Tb activator. This suggests that thermal
back-transfer, rather than inefficient energy transfer from the ligand to the Thb ion, is the primary
reason for the unexpectedly low quantum yield of this complex. For the inorganic phosphor, we
obtain a TR-XANES result similar to our results on Eu-organic dyes; in particular, we observe a
similar feature at the energy associated with 2p — 4f transitions. These results provide additional
validation of our general approach to studying 4f intrashell excitations by x-ray spectroscopy.
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Chapter 5. Saturation of x-ray excited luminescence in Eu-activated
phosphors by cross-relaxation
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Abstract

This chapter reports the first study of saturation effects in the x-ray excited optical
luminescence (XEOL) of doped and co-doped YVO4:Eu and YVO4:Bi,Eu phosphors. We
observe a decrease in the Eu XEOL vyield at high x-ray flux density that we analyze in a kinetic
model in which pairs of excited Eu ions undergo an Auger-like cross-relaxation. This effect is
well documented in the literature on cathode-ray phosphors, and is a function of the fraction of
Eu ions that reach the excited state necessary for emission. Furthermore, we observe that
introduction of the Bi co-dopant has a statistically negligible influence on the quenching effect.
We estimate that 4% of the Eu ions in each sample are excited at the highest flux density reached
in this study (10" photons/second in a 5 um-wide spot). We consider a possible extension of this

work to higher x-ray densities, and discuss its relevance for future x-ray spectroscopy studies

that require high flux, e.g. time-resolved x-ray emission spectroscopy.
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5.1 Introduction: vanadate- and Bi-activated phosphors

Compounds, molecules, and nanoparticles containing lanthanides as primary constituents
or as dopants are seeing a dramatic growth in scientific and technical importance. In the field of
optical materials, and especially luminescent or fluorescent materials in the near-infrared and
optical, this includes continued improvements in classic fields such as luminescent time-resolved
immuno-assays [1-3], phosphors for lighting [4, 5], telecommunications [6-8], and laser
materials [6, 9, 10].

An interesting emerging application is solar spectrum conversion for the enhancement of
photovoltaic cell performance. [11-15] For reference, we have reproduced the solar spectrum in
Fig. 5.1. In the context of Si-based photovoltaics, there are two approaches to enhancing

photovoltaic efficiency subject to the realities of the solar spectrum. First, partial utilization of

Solar spectrum, direct normal irradiance
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Figure 5.1. Solar spectrum at the surface of the Earth under standardized atmospheric conditions
[16]. The band gap of Si (1.1 eV) and twice the band gap are indicated to highlight the long- and
short-wavelength portions of the spectrum, which can be up-converted and down-converted
respectively to improve the performance of an Si PV cell.
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the long-wavelength, below band gap portion of the solar spectrum can come from “up-
converting” multiple IR photons to single photons above the 1.1 eV bandgap. This increases the
quantum efficiency of the cell by creating electron-hole pairs with photons that would otherwise
not occur at all. Second, improved power output from the short-wavelength tail of solar
spectrum can occur upon by “down-converting” (or “quantum cutting”) single UV photons
having energies above 2.2 eV into multiple photons with energies just above 1.1 eV. Down-
conversion mitigates wasting of the excess energy of UV photons compared to the Si bandgap by
creating more than one electron-hole pair per photon [13, 14].

On the other hand, in the context of organic and dye-sensitized solar cells, the more
limited goal is to develop a coating that is transparent to visible light but that strongly absorbs
UV photons and converts them to visible or near-IR with high efficiency. Such a coating would
drastically reduce UV degradation of the organic and organometallic components of the cell,
improving its useful lifetime without sacrificing performance [12].

Hence, for both “quantum cutting” and UV-to-visible converting phosphors, it is
important to be able to engineer the absorption band to cover the UV portion of the solar
spectrum, i.e., wavelengths between approximately 300 nm and 400 nm. The commercially
available phosphors developed for fluorescent lighting do not satisfy this criterion, as they were
designed for use with the 254 nm emission of Hg [17]. To overcome this limitation, it is possible
to manipulate the near-UV absorption by adding a dopant. In particular, doping of several
commonly used lighting phosphors with Bi has been shown to insert localized levels into the
band gap due to Bi-lattice charge transfer excitations [18, 19], thus yielding an interesting
strategy for improving phosphor performance for possible enhancement of photovoltaic

harvesting of the solar spectrum.
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Here, we report a study of x-ray excited optical luminescence (XEOL) in YVO,4:10%Eu,
YV0O,4:10%Bi, and YV0,4:10%Bi,10%Eu using a synchrotron x-ray microprobe endstation
capable of achieving sufficiently high flux densities that nonlinear XEOL effects due to
saturation of steps in the energy relaxation cascade can be observed. To our knowledge this is the
first such study using x-rays (rather than cathode rays) to excite the samples. YVO,:Eu was
initially investigated as a red phosphor for cathode-ray tubes [20]; more recently, YVO,:Eu and
YVO,:Bi,Eu have been proposed as wavelength-converting coatings for dye-sensitized solar
cells [12, 21-24]. Schematics of the excited state cascades are shown in Fig. 5.2a. In both
materials, we observe saturation of specific Eu emission lines at high excitation density. The
saturation behavior is described well by a model based on cross-relaxation, i.e., an Auger-like
process involving two interacting Eu ions (Fig. 5.2b). Identical saturation behavior is observed in

Eu-doped samples with and without the Bi codopant.
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Figure 5.2. (a) Schematic of the excited states involved in luminescence in YVO4:Bi,Eu,
adapted from ref. [22]. Solid arrows represent radiative transitions and dashed arrows represent
nonradiative transitions. (b) Two nearby Eu** ions that are both in the long-lived °Dy state may
decay by cross-relaxation instead of emitting photons. In this process, one of the two ions returns
to a lower-energy state while the second is excited to a higher-energy state.
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We continue as follows. In Section 5.2, we briefly review existing applications of XEOL.
Section 5.3 describes the synthesis of the phosphor samples, their characterization by optical and
x-ray methods, and the procedure for the XEOL saturation measurement. In Section 5.4, we
present the results for YVO410%Eu, YVO4:10%Bi, and YVO,4:10%Bi,10%Eu; consider
possible saturation mechanisms; and demonstrate that the data are consistent with cross-
relaxation being the dominant quenching effect. In Section 5.5, we summarize and conclude,
discuss the limitations of the XEOL approach, and outline the necessary additional steps needed

to obtain detailed information on the energy transfer cascade.

5.2 Applications of XEOL

An X ray absorbed by a solid can produce a high-energy photoelectron, which in turn will
produce an avalanche of secondary electron-hole pairs by scattering from other electrons. In
luminescent materials, the secondary excited electrons may transfer energy to activator sites,
leading to emission of visible light. This effect is clearly useful for x-ray detection and imaging
[25-27]. XEOL has also bee used extensively for detection of lanthanides and actinides at the
part-per-billion level [28-31]; this application takes advantage of the non-specificity of the
technique. By “non-specificity” we mean that (1) the secondary electrons have a broad
distribution of energies and (2) in principle, they can deposit the energy that they carry on any
site in the sample, without restrictions due to the selection rules for radiative transitions. This
constitutes a limitation of XEOL, in the sense that methods such as photoluminescence can
distinguish between different excitation channels, and therefore provide more detailed
information on the process of luminescence.

XEOL has been used as a detection mode in x-ray absorption fine structure (XAFS)

studies of luminescent materials [32-34]. Here, again, the nonspecific nature of the excitation is
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often an obstacle: the edge step in XEOL-mode XAFS is often weak or undetectable, as crossing
an absorption edge of the targeted element does not necessarily lead to a measureable increase in
the intensity of the emission lines [35]. However, collecting the optical emission from the sample
(rather than the x-ray emission) can make it possible to collect XAFS datasets that distinguish
between sites with different luminescence properties. For example, XEOL-mode XAFS was used
to determine the local structure of luminescent centers in porous Si [36].

Here, we examine a saturation effect in the XEOL yield that occurs when luminescent
materials are placed in a microfocused hard x-ray beam with a flux of over 10*? photons/second.
From an experimental point of view, this is valuable information for laser pump/x-ray probe
studies of energy transfer processes in lanthanide phosphors. Such measurements will require
high x-ray flux densities to achieve practical count rates, and the nonspecific excitations induced
by the probe pulse must therefore be evaluated.

5.3 Materials and Methods

Powders of YVO4:x%Bi,y%Eu (x, y = 0, 3, 10) were synthesized by solid-state reactions.
To prepare each sample, stoichiometric amounts of Y,0s3, Bi,Os, Eu,O3, and NH;VO3; were
combined in an agate mortar with a small amount of hexane and ground for 20 minutes. Once
dried, the resulting powder was transferred to an alumina crucible and fired at 1100 °C for 6
hours. The material was removed from the furnace, allowed to cool and ground into powder. The
powder was then re-fired at 1100 °C for an additional 3 hours, allowed to cool, and re-ground. X-
ray powder diffraction patterns were collected from each sample with a diffractometer (Philips
XPert MPD, Cu Ka radiation) and were found to be consistent with the tetragonal YVOg4

structure (Fig. 5.3).
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Figure 5.3. Powder diffraction of YVO,4:10%Eu and YV0,4:10%Bi. YVO, Bragg peaks are
indicated following refs. [12, 37, 38].

A ~3 um-thick layer of each powder was spread on polyimide tape and covered with 3.6
um BoOPET film. In all measurements (i.e. under UV excitation as well as x-ray excitation), both
the incident light and the luminescence were transmitted through the BoPET. Photoluminescence
and photoluminescence excitation spectra (Fig. 5.2) were collected using a spectrofluorometer
equipped with a CW xenon lamp as the light source (Horiba Fluorolog FL-3). Note the
broadening and shift to longer wavelength of the PLE band that occurs upon co-doping with Bi;
this is attributed to the introduction of Bi-V charge transfer excitations (Fig. 5.2a) [12, 39]. Our
XRD and photoluminescence results are consistent with the results of the similar solid-state
reaction used by Huang et al. [12].

Given that our goal is to understand the energy relaxation pathways in these materials, we
performed measurements of the photoluminescence lifetimes for the different emission channels
(Fig. 5.5). Luminescence decay curves were collected by two methods. The us-scale decay of the
Bi CT emission was measured with a time-correlated single photon counting spectrometer
(FluoTime 100/PicoHarp 300); the samples were excited with a 375 nm laser diode (pulse
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Figure 5.4. Photoluminescence excitation
(PLE) and photoluminescence (PL) spectra of
three of the phosphor samples. (a) YVO, has
a UV absorption band derived from V-O
charge transfer (CT) excitations. An Eu
dopant can accept energy transfer from the V—
O CT state, leading to emission along via Eu
4f — 4f transitions. (b) YVO,:Bi absorbs at
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band. (c) In YVO, co-doped with Bi and Eu,
efficient energy transfer from the Bi-V CT
state to the Eu ions largely quenches the Bi-
derived emission.
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Figure 5.5. Luminescence decays of YVO,4:10%Eu and YV0O,4:10%Bi (logarithmic vertical
scales). Data were collected with different excitation light sources and detectors; methods are
described in the text. 95% confidence intervals for the fits are 546 ps <1 <559 ps for the Eu
luminescence and 1.94 ps <1 <2.07 ps for the Bi luminescence.
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shown with the k-space data.
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FWHM 80 ps). The ms-scale decay of the Eu °D, emission was measured by exciting the sample
with a xenon flash lamp (Ocean Optics PX-2, pulse FWHM 4 ps) and monitoring the
luminescence with a silicon photodiode (Thorlabs DET36A). A dielectric filter (620 nm center
wavelgenth, 10 nm FWHM bandpass) was used to select the °Dy — ’F, emission for detection by
the photodiode. We find lifetimes of 2.00 £ 0.03 ps for the Bi CT emission and 553 + 3 ps for
the Eu °D;— 'F, transition. These are consistent with previous studies of YVO, doped with
varying levels of Bi and Eu [21, 22, 42], which consistently report Eu D luminescence lifetimes
on the order of 500 ps and lifetimes of less than 10 ps for the Eu °D;, Bi CT, and V-O CT
emission at 300 K (with variations caused by dopant levels, temperature, and particle size).

The samples were further characterized by x-ray fluorescence (XRF) and extended x-ray
absorption fine structure (EXAFS). Spectra were collected at beamline 20-1D-B of the Advanced
Photon Source. XRF data were collected with a Si drift detector and used to verify the dopant
concentrations. Lanthanide dopants are reported to substitute for the Y** ion in doped YVO,
synthesized by both solid-state and sol-gel methods [12, 37, 38]. To verify this for the Eu present
in our samples, we collected EXAFS at the Eu L3 edge (Fig. 5.6). An Si (111) double crystal
monochromator was used to scan the x-ray energy. An ion chamber was used to measure the flux
incident on the sample and a Si drift detector was used to monitor the intensity of the Eu La
radiation. The results are consistent with Eu* substitution for Y**, and we observe no significant
change in local structure at the Eu sites as the dopant concentrations increase.

5.4 Results and discussion

XEOL measurements were performed at APS beamline 20-ID-B. The monochromator

was used to fix the x-ray photon energy at 6982 eV (the peak of the Eu “white line” in Fig. 5.6).

The beam was focused to a 5 um-FWHM spot with Kirpatrick-Baez mirrors, yielding a flux of as
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Figure 5.7. X-ray excited optical luminescence spectra of YV0,4:10%Bi and YVO,4:10%Eu
under x-ray excitation at several different photon densities. Spectra have been scaled by the x-ray
flux; note the logarithmic vertical scale used for the Eu XEOL. The Eu emission lines are
identified following ref. [21].
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much as ~2 x 10 /s at the sample position. Combinations of Al and Mo foils were used to
attenuate the beam to lower intensities by up to three orders of magnitude. Luminescence spectra
were collected with a fiber-coupled optical spectrometer (AvaSpec-UL). Data were collected at
ambient temperature and at 80 K; low temperatures were maintained with a compact Joule-
Thomson refrigerator (MMR Technologies).

Ambient-temperature XEOL spectra collected from YV0O4:10%Bi and YVO4:10%Eu at
several different x-ray fluxes are shown in Fig. 5.7. We immediately observe that the CT-derived
Bi emission scales linearly with the x-ray intensity, while several of the Eu emission lines
saturate at high incident flux. In particular, emission lines derived from the Eu °Dy 4f-intrashell
excitted state saturate, while the weaker emission lines derived from the °D; state do not. In the
low-temperature XEOL spectra from YVO,:10%Eu, band emission from the YVO, host lattice is
also observed (Fig. 5.8), and scales linearly with the x-ray flux. We conclude that the observed

nonlinear response of the XEOL is specifically due to nonradiative quenching of the °D state.
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Figure 5.8. Low-temperature XEOL of YVO,:10%Eu. Note that both vertical and horizontal
scales differ from those in Figure 5.6; this range of wavelengths includes a broad background
due to VO, band emission and several weak lines due to Eu °D, — ’F, transitions.
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We also note that note that the interval between the x-ray pulses produced by the APS
(153 ns) is an order of magnitude shorter than the lifetimes of all the excited states involved in
the luminescence of the samples. The XEOL measurements can therefore be treated as data taken
under continuous rather than pulsed illumination. With this context established, we next discuss
the applicability of several saturation mechanisms that have been described in the literature.

5.4.1 Possible saturation mechanisms

The application of phosphors to cathode-ray tube displays has led to extensive studies of
saturation behavior under various operating conditions [43-46]. Consequently, we can draw on
well-established modeling strategies for cathode-ray excitation and straightforwardly extend
them to x-ray excitation.

One possibility is that a significant fraction of the Eu ions in the sample may be driven
into the °Dy excited states at high x-ray flux, leading to a saturation bottleneck in the excitation
of the Eu ions by the cascade of secondary fast electrons that result from the high incident x-ray
flux. This effect is referred to as ground-state depletion, and is commonly observed in
luminescent systems with long excited state lifetimes [47, 48]. To determine whether this effect
is significant, we estimate the rates of energy absorption and dissipation by the sample. The 3
um-thick sample absorbs approximately 20% of the x-ray beam, so (with the maximum x-ray
flux used in this experiment) the rate of energy deposition is 3 x 10'5eV/s. This rate is largely
independent of the dopant concentrations, as the photoelectric cross section at the photon energy
used here is dominated by the YVO, host lattice (Table 5.1). For the specific case of
YV0O,4:10%Eu, the x-ray-illuminated volume of sample contains approximately

101 Eu atoms, giving 3 x 10*eV/s per Eu ion deposited in the material.
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For an estimate of the fraction of this energy that is actually converted into electron-hole
pairs, we can again draw on the cathode-ray phosphor literature. Statistical models show that for
YVQq in particular, the efficiency of this process is approximately 8%, with most of the loss due
to creation of high-frequency phonons [49, 50]. The deposition rate for energy capable of
producing luminescence is therefore less than 3 x 103eV/s per Eu ion. Note that this is still an
overestimate of the energy that can be transported to a typical Eu site, since energy is deposited

near-uniformly through the material and the dopants are relatively dilute.

YVO, 0% Bi 3% Bi 10% Bi
0% Eu 230 kb 240 kb 260 kb
3% Eu 240 kb 250 kb 270 kb
10% Eu 260 kb 270 kb 290 kb

Table 5.1. Estimates of the photoelectric absorption cross sections at 7 keV for YVO, doped
with varying levels of Bi and Eu. Data are derived from ref. [51], and are given as cross sections
for an average unit cell (four formula units).

Next, to calculate a lower bound for the power that each Eu atom can dissipate, we can
assume that one photon is emitted via the hypersensitive °Dy > 'F, transition every ~500 ps
(Fig. 5.5), giving 4 x 103eV/s emitted. Comparing this with the rate of energy deposition, we
conclude that most of the x-ray flux densities used in this study are well below the regime
needed for ground state depletion to become significant.

Two other considerations add to the rationale for ruling out ground state depletion. First,
the power per unit area absorbed by the sample (approximately 10° W/cm?) is an order of
magnitude lower than typically necessary to reach the ground-state depletion with cathode-ray
excitation [52]. Second, the fact that we observe no saturation of the >D; emission lines implies
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that the initial Eu excitation is still a linear process in this regime, i.e., we have not driven a
significant fraction of the Eu ions out of the ground state.

Second, we consider temperature quenching, as a possible consequence of x-ray heating
of the thin sample. Struck and Fonger [53, 54] reported thermally assisted quenching of the Eu
emission in several phosphors. At high temperatures, the probability of back-transfer from the Eu
ion to the host lattice becomes significant. This quenches the Eu emission lines sequentially,
beginning with the lines derived from higher-energy °D; states. The °D; — 'F; lines therefore
quench before the °Dy — 'F; lines; this does not correspond with the behavior seen in Fig. 5.3,
ruling out this mechanism. In addition, the heat capacity of YVO, at 300 K is approximately 100
J/(K mol) [55], and as a result the energy deposited by each x-ray pulse (as calculated above)
raises the sample temperature by less than 0.1 K.

5.4.2 Analysis in terms of energy loss via cross-relaxation

Finally, we consider cross-relaxation quenching. In this process, pairs of excited Eu ions
may simultaneously undergo nonradiative transitions in which one ion returns to the ground state
while the second is excited to a higher-energy state (Fig. 5.1b). Since this is a two-atom process,
the rate at which it occurs is quadratic in the density of excited Eu ions. When the magnitudes of
the relevant cross-sections and rate constants are considered, it is known that cross-relaxation can
contribute significantly even when ground-state depletion is relatively insignificant [56]. In
particular, we find that a kinetic model developed by de Leeuw and ’t Hooft [52] gives an
excellent fit to the observed behavior.

First, we summarize their calculation for the case of an activator with a single sensitizer;
in the present study, this applies to YVO4:Eu. A schematic of the energy flow is shown in Fig.

5.9. In a simplification from the full map of excited states shown in Fig. 5.2, both the sensitizer
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(VO,¥) and the activator (Eu®") are treated as two-level systems. In particular, all of the
intermediate steps between the V/-O charge transfer excitation and the emitting Eu** °Dy, state are
modeled as a single transfer of energy. In Table 5.2, notation is defined for the populations of

each state and the rate constants for transitions between them.
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Figure 5.9. Simplified schematic of energy flow in YVO4:Eu, adapted from ref. [52]. Notation is
defined in Table 5.1.

bin Incident x-ray flux
Dget Detected luminescence count rate
n Density of V-O charge transfer (CT) excitations
g Rate of creation (per unit volume) of V-O CT states by x-ray beam
k, Overall rate constant for decay of the V-O CT state (via any process)
a Rate constant for nonradiative ET from the V-O CT state to the Eu®* °D, state
N Density of Eu>* dopant in the phosphor
Xo Density of Eu®" ions in the ground state
x; Density of Eu®* ions in the °Dy state
T, Radiative decay lifetime of the Dy state of Eu**
Ty Nonradiative decay lifetime of the °Dy state of Eu**
T Observed luminescence decay lifetime
B Rate constant for cross-relaxation losses from the °Dy state of Eu®*

Table 5.2. Notation for kinetic modeling of the energy flow in YVO,4:Eu under x-ray excitation.
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Electron-hole pairs are created in the YVO, host at a rate proportional to the x-ray flux
¢in. These are in turn converted into V-O charge transfer (CT) excitations at a rate g < ¢,
producing a density n of excited vanadate groups. The CT state may return to the ground state
through radiative or nonradiative processes, with a rate constant k, for the decay of lattice
excitations. Transfer of energy from the V-O CT state to the Eu °D; state proceeds at a rate
proportional to both n and the density of Eu®" ions in the ground state, x,. The continuity
equation for the sensitizer is therefore

dn
= =9~ km = axon. (5.1)

The Eu®* state may decay by emitting a photon, by a nonradiative transition involving a
single Eu®* ion, or by cross-relaxation of a pair of Eu®* ions. The first two processes are linear in
the density of excited Eu** ions (x;), while the cross-relaxation rate depends on x, quadratically.

The continuity equation for the Eu ions is
= axon—T—l———ﬁxf. (5.2)

Since we are in a regime where ground state depletion can be neglected, i.e. x; < x,, we

can take x, to be simply the overall density of Eu** ions in the phosphor. In the steady state,

% = % = 0 and we can eliminate n to obtain
Bx? 4+ Rl 0 (5.3)
X —-x;, ——qg =0, .
PR ke + ax g
where, to simplify the notation, we have written
1 1 1
—t—=- (5.4)
TT’ an T

Experimentally, 7 is the measured lifetime of the *D;-derived luminescence. Eq. (5.3) gives
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1
o= ——| 1+ =22 (apr2g) —1|. (5.5)
2pt k, + ax,

It is instructive to compare Eqgn. (5.5) with the result in the linear regime, which can be derived
by either (1) considering the limit of low excitation density (g — 0), or (2) simply neglecting the

quadratic term in Eq. (5.3):

X, axg
Tk, + axg g- (5.6)

Here, x, /T is the rate at which the excited Eu ions return to the ground state. In the steady state,
this must equal the rate at which the excited state is repopulated. The right-hand side represents
the rate at which lattice excitations are converted into Eu excited states, with an efficiency
ax,y/(k, + ax,) determined by two competing rate constants. A lower bound for this quantity is
the overall quantum efficiency of YVO,:Eu under UV illumination, approximately 70% [57]. For
the purposes of our calculation we will take ax,/(k, + ax,) = 0.7 with a systematic uncertainty
of 0.1. (Systematic uncertainties are further discussed below.)

The rate constant for cross-relaxation, 8, can be estimated from a two-parameter fit to the
data as follows. We absorb the proportionality constant ¢4../x;, as well as the factor 1/2f7,

into a dimensionless constant K, so that Eq. (5.5) becomes

baor = K| |1+ —20_(apr2g)—1 5.7)
det — k, + ax, g ' '

Next, we estimate the proportionality constant between g and ¢;,,. If we assume that the X ray-
derived photoelectrons deposit energy in the same way as cathode-ray electrons of the same
energy, we can again use existing results [49, 50] to deduce that each absorbed X ray produces

~125 V-0 excitations. This gives
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g =~ 1.6 x1012cm™3s71 X ¢;,,. (5.8)
Finally, using the estimate for ax,/(k, + ax,) derived from the overall quantum efficiency of

the phosphor, we have

Bae ~ K [T+ 4B2 (L1 x 10Zem 35 1)y — 1 (5.9)
Eq. (5.12) can be fitted to the data using K and St? as the parameters. The constant K scales out
variations in, e.g., differences in sample thickness and detector geometry between measurements.
Finally, by measuring the luminescence lifetime t, we can calculate the rate constant . It should
be noted that there is a large systematic error (~20%) in the conversion between g and ¢, due
to (1) the estimate for ax,/(k, + axy) and (2) uncertainties in the measurement of absolute
photon fluxes with the ion chamber, e.g., due to uncertainty in the mixture of gases present.
The experimental measurement of the XEOL vyield from YVO4:10%Eu is shown in Fig.
5.10, together with the results of this fitting procedure. The fluorescence yield was calculated by
integrating the count rate across the >Dy — 'F, emission lines, i.e. the wavelengths between 610
and 620 nm (see Figs. 5.4 and 5.7). We find that K = (1.89 £ 0.01) x 10° and B72 =
(1.13 £ 0.04) x 10723 cm3s. Errors reported here are 95% confidence level intervals from the
fit; again, we emphasize that there is a systematic uncertainty of ~20% in both parameters. The
linear behavior at low ¢, strongly constrains K, while f72 has a relatively larger uncertainty
due to statistical errors in the XEOL intensity measurements. We measured t to be 553 + 3 pus
(Section 5.3), and hence f = (3.70 + 0.13) x 10~ 17cm3s 71,
To validate this result, we can obtain an order-of-magnitude estimate of x;, the time-
averaged density of Eu ions in the °Dy state, as follows. The luminescence yield deviates from
linear dependence on ¢;, when the cross-relaxation rate Sx? is comparable to the single-atom

decay rate x; /7. That is, cross-relaxation becomes significant when
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1
X~ g = (4.89 + 0.17) x 10 /cm3. (5.10)

This is approximately 4% of the total density of Eu®** in YVO,:10%Eu. We conclude that we are
well below the regime of ground state depletion, and that cross-relaxation is in fact the dominant

luminescence saturation mechanism at the x-ray fluxes used in this experiment.

XEOL saturation, YVO,4:10%Eu (300 K)
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Figure 5.10. X-ray flux dependence of the luminescence yield of YVO,:10%Eu at room
temperature. The solid curve is a fit to the cross-relaxation model in Eq. (5.7). The dashed line
is a linear extrapolation of the low-flux data, using the fit parameter K in Eq. (5.8). Values of
the incident x-ray flux have been rescaled by the maximum flux used, approximately 8 x
10"%/um?; the ion chamber used to monitor the x-ray flux responds linearly over the range used,
but there is a ~20% systematic uncertainty in the absolute photon count due to uncertainty in the
relative He/N, content of the chamber. Error bars are derived from measured fluctuations in the
x-ray flux and XEOL yield (see Section 5.6); the horizontal error bars are not visible at this
scale.

Before concluding, it is interesting to compare the XEOL yields from several samples. In
Fig. 5.11, the relative luminescence yields of YVO4:10%Bi and YV0O,4:10%Eu are plotted
together with the Eu- and Bi-derived XEOL vyields of YV0,4:10%Bi,10%Eu. The vertical axes
have been rescaled by fitting each dataset as described above and dividing out the parameter K,
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enabling a quantitative comparison across samples. We again observe linear scaling of the Bi
luminescence and identical saturation behavior in the Eu luminescence, regardless of which
dopant species are present. This implies that the Bi co-dopant has a negligible effect on the
cross-relaxation process. Additional studies (e.g., time-resolved measurements of the rise and
decay times of the Bi and Eu XEOL) are needed to more precisely determine the role of the Bi

ion in the excited state cascade that follows x-ray excitation.
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Figure 5.11. Saturation behavior of singly-doped and co-doped samples at room temperature.
The dashed line is a fit to the luminescence yield of YVO4:10%Bi. In both YVO4:Bi and
YVO,:Bi,Eu, the Bi luminescence yield scales linearly with x-ray flux, while the Eu-derived
luminescence yield of YVO,:Bi,Eu shows saturation behavior identical to that in YVO,:Eu.

5.5 Conclusion

We have positively identified cross-relaxation as the dominant saturation mechanism in
the x-ray excited optical luminescence of several Eu-doped phosphors. This conclusion is
supported by estimates of the energy deposition rate and by kinetic modeling based on the
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literature on saturation effects in cathode ray-excited phosphors. We used a microfocused beam
of X rays produced by an insertion device beamline at a third-generation synchrotron light source
to reach high flux densities. To our knowledge, this is the first study of XEOL saturation effects
in this regime. Two categories of further studies are potentially of interest. First, time-resolved
XEOL measurements would clarify the kinetics of the sequence of excited states induced by the
bath of photoelectrons; this would be particularly useful for disentangling the roles of the VO4*
and Bi®* sensitizers in co-doped phosphors. Second, studies at higher flux, e.g. with a non-
monochromatic synchrotron beam, are needed to identify the flux density at which ground-state
depletion becomes important. This is important technical background for future studies of solid-
state luminescent materials, which will require short, high-intensity pulses of X rays (as
produced, for example, at x-ray free electron laser facilities).
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Chapter 6. Conclusion

6.1 Summary

This dissertation presented several studies of the excited state cascade in luminescent
lanthanide materials. The overall goal of this research program is to investigate unresolved
questions about the process of luminescence, focusing in particular on nonradiative transitions
and the transfer of energy between different components of a luminescent system. We have
shown that time-resolved x-ray absorption spectroscopy is sensitive to excitations of the 4f shell
in disparate lanthanide-activated molecules and materials. From the perspective of applied
physics and materials science, this enables activator-targeted measurements of the energy
transfer rate and efficiency, and therefore is a novel method for evaluating a key figure of merit
for lanthanide phosphors. This approach is particularly useful in cases where the emissive
excited state of the activator can be strongly quenched by nonradiative processes, i.e., in cases
where the optical emission does not directly reflect the excited state occupation.

From a fundamental physics perspective, the absorption spectroscopy results raise
interesting questions about the character of the 4f intrashell excited states. In particular, we find
that 4f excited states of Eu®" are associated with a transient increase in spectral weight at
energies corresponding to the 4f manifold. This implies either a change in the degree of 4f-5d
mixing upon excitation, or a metal-to-ligand charge transfer contribution to the 4f excited state.
Current theoretical models of the energy transfer process and subsequent 4f — 4f emission
assume that the 4f electronic structure is frozen. While this is a reasonable approximation to
make, given the screened nature of the 4f orbitals, the results presented here imply that transient
changes in 4f electronic structure are significant. This results in a strong involvement of the 4f

electrons in the excited state character itself. While such effects are a topic of continuing interest
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in solid-state physics of correlated electron systems, they are not commonly considered in
molecular systems and certainly have not been anticipated in luminescent lanthanides. Proposed
work, described below, would help resolve these questions while also addressing the nature of
the interactions associated with the ligand-to-lanthanide energy transfer step.

In a second applied physics study, we have demonstrated the utility of x-ray excited
optical luminescence for the identification of luminescence quenching mechanisms, and
approximately quantified the effects of high-intensity x-ray probe pulses on lanthanide-doped
samples. This lays the technical foundation for a portion of the additional studies outlined in the
next section, which will require the high-intensity pulses available at third-generation
synchrotron light sources and x-ray free electron laser (XFEL) facilities. Specifically, we have
found that in laser-pump/x-ray probe studies, the x-ray probe itself can induce a significant 4f
excited state population. This effect must be monitored during each future experiment to ensure
that transient signals caused by the pump and the probe can be separated.

6.2 Future directions

As a next step, we have proposed a time-resolved x-ray emission spectroscopy (XES)
study of luminescent materials using the subpicosecond time resolution and high flux available at
the Linac Coherent Light Source (LCLS) to observe the onset of the energy transfer step. Here,
the goal is to unambiguously distinguish between Foérster and Dexter energy transfer from the
sensitizer to the activator (Section 1.6). XES is highly sensitive to spin state, and will therefore
allow us to monitor the change in total activator spin associated with Dexter transfer. Currently,
the energy transfer mechanism can be identified in specific cases by using selection rules to
eliminated one mechanism, or, more rarely, manipulating the sensitizer-activator distance and

measure the resulting effects on the transfer rate. In general, however, one is limited to
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calculating the transfer rates associated with each mechanism and comparing the results with
experiment. We expect TR-XES to provide the first direct experimental signature of the energy
transfer mechanism. In preparation for this experiment, we have commissioned high-efficiency
portable instruments capable of collecting lanthanide L-shell XES (see the Appendix).

Another intriguing possibility raised by the XEOL result of Chapter 5 is to conduct x-ray
pump/laser probe experiments. Here, the goal would be to investigate excited state cascades
arising from radiatively forbidden transitions. That is, we would take advantage of the non-
specific nature of x-ray excitation to study energy transfer pathways that are not practically
accessible by laser excitation, thus giving a more detailed inquiry into, for example, nonradiative
quenching mechanisms that are largely hidden from optical spectroscopies.

In summary, we have discovered an experimental signature for a crucial step in
luminescence, with implications for the current theoretical understanding of lanthanide 4f
photoactivation. We have also characterized the effects of a microfocused synchrotron x-ray
beam on a luminescent sample and identified the associated luminescence saturation mechanism.
Taken together, these results lay the groundwork for further studies with the goal of
unambiguously identifying the sensitizer-to-lanthanide energy transfer mechanism. A recurring
theme in this work is the use of the particular excitation channels accessible by X rays. This
enables measurements that either complement UV/visible spectroscopy results or that provide

uniquely specific information on the 4f electronic structure of the luminescent center.

114



Appendix A. A miniature X-ray emission spectrometer (miniXES) for high-
pressure studies in a diamond anvil cell

Text of this appendix is from ref. [1], by J. I. Pacold?, J. A. Bradley®, B. A. Mattern®, M. J. Lipp®,
G. T. Seidler?, P. Chow?®, Y. Xiao®, Eric Rod®, B. Rusthoven® and J. Quintana®.

®Physics Department, University of Washington, Seattle, Washington, 98195, United States
PCondensed Matter and Materials Division, Lawrence Livermore National Laboratory,
Livermore, California, 94550, United States
‘HPCAT, Carnegie Institution of Washington, Argonne, Illinois, 60439, United States
YAPS Engineering Support Division, Argonne National Laboratory, Argonne, llinois, 60439,
United States
Abstract

Core-shell x-ray emission spectroscopy (XES) is a valuable complement to x-ray
absorption spectroscopy (XAS) techniques. However, XES in the hard x-ray regime is much less
frequently employed than XAS, often as a consequence of the relative scarcity of XES
instrumentation having energy resolutions comparable to the relevant core-hole lifetimes. To
address this, our research group has developed a family of inexpensive and easily-operated short
working distance x-ray emission spectrometers. The use of computer-aided design and rapid
prototype machining of plastics allows customization for various emission lines having energies
from ~ 3keV to ~10 keV. The specific instrument described here, based on a coarsely-diced
approximant of the Johansson optic, is intended to study volume collapse in Pr metal and
compounds by observing the pressure dependence of the Pr Lo emission spectrum. The
collection solid angle is ~50 msr, roughly equivalent to that of six traditional spherically-bent
crystal analyzers. The miniature x-ray emission spectrometer (miniXES) methodology will help

encourage the adoption and broad application of high-resolution XES capabilities at hard x-ray

synchrotron facilities.
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A.1 Introduction

Core-shell hard x-ray emission spectroscopy (XES) at 1-eV energy resolution is an
important technique in condensed matter physics, coordination chemistry, earth sciences, and
related fields. At such energy resolutions, one obtains very local assessments of the atomic
oxidation and spin states and coordination geometry [2, 3]. Historically, however, a practical
limitation has constrained the actual range of applications: few hard x-ray beamlines are
equipped to perform high-resolution XES, while many are equipped to perform x-ray absorption
spectroscopies. Appreciation for the value of resonant and nonresonant XES and high-energy
resolution fluorescence detection (HERFD) has expanded in recent years, with applications in
areas including catalysis science [4, 5], biology [6], earth sciences [7, 8], and more generally,
identification of ligands [9, 10], time-resolved studies [11], and determination of metal oxidation
states [12]. This growing understanding of the value of XES is driving upgrades of some hard x-
ray XAS beamlines to also accommodate regular general access to XES and HERFD, in addition
to having such methods included in the conceptual designs for beamlines under construction,
such as the Inner Shell Spectroscopy (ISS) and submicron resolution x-ray spectroscopy (SRX)
beamlines at NSLS-II.

With some notable exceptions [13-16], hard x-ray XES studies at 1-eV energy resolution
have used spherically-bent crystal analysers (SBCA). These optics are placed ~1 m from the
sample, and consequently subtend 8 msr, or about 1/1600 of 4m sr. This relatively small
collection solid angle has led to the on-going development of dedicated multi-SBCA
spectrometers for resonant and non-resonant XES [17-19] and for non-resonant inelastic x-ray
scattering at similar energy resolutions [20, 21]. The existence of such instruments, however, is

only a partial step toward resolving the shortage of XES and HERFD capability, since each one
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is usually dedicated to a single beamline due to their construction cost, structural and operational
complexity, and overall physical scale.

For the last few years we have been developing a family of portable, inexpensive, and
easily-operated high-resolution hard x-ray spectrometers for use at synchrotron x-ray sources.
These short working distance (SWD) dispersive spectrometers [22] make use of arrays of small,
flat Bragg analysers placed near the sample. The SWD spectrometers, independent of the optical
design, have become known as miniXES (“miniature X-ray emission spectrometers”) in the
synchrotron community, and we shall use that term in this paper. Our subsequent work on
miniXES spectrometers based on the cylindrical von Hamos configuration [23] has recently been
reported [24]. Here, we present and discuss design considerations for instruments based on the
Johansson, i.e., perfect Rowland circle, geometry. We again use 3-D rapid prototype machining
and in-context computer aided design. However, here we use a different, somewhat more flexible
optical configuration and also tailor the design of a particular spectrometer for compatibility with
a ubiquitous extreme sample environment: a diamond anvil cell (DAC).

In section A.2, we summarize the design considerations for Johannson-style miniXES
instruments. The general framework for the optimal design of miniXES based on a Rowland
circle construction is presented. Such an x-ray optic may be thought of as a coarsely-diced
approximant to a Johannson bent crystal analyser [25]. In section A.3, we present design and
fabrication details for the Pr Lo spectrometer. This instrument is being used in high-pressure
DAC studies of Pr metal and compounds where volume collapse is observed, in order to measure
concomitant delocalization of the 4f electrons. In section A.4, we present results for the

performance of this instrument, and discuss the generalization of this approach to other energy
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ranges, systems, and sample environments. Finally, in section A.5, we briefly summarize and

conclude.

A.2 The design of miniXES based on a Johansson configuration

As recently demonstrated [22], a hard x-ray dispersive spectrometer with 1-eV resolution
can be based on a micro-focused beam, a modern 2-D position-sensitive detector (2D-PSD), and
an array of small, flat Bragg analysers placed a few cm from the sample. This approach gives
large collection solid angles; for example, a 1-cm?® flat analyser at 10-cm working distance
subtends a somewhat larger collection solid angle as a traditional 10-cm diameter, circular SBCA
at 1-m working distance. Here we formalize the design, construction, and operation of an
important class of such instruments, all with a view toward production of large numbers of
miniXES spectrometers of various designs for wide distribution and application in the
synchrotron radiation community.

In this section, we outline an optimal Rowland circle construction for miniXES-type
instruments. By “optimal,” we mean that the dispersed reflections efficiently fill the 2D-PSD
surface while retaining unique illumination of each pixel (i.e., the dispersed reflections from
distinct analyser crystals do not overlap). The design algorithm is described in purely geometric
terms, and can therefore be easily implemented in any computer-assisted design (CAD) software
that allows geometric constraints. First, in Fig. A.la, we define the correct placement of flat
crystals for Bragg angle 6 on a Rowland circle of radius R. Note that scattering from the
intersection A.point of any crystal with the Rowland circle comes to a common exit point on the
circle. Second, in Fig. A.1b, we observe that all virtual sources for flat analysers properly
oriented on the Rowland circle must rest on another circle, this one having radius 2R sin 6 and

centred about the point P as constructed in Fig. A.la. Third, one may then show a novel result

118



that is closely related to the occurrence of ‘dispersion compensation’ in SBCA [26], namely that
there is a spectral focusing effect along an arc of the circle for virtual sources. As shown in Fig.
A.1b, independent of where any two Rowland-circle oriented crystals are placed, the scattering
from common Bragg angles on their surfaces will necessarily intersect on the circle of virtual
sources. This observation leads to the two key results: there is a unique location for an exit
aperture that will select the same reflected energy range from each crystal, and Rowland circles
for arbitrarily perturbed Bragg angles can be constructed in addition to the original (Bragg angle
#) Rowland circle. In Fig. A.1b, these new Rowland circles are defined by the points S, P, and

E(6-Q) for the Bragg angle 6-Q on any crystal, and similarly for Bragg angle 6+Q.

~ Circle of
virtual sources

E(0) S

Figure A.l. (@) The Rowland circle geometry for flat analyser crystals. A crystal placed
horizontally through the point P, at the top of the Rowland circle, reflects rays from the source S
at Bragg angle 0 to the point E(0). A flat crystal passing through point X, where the radius CX is
at an angle 2 from the vertical, must be tilted by B to reflect at the same Bragg angle. It follows
that the crystal lies along the line PX. (b) From the observation that appropriately tilted crystals
lie on lines passing through P, it is possible to show that the virtual source for reflection from
any such crystal lies on a circle of radius 2 R sin 0 centred at P. Given a range of Bragg angles,
there is an arc on this circle that spatially selects rays reflected in this range from any crystal
placed on the Rowland circle.
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Figure A.2. Ray tracing diagram for a short working distance dispersive x-ray spectrometer.
Two Rowland circles are constructed through the source point; flat analyser crystals with their
endpoints on these circles can be tilted so that they all select the same range of Bragg angles. It
then follows (see Fig. A.1) that the virtual sources for reflection from the crystals all lie on a
third, larger circle (dashed), and that an aperture placed on this circle will select photons in the
desired energy range. In this case, the position-sensitive detector was located to allow clearance
for a 5.6 cm-diameter diamond anvil cell (DAC), and the average diameter of the Roland circles
was approximately 7.4 cm, leaving clearance for a mounting bracket and translation stages (not
shown) underneath the crystals.

With these tools in hand, it is now straightforward to design an optimal Johannson-style
miniXES spectrometer for any selected energy range where the detector functions well. We first
calculate the required range of Bragg angles, determined by the emission line(s) to be studied
and the specific crystal reflection chosen. We then construct the necessary Rowland circles and
the circle of virtual sources, and choose a tentative distance and orientation for the detector such
that its spatial resolution will yield the desired energy resolution. lterative ray-tracing between
the detector face and the circle of virtual sources (Fig. A.2) then provides optimal locations for
flat Bragg analysers. We may then gradually modify the Rowland circle radius, and detector

location and orientation to satisfy other design constraints (e.g., to allow clearance for a DAC as
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in the present instrument) while also maintaining the desired energy resolution and a substantial
collection solid angle. We note that the underlying design can be easily customized for various

emission lines, as discussed in section A.4.

A.3 Customization for high-pressure studies of Pr La emission

Several of the elemental lanthanide metals, including Ce, Pr, and Gd, but interestingly not
Nd, undergo first-order phase transitions at room temperature and high pressure, accompanied by
a volume collapse of 5 — 15% [27-30]. With the exception of Ce there is an associated change in
crystal structure, from high-symmetry transition-metal-like structures at low pressure (i.e.,
structures associated with elements without f electrons) to lower-symmetry actinide-like
structures at high pressure. This suggests that in the low-pressure phase, bonding is dominated by
the 5d electrons and the 4f electrons are localized, while in the high-pressure phase, the 4f
electrons become delocalized [31, 32]. Because of its sensitivity to (1) 4f occupation number and
(2) quantum mechanical mixing between the f and d states, L-shell emission spectroscopy is
well-suited to studying the volume collapse of 4f-elements. Previous experiments have observed
the pressure dependence of the Gd Ly, and La lines, along with the Ce La [33-35].

The present instrument is designed to observe the La emission spectrum from Pr under
high pressure. Consequently, the main design constraint is the clearance required for a diamond
anvil cell. The samples in this device are kept between two diamonds to generate GPa-scale
pressure and surrounded by a metal gasket (here, Be) for confinement. Depending on the target
pressure range, typical gaskets are 5 - 50 um thick and have a central hole 20 - 200 um in
diameter. Given these size constraints and the attenuation by the encapsulating material, x-ray
emission experiments using SBCA can take hours of exposure to obtain a spectrum at a single

pressure point, even at high flux beamlines [33].
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The design methodology of section A.2 is implemented in the SolidWorks CAD
environment. The fixed input parameters are the dimensions of the available 2D-PSD (Dectris
Pilatus 100K) and the range of Bragg angles to be collected. The desired energy range (4989 —
5065 eV) and the crystal reflection Ge (331) give Bragg angles 70.6 — 73.2°, which is extended
to 70.35 — 73.45° to provide angular tolerance for the final assembly. Experimentation with the
radii of the Rowland circles and the detector distance and orientation resulted in the exact ray-
tracing shown in Fig. A.2; in the final configuration, the collection solid angle is ~50 msr,
roughly equivalent to 6 SBCA. This sketch is used as the basis for an in-context design of an
instrument consisting of a combined spectrometer body and optic, together with an access door.
Fig. A.3 shows CAD renderings of the spectrometer body constructed to hold the analyser

crystals and the entrance and exit apertures, with the ray tracing of Fig. A.2 superimposed.

N

e

~ \'i\ -
Figure A.3. Renderings of the spectrometer body constructed to hold the analyser crystals and x-
ray flight path. (a) Front view with the ray tracing from Fig. A.1 overlaid; for clarity, the real and
virtual rays are shown for reflection from only two of the crystals. (b) Isometric view with the
incident x-ray beam, the sample point, and lines (dashed) to the alignment fiducials. The DAC is
omitted.
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The plastic spectrometer body was constructed from a thermosetting polymer by an
Alaris 30 rapid-prototyping machine (colloquially, a “3-D printer””). This has proven to be an
efficient and cost-effective way of manufacturing miniXES instruments; we have previously
used it to produce Johansson-type spectrometers for the Co Kg [36], Mn Kg [37], and Ce La
lines [38] in addition to von Hamos-style instruments for Fe Kf [39] and Mn Kg [37]. Profiling
measurements have shown that the process holds angular tolerances to within 0.1°. Six Ge (331)
crystals are placed on the plastic flats, and the rest of the inner surface is lined with 1-mm thick
Pb tape. Visible in Fig. A.3 is a circular hole for rough alignment with the DAC axis, and a
crosshair which is covered with a thin x-ray phosphor film and acts as a rough alignment target
for the beam (the incident beam is normal to that face). A window cut in a 0.25 mm-thick Mo
plate defines the exit aperture. Work with similar spectrometers has shown that the primary
source of background is diffuse scattering of strong sample fluorescence from the analyser
crystals and the internal surface of the spectrometer body; to reduce this, two additional 0.25
mm-thick Mo plates are used to define entrance apertures. Each of these plates contains three
windows, with each window paired with one of the crystals. This constrains rays entering the
spectrometer to illuminate the active region of each crystal (the apertures are oversized by ~20%
in each dimension to allow for assembly tolerances). An O-ring sealed access-door, machined
from 9.5 mm-thick poly(methyl methacrylate), contains entrance and exit fittings for He flow,
installed by standard pipe tap threads. A 9.5 mm machined Al mounting plate fixes the relative
positions of the spectrometer body and the 2D-PSD.

Fig. A.4 shows the spectrometer installed at Sector 16 of the Advanced Photon Source at

Argonne National Laboratory. The spectrometer, 2D-PSD, and DAC are mounted on motorized
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stages to allow reproducible removal and repositioning of each component. This allows the

spectrometer and PSD to be translated downstream during adjustments of the DAC pressure.

Figure A.4. A photograph of the instrument, with the diamond anvil cell and position-sensitive
detector in place. For a sense of scale, note that the DAC has a diameter of 5 cm.

A.4 Spectrometer calibration, results, and discussion

Calibration of miniXES instruments for ambient-condition samples makes use of the
elastic scattering from the sample itself [22, 39]. For DAC-based studies, the situation is
complicated by the strong elastic scattering from either the diamond or the gasket, depending on
the entrance and exit paths for the incident beam. Instead of using the elastic scattering from the
target sample itself, the scattering from an ambient reference material (here, a 100-micron

diameter borosilicate glass bead) is used to calibrate the spectrometer. The sample inside the
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DAC is then placed at the same spatial location to within ~20 microns, ensuring that errors in
energy calibration are less than ~0.15 eV. Spatial coincidence of the reference bead and DAC
sample is established by standard means based on positioning each on the vertical axis of a
rotation stage intersecting the incident beam’s focal spot. With the reference bead in place, the
incident photon energy is scanned in 7.5-eV steps through the designed energy range for
detection of x-ray emission (4989 — 5064 eV). The monochromator, based on two diamond 111
reflections, has ~ 1-eV energy resolution in the relevant energy range, and the incident beam
profile measures ~30 um (V) by ~50 um (H). A 2D-PSD exposure is taken at each step;
interpolation between the pixels illuminated at each incident energy [39] produces a map of the

photon energy detected by each pixel (Fig. A.5).

A\ Figure A.5. (a) A composite image
\ illustrating the calibration
" procedure. The incident energy was
5 scanned through the detected
;{ energy band, and the pixels

j , ,: '/ illuminated on the 2D PSD were

(b) recorded at each incident energy.

Note that each crystal illuminates a
separate region of the detector.

I (b) Interpolation between these
points yields a map of the energy

4989 eV detected at each pixel on the PSD.

In the volume collapse study, a sample of pure Pr metal, approximately 150 microns in
diameter and 50 microns thick at zero pressure, was sealed into a high-purity Be gasket inside
the DAC. No pressure medium was used for the data set reported here, as the metal was soft
enough to be deformed to fill the hole in the gasket. In addition, this avoided the possibility of

chemical reactions at the Pr surface with a pressure-transmitting medium. Spectra were taken at
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pressures ranging from ambient to 35 GPa and at multiple incident energies near the Pr L3 edge.

Illustrative results are shown in Fig. A.6 for P = 16 + 2.5 GPa, in the general regime required for

the transition.

a
@ Figure A.6. (a) A typical image
recorded by the 2D-PSD.
Several regions corresponding to
the Pr Loy and Lo, emission lines
are indicated. (b) Processing 2D-
PSD images according to the
calibration map (Fig. A.5) gives
PrLa; Prie the final x-ray emission spectra.
Shown here are spectra taken at
(®) gl Do~ 16X 10" photons/s Eo=5958¢V| three incident energies near the
Ppac =16 £2.5 GPa Pr L; edge (5964 eV), with an
Tigt = 2700 s incident flux of 1.6 x 10"
3r PrLay photons/s. Note that resonant-
Raman scattering features near
! the Lay line are resolved.
% 1l Pr La;
E: 0 11
Z 200l Iy ~ 1.6 x 10" photons/s E
3 Ppac =16 2.5 GPa PrLay 5966 eV
= Tipe = 300 s ---- 5980 eV
= 150
>
100
50t
0 = EA ) = . " f -
5000 5020 5040 5060
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The purely geometric resolution of the instrument is ~1.3 eV. The actual energy

resolution, as determined by the width of the lines in the elastic exposures used to build the
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calibration matrix, is ~2 eV (including convolution with the resolution of the monochromator).
While the instrument has a collection solid angle roughly equivalent to 6 SBCA, overall count
rates are low due to strong absorption of both the incident beam and the fluorescence by the
DAC gasket (~1.5 mm thickness of Be). However, with the incident energy above the Pr L3 edge
(Fig. A.6b), an integration time of 300 s is sufficient to collect a very low-noise La emission
spectrum with an incident flux of 1.6 x 10** photons/s. As mentioned above, inelastic scattering
of sample fluorescence from the analyser crystals is believed to be the main source of
background in miniXES instruments. The problem may be exacerbated in this case by the strong
stray scatter of both the incident beam and fluorescence from the Be gasket. Even so, the
background is constant to within 3 counts/eV/s, and is well below the intensity of the resonant
Lay emission (~100 counts/eV/s). At times, a vanadium chemical filter was used at the entrance
aperture to maximize Lay signal to (stray scattered) background. Further results on the pressure
dependence of the resonant XES from Pr and the issue of volume collapse are presented
elsewhere [40]. We note that a separate study used a similar miniXES optical configuration to
collect Lo emission spectra from Ce compounds [38]. The resolution, count rates, and low noise
levels obtained during these studies show that the miniXES approach is a convenient and
effective tool for investigating the physics of f-electron materials.

With the use of CAD software, it is straightforward to modify the underlying design for
observation of a wide range of emission lines, subject to the following limitations. First, the 2D-
PSD must have sensitivity in the desired energy range and also must have nearly zero dark- and
readout-noise; exposures at the level of an average of one count of true signal per pixel generate
extremely quiet analysed spectra. Second, there must be an appropriate crystal reflection for the

desired energy band. By “appropriate,” we mean that the Bragg angles should be close enough to
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backscatter to allow the desired energy resolution per pixel with a relatively short total distance
from sample to the 2D-PSD. For the Pilatus 100k at ~10 keV, this means that the Bragg angle
should be less than ~20° from backscatter. In addition, given the range of required incident
energies, it is necessary to compile a list of other crystal planes that can reflect elastic scattering,
Compton scattering, or fluorescence from other species onto the 2D-PSD, producing spurious
secondary counts. Such interfering planes generally do not exist for high-symmetry analyser
crystals (e.g., Si, Ge, and GaP) and photon energies below 6.5 keV, but at higher energies they
may rule out some crystal reflections.

As examples, some viable crystal reflections for the La emission from each of the
lanthanides are listed in Table 1. For specific instruments, additional considerations may apply,
e.g., the amount of clearance required around the sample and the reflectivity of the possible
crystals. Finally, it is crucial to recall that the incident beam must be focused to dimensions
somewhat smaller than the pixel size of the 2D-PSD, so that the pixel size is the limiting
contributor to the spectrometer’s energy resolution. Once the design is finalized, construction
and commissioning is conveniently brief. Typically two days of machining time are required for
the mechanical support components and Mo shielding, and the rapid prototyping process for the
spectrometer body takes roughly a day. After assembly and commissioning, the instrument can

be removed and re-installed at the beamline in a few hours, as was the case here.

A.5 Conclusion

We present a complete design algorithm and methodology for the fabrication of miniXES
spectrometers based on the Rowland circle construction. These portable instruments can be
quickly installed at any at least modestly focused hard Xx-ray spectroscopy endstation. To

illustrate, we have designed, constructed, and commissioned such a short working distance
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spectrometer for resonant XES studies of Pr at high pressures in a standard diamond anvil cell.
CAD software was used to preserve the necessary geometry for the analyser crystals while
ensuring compatibility with the sample environment. The resulting instrument has low cost, but
high collection efficiency and ease of use. The design can be easily modified for studies of other
elements. This approach will help spread the adoption of 1-eV resolution XES as a

complementary technique to x-ray absorption spectroscopies at hard x-ray beamlines.
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Table A.1l. Energies of the La emission lines of the lanthanides, with corresponding crystal
reflections from silicon, germanium, and gallium phosphide. The Bragg angles listed correspond
to 20 eV below the La2 energy and 20 eV above the Lal energy. Reflections were omitted if
both of these angles were less than 70° (i.e., if the entire range of Bragg angles selected by the
resulting spectrometer would be more than 20° away from backscatter).

Z Element La;(eV) Lay(eV) Crystal reflection Bragg angles (°)

57 La 4651 4634 Ge 400 69.78 71.80
Si 400 7782 8172
GaP 400 76.87  80.36
58 Ce 4840 4823 Ge 331 79.36  83.97
Si 400 69.96 7192
GaP 400 69.39 71.28
59 Pr 5034 5013 Ge 331 70.92  73.06
Si 331 79.89 85.21
60 Nd 5230 5208 Si 331 7139 7355
61 Pm 5432 5408 Ge 422 79.94  85.09
62 Sm 5636 5609 Ge 422 71.64 73.84
63 Eu 5846 5816 Ge 511/333 76.08  79.23
Si 422 7242 7475
64 Gd 6057 6025 Ge 511/333 69.55 7147
Si 511/333 77.43 8101
GaP 333 76.50 79.75
65 Tb 6273 6238 Ge 440 80.07 85.48
Si 511/333 70.48 7253
GaP 333 69.89 71.87
66 Dy 6495 6458 Ge 440 72.07 74.33
GaP 440 80.90 87.76
67 Ho 6720 6679 Si 440 73.34 7586
GaP 440 72.64 75.03
68 Er 6949 6905 Si 531 75.70  78.76
69 Tm 7181 7133 Ge 620 7424  76.99
Si 531 69.68  71.69
70 Yb 7414 7367 Si 620 76.20 79.30
Ge 533 75.14 77.96
Ge 620 68.79  70.61
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