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ABSTRACT
OPTICAL STUDIES OF ALKALIDES AND ELECTRIDES
by

Ching-Tung Kuo

A high vacuum system was built for photoemission
measurements. The system allows one to load alkalides and
electrides under vacuum and at low temperatures with minimum
contact with air or moisture. The vacuum of the measuring system
can reach better than 10-8 torr. The temperature of the sample
holder can be controlled to +2 °C and cooled down to -130 °C. The
1000-W xenon light source is monochromatized, and light in the
range from 200 to 900 nm is used. The response time of the system
is = 40 ms, and the gain of the preamplifier is 109. A data acquisition
system is employed to control the scanning monochromator and the
electrometer, and to record data with respect to wavelength or time.

The quantum yield spectra of the alkalides, K*(15C5)2K-,
Rb*+(15C5)2-Rb-, Na+tC222-Na-, K*C222-K-, Cs+C222-Cs- and K+C222-Na‘
, show the common features of main emission peak at an energy
higher than 4 eV and a low energy tail, and sometimes the high
energy peak has a shoulder on the low energy side and peaks at

lower energies. The high energy peak is less temperature dependent



and is assigned as the emission from the valence electrons. The low
energy emission strongly depends on temperature and the
experimental conditions, and is presumed to be emission of trapped
electrons. Photoemission threshold energies were determined, and
depend not only on the alkali metal anion but also on the
environment in which the anions reside.

Laser pulses had appreciable effects on polycrystalline
Na+C222-Na- samples. Most samples of NatC222-Na- contain both
defect sites and defect electrons. As a result, the photoemission
spectrum yields an additional shoulder at 360 nm ( 3.4 eV) and
peaks and shoulders in the range of 500 - 700 nm, besides the main
emission peak of Na- at 290 nm (= 4.3 eV). The 6 ns, high intensity
laser pulses result in transient depletion of shallowly trapped
electrons and/or occupancy of defect sites, and also lead to apparent
modifications of the surface layers. Two kinetic models are
developed to explain the mechanisms of the photobleaching effects
and population-depopulation of defect electron traps.

In order to study the anisotropic properties of NatC222:-Na-,
nearly-normal incidence reflectivity on various faces of single-
crystal NatC222-Na~ was measured in the photon energy range 0.5-
3.1 eV. The polarization-dependent spectra were determined for the
electric field vector parallel and perpendicular to the C axis, based on
the orientation-dependent results, known structure and the shapes
of the single-crystals. A Kramers-Kronig analysis of the reflectivity
yielded the spectral dependence of the real and imaginary parts of
the complex dielectric constant and refractive index, as well as the

absorption coefficient and the energy loss function. Comparison of



the polarization-dependent spectra permitted identification of the
orientation-dependent interband transitions. @A peak with energy
1.64 eV appears irregularly, which is presumably due to trapped
electrons. The polarization dependence of the spectra provide us
with further insight into the nature of anisotropic energy states of

NatC222-Na~.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

ILA. Introduction to Alkalides and Electrides

Two new classes of compounds, with very special reactions and
properties, have been synthesized in Dye’s laboratory and named
alkalides and electrides. The general formula for alkalides is M*C-M~-;
the stable alkali metal cations, M+, are complexed and caged in
macrocyclic molecules represented here by C, whereas the counter-
ions, M-, can be stable and exist outside the cage to balance the
charges. The metal cation and anion in a compound can be the same
element or can be different. If they are different, the electron
affinity of the anionic element and the complexation constant of that
which forms the cation will determine the direction of charge
transfer. Electrides have the general formula M*C-.e-, where the
electrons serve as anions to balance the positive charges. The
macrocyclic complexants that have been used are cryp[tands, crown
ethers, and more recently, the aza- based cryptands and cyclens.
Examples of these complexants are shown in Fig. 1-1.

The synthesis and study of alkalides and electrides has been
continuing for the past twenty years. Since 1974, more than 30
alkalides and S5 electrides have been synthesized and characterized.
The first crystalline alkalide was NatC222-Na-» which was crystallized
from amine solutions that contained sodium and cryptand[2.2.2]

(C222) [1]. Although many alkalides and electrides have been
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synthesized in Dye’s laboratory, NatC222-Na- is still the most stable
and the one that has been most thoroughly characterized [2-4]. The
first crystalline electride is Cs*(18C6),e- which is formed by
carefully controlling the 1:2 stoichiometric ratio of cesium to crown
ether, 18C6. In this electride, the electron e- apparently resides in
the otherwise empty anion cavity.[S] That is, the electron density is
centered in this cavity although some electron density undoubtedly

spreads onto the surrounding complexant molecules.

a) b) ©)

Figure 1-1. Representative complexants a) 15-crown-5 (15C5) b)
cryptand[2.2.2] (C222) c) pentamethylpentacyclen (PMPCY).

Syntheses of alkalides and electrides are quite straightforward
because the experiences and procedures have been well established
[8]. The main technique for the synthesis is that the reaction and
crystallization have to be carried out under vacuum at low
temperature. The procedures can be generalized by several steps.

First, a proper ratio of alkali metal and complexant are introduced
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into the reaction cell in a helium glove box, then the metal is
evaporated to form a mirror to increase the reaction surface. A well
purified solvent such as methylamine or dimethylether is added as
the first solvent. Trimethylamine or diethylether is then used as the
second solvent to reduce the solubility of the complex, M+*C-M- or
M+C-e-. The crystal product can be obtained by precipitation from a
saturated solution by either slow removal of the more volatile and
more polar solvent or slow-cooling of the whole system. The details
for the syntheses have been described in the references [6,7].

The alkalides and electrides are sensitive to decomposition by
air, moisture or elevated temperatures, so they have to be handled
and stored at low temperatures and in an inert or vacuum
environment. In spite of these restrictions, their physical
characteristics have been examined by various methods; among
these are the optical, EPR and NMR spectra, conductivity and
magnetic susceptibility.

The EPR method provides opportunities for detecting both the
existence of trapped electrons and the environment of the trapping
sites. For example, if the cations are well-shielded within a cryptand
cage or a crown ether sandwich, there is no hyperfine splitting in the
EPR spectrum. This results from the weak interactions between the
trapped electrons and many surrounding cations. But when the
cation forms an ion-pair with the anion, then the hyperfine coupling
to a single cation becomes appreciable. For example, the well-
resolved EPR spectra of K+(18C6)-Na- and Rb+*(18C6)-Na- show
hyperfine splittings indicating the presence of ion-pairs, M*-Na-, in

these compounds [8].
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In early studies of alkalides, the NMR method was used to
identify the presence of the species Mt and M-, based on the
interpretation of the chemical shift behavior. For example, the 23N a
NMR spectrum of Nat(C222)-Na- in solution has the same chemical
shifts of Nat* and Na- as the MAS solid state spectrum of the
polycrystalline sample [9,10]. The spectrum of Cs*(18C6),-Na- only
shows the peaks of Cs* and Na-, which means that this is the right
formula instead of a mixture of ceside and sodide [11]. Later, the
NMR method was extended to study the nature of electron-trapping
in electrides and the temperature effects of phase transitions and
structural disorder [12].

The electrical conductivities of all alkalides have an exponential
dependence on 1/T that makes the alkalides behave as apparent
semiconductors, where T is the temperature. However, the band gap
obtained is generally too low and is dependent on the preparation,
meaning that the conductivity is extrinsic instead of intrinsic, and is
due to the presence of trapped electrons with energy states in the
gap [13]. The only alkalide which can be crystallized nearly free of
defect electrons is Na+tC222-Na-, which has a band gap of 2.4 eV,
obtained from both powder and two-probe single crystal
measurements [2]. Conductivity measurements of the electrides,
Cs*(18C6)2:¢e- and Cs*(15C5)2-e-, showed that, in addition to defect
electronic conductivity, cationic conductivity is present. The
transport process is referred as a Cs-Cs* exchange, and the cesium
cation was apparently reduced to metal and deposited on the cathode

[14]). The electride K+C222-e- has a much higher conductivity (= 1010



S5
times higher) which may be due to the “chained” dimer electrons
along with the channel vacancies [16].

Temperature-dependent magnetic susceptibility
measurements provide very useful information regarding the inter-
electron interactions. For example, both the electrides Cs*(15C5)2-e-
and Cs*(18C6)2-e- have antiferromagnetic properties whose Neel
temperatures are dependent on the annealing history. The
phenomenon was interpreted as being due to the movement of the
complexant molecules to block the channels, or to the presence of Cs-,
which decreases the electron-electron interactions [15]. The
magnetic susceptibility of K+(C222)-K- changed with an increase in
temperature from essentially diamagnetic to partially paramagnetic,
which was interpreted as due to a thermally populated triplet state
lying 0.03 to 0.05 eV above the ground state at 200 K [16].

The most extensive studies applied to the alkalides and
electrides are optical methods. In the earlier studies only the
absorption spectra of thin films was measured; later, other optical
techniques, such as photoluminescence [4,17], photoemission [18],
and reflectance [19] were adopted to study solid samples. The
absorption spectra revealed information on the energies of band-
band and/or band-continuum transitions for the metal anions, M-,
which led to the identification of the absorbing species by comparing
the absorption spectra of both solutions and polycrystalline films.
The ground state of the metal anion, M-, is ns2, which constitutes the
valence band. The band-band and the band-continuum transitions
are presumed to be ns2 — nsnp and ns?2 — continuum, respectively.

The ns2 — nsnp transitions of M- in M*C222-M~- films are at 650 ,
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840, 860 and 950 nm for Na-, K-, Rb- and Cs-, respectively [3]. The
ns2 — continuum transition of Na+t+C222-Na- polycrystalline films
appears as a shoulder in the spectrum at 500 -550 nm (=23 eV). A
small high energy peak is also present at 400 nm (3.1 eV) with a
fixed intensity ratio with respect to the main peak, and it has the
same direction of shifts as the main peak following a change of
temperature. The species has not been identified, but may be due to
the transition from the valence band to the vacuum level. The
optical absorption of electride films showed the presence of two
classes, which are called “localized” and “delocalized”. Most electrides
have a distinct absorption peak in the near infrared region that
results from the localization of trapped electrons. However, the
absorption spectrum of K+C222-e- has a characteristic “plasma edge”,
which is similar to that of concentrated liquid solutions of Na in
ammonia. In such spectra, the absorbance increases throughout the
visible towards the infrared and remains high in the infrared. The
electrons in K+C222-.e- are suggested to be somewhat delocalized, due
to the overlap of the wave functions of trapped electrons with
adjacent trapped electrons. But the presence of partial localization or
grain-boundary effects could be the source of activated conductivity
rather than true metallic behavior.

A short laser pulse on the alkalides is able to produce
luminescence [17]. The luminescence spectra were temperature
dependent, giving red shifts with an increase in the temperature;
also, the intensities dramatically decreased as the temperature
increased. ¥ The quantum yields were affected by the amount of

defect trapped electrons in the samples; samples with fewer defects
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had higher yields. For NatC222:-Na-» the fluorescence peak position
varied with temperature from 1.854 eV at 7 K to 1.828 eV at 80 K
[4], when it was illuminated by a 50 picosecond dye laser with
energies between 2.2 and 2.0 eV. The time-resolved spectra were
deconvoluted by fitting with a double exponential, and a simple
picture of the emission suggested that the emissions were from at
least two closely spaced levels. The short-time emission was from
the bottom of the p-band, where electrons could further relax with
the surrounding charges to a lower excited level, from which there
was long-time emission. However, this simple picture could not
completely describe the time-dependent spectra and short-time rate

constant.

I.LB. Trapped Electrons in Frozen Glasses and Optical
h leachin ff

Free electrons can be liberated by the impact of high energy
electrons or by ionizing radiation, y-rays or x-rays in glassy solids at
various cryogenic temperatures. They can be chemically stabilized in
trapped states in the frozen matrix . Such trapped electrons have
been observed in various frozen organic and aqueous liquids such as
alcohols, ethers, amines, alkenes alkanes and alkali aqueous
solutions. The aqueous ices contain trace amount of solutes, such as
sodium salts or N, N, N', N'-tetramethyl-p-phenylenediamine (TMPD)
[20], and the trapped electrons are formed by photoionization of the
solutes. However, significant yields of trapped electrons have not

been found in pure crystalline samples of the solvent. The frozen
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liquids are in amorphous states, formed by rapidly quenching the
samples with liquid nitrogen or liquid helium, and apparently
contain defect sites at which the electrons can be trapped.

Electron spin resonance and optical absorption spectrometry
are the most common methods used to detect the trapped electrons
(et”). Other evidence for trapped electrons was found in
luminescence, electrical conductivity, and differential thermal
analysis studies [21]. The optical absorption spectra of the organic
and aqueous ice glasses that contain trapped electrons are broad, and
extend from the visible or near infrared to the IR region. The
absorption peaks have a long high-energy “tail” and a short low-
energy side, and they were suggested .to have been composed of
individual electrons in different trap depths; where the red end of
the spectrum of each e;” is the photoionization threshold for the trap
and the blue side of the maximum is the energy required to move
the electron far enough to react with a cation or a radical rather than
being retrapped [22]. The spectra of e;~ in the frozen glasses are
similar to those in the respective liquids, but the former are
narrowed and blue shifted; this suggests that the nature of trapped
electrons is similar in liquids and glasses, but that the trapped
electrons in the glasses are more stabilized [23].

The electrons in the trapping sites can be thermalized into
more stable states. The stabilizing mechanisms suggested were that
they are first weakly trapped in the matrix of molecules through
dipole interactions, which then induces a rearrangement of the
molecules around them, and the traps deepen as the arrangements of

molecules achieve equilibrium. This explained the broad absorption
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bands as due to the electrons occupying a continuum of trap depths.
The above suggestion was verified by the facts that the spectra of et
produced in organic glasses are not stable, but undergo a continual
blue shift with time after production, which can be as long as 380
seconds [24]. This indicates that the electrons deepened in the traps
after a sufficiently long period of time.

A convincing piece of evidence to prove that the trapped
electrons, e;~, are distributed in a continuum of trap depths rather
than being in the same depth of traps, is the reversible partial
photobleaching of the blue side of spectra accompanied by the
enhancement of the red side. The most conclusive evidence is the
selective bleaching effects on the absorption spectra of 2-
methyltetrahydrofuran (MTHF), 3-methylpentane (3PM) and C2H50H
glasses at selective wavelengths when monochromatic bleaching light
is used. For example, the bleaching effects of e;~ occur in MTHF only
in the range from 1200 to 1550 nm when monochromatized light of
1338 nm wavelength is used [25].

Photobleaching effects showed that the trapped electrons in
hydrocarbon glasses can be detrapped by a monophotonic process at
all wavelengths of their absorption spectra, from far on the low
energy side (2500 nm) to far on the high energy side (400 nm)
[25,26]. This implies that the photon energy absorbed by the
trapped electrons can raise the electrons to the quasi-free state in
the glassy matrix. But not every electron that absorbs a photon is
activated enough to react with the radical or cation, since the
quantum yield of bleaching at wavelengths on the red side is low,

and increases with photon energy. In the slightly more polar matrix,
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MTHF, the absorption maximum is at 1200 nm, and monophotonic
bleaching occurs up to about 1200 nm but not at wavelengths longer
than that. This implies that the energy given to the electrons by the
longer wavelengths is lower than that necessary to reach the quasi-
free state and is insufficient to prevent the subsequent prompt
return to the oriented coulomb well of the parent trap or the
formation of a new trap without appreciable migration. A plot of the
photon energy maximum (A,) versus the static dielectric constant
(Ds) of the matrix compound forms a smooth curve, which suggests
that the trap depths increase with an increase in molecular polarities
[25].

The EPR spectra of trapped electrons is a broad Gaussian line
resulting from hyperfine interactions with a g value near the free
electron value. The line widths of EPR spectra of the trapped
electrons in glasses at 77 K generally broaden with increasing
polarity of the matrix molecules. This indicates increased hyperfine
interactions with the atoms in the walls as the traps become deeper
[23], due to the structure change or relaxation effect. The EPR
spectrum also contains information about the orientation of
molecules around the trapped electrons. For example, the EPR singlet
in deuterium-substituted alcohol C2HsOD is narrower than that in
C2HsOH by the ratio approximately expected if the hyperfine
coupling with deuteriums replaces that with protons. Apparently the
hydroxyl groups in the trapping walls align toward the trapped
electrons [27, 28]. Electron spin echo studies or ENDOR, can be used
to obtain more detailed quantitative information about electron

locales. The spectrum shows a hyperfine splitting pattern which is
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related to the structural information about the solvation shell of a
localized electron. The solvation structure of the electron in a variety
of solvents has been elucidated in this way [29].

The spontaneous removal of trapped electrons occurs by
combination with cations, radicals or the additives of aqueous ices.
Half-lives are on the order of tens of minutes near the glass
transition temperature for organic glasses and alkaline ices. The rate

increases with a rise in temperature. Possible mechanisms of

electron migration include: (1) diffusion of et~ coupled with its
surrounding shell molecules ; (2) diffusion of e;~ without the
movement of surrounding molecules, only the polarity passing to the
new molecules as e;”; and (3) quantum tunneling to a radical, cation
or an added scavenger with greater electron affinity than the trap.
In the third suggested mechanism, the thermal detrapping and
movement to a reaction partner by a hopping mechanism seems
improbable, since the detrapping thresholds are larger than 0.5 eV
and the kT is only 0.006 eV at 77 K [22].

I.C. Ultraviolet Ph lectron _Emission

The first photoelectric effect was observed by Hertz [30] in
1887. He found that a spark between two electrodes occurs more
easily when the negative electrode is illuminated by ultraviolet light.
The effects were interpreted by Einstein [31] in 1905 by quantum
mechanics, which led to the establishment of the foundations of the
quantum theory of radiation. In the 1950s, the understanding of the

band structures of solid samples particularly enhanced the
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knowledge about the microscopic basis of photoemission. Many
theories have been developed since then.

Photoelectron emission (PEE) from a solid provides less
ambiguous information about the nature of electron transitions than
does the optical absorption spectrum. The electronic transition in
PEE is absolute, in that only final states whose energies are higher
than the vacuum level contribute to the spectrum. By contrast, the
absorption transition occurs relatively; that is, the electronic
transition takes place only when the energy difference between the
final state and the initial state corresponds to the selection rule.
Therefore, the photoelectron spectrum formed by populating a given
set of final states indicates the absolute energies of the initial
electron states.

The alkalides and electrides have unusual properties as
introduced previously; they would be excellent candidates for
photoemission studies of the energy state of the alkali anion outer
shell (ns2) electrons, and those of any trapped electrons in the
sample.

The nature of the instruments used, and the principles of work
function measurements, optical transitions and the photoemission
spectra will be introduced in this chapter because they include most
of the important background information needed to understand

photoemission.

I.C1. Instruments for Ultraviolet Photoemission Spectroscopy
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Photoemission spectroscopy can be divided into two categories:
ultraviolet photoemission (UPS) and X-ray photoemission (XPS). The
former is mainly for the study of the energy states of valence
electrons and energy bands in a solid; the latter is primarily for
probing energy levels of core electrons, although it can be used at
lower resolution to study the valence band. For the alkalides and
electrides, only the energies of the valence band and states above it
are of direct interest to us, so this introductory chapter will limit its
scope to ultraviolet photoemission.

An ultraviolet photoemission spectrometer is composed of
three major parts; light sources, vacuum chambers and electron
energy detectors. In the early 1960s, conventional light sources,
such as mercury arcs and tungsten lamps, etc., together with a
conventional monochromator, were used [32][33]. The available
photon energies were under 6 eV, which limited the applications
because the work functions of most materials are at least 3 to §
electron volts [34]. In the late 60s, obtaining higher energy photon
sources became more important. With the development of vacuum
techniques, some higher energy photon sources could be applied.
The vacuum UV photon source was first introduced by Spencer [35],
in which a hydrogen lamp was separated from the vacuum chamber
by an LiF window. Currently, the most common photon sources are
the discrete He(I) line at 21.2 eV and He(ll) line at 40.8 eV [36]. The
Hel radiation arises from the transition 2p-2s of the neutral He atom,
and the He(IlI) line is from a singly ionized atom. Both line widths
are only a few milli-electron volts (meV). Although the line widths

can be broadened by experimental conditions such as the self-
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absorption effect, the changes usually are quite minor. There are
two other source lines from Ne at 16.8 and 26.9 eV. They are not as
commonly used as the He lines, but sometimes are convenient when
one wants to follow the changes of solid sample cross-sections with
photon energy.

The most common UV lamp is the cold cathode discharge tube,
which has a double differential pumping stage to limit the gas flow
into the sample chamber when a solid sample is measured. When a
gas sample 1is measured, the double differential pumping is
unnecessary. The discharge chamber is confined by a quartz tube of
= 1 mm bore which determines the dimensions of the light that is
shone on the sample.

Due to the fact that the cross-sections of different atomic
subshells change as a function of the photon energy [37], synchrotron
radiation has become an ideal light source, since it has the property
of a high intensity monochromatized source of continuously tunable
energy. The synchrotron radiation is polarized in the plane of the
electron orbital, so it is very effective in determining the orientations
of surface states such as surface plasmons, surface-bonded
molecules, etc.. However, only radiation sources from a storage ring,
rather than an ordinary synchrotron, are suitable for this application
because the radiation emitted from the storage ring is continuous,
whereas the pulsed radiation from an ordinary synchrotron can’t be
used as a photon source in photoemission spectroscopy. A storage
ring with a 107 (Hz) r.f. power source can repeatedly top up the
electron beam current to account for losses by radiation emission

[38].
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A good vacuum system in the photoemission spectrometer
fulfills two basic functions. First, emitted electrons can pass from the
surface of samples through the vacuum toward the electron detectors
without making too many collisions with residual gases. A moderate
vacuum of 1073 torr would satisfy this requirement. Such a pressure
is actually the operating vacuum in an energy analyzer for the
measurement of gas samples. Second, a good vacuum environment
can keep the solid surfaces clean. Theoretically, a solid surface will
be covered by a monolayer of gas every second at a pressure of 107
torr, assuming a sticking probability of 1 for the solid surface
studied. For routine analysis, a vacuum of 10~ torr is a compromise
between the pumping time and surface cleanliness. Some
experiments, especially for fundamental surface studies such as the
changes of surface states with the absorption of molecules, require
more restricted conditions in that the vacuum must be 10710 torr or
even higher [39].

The electron detection systems consist of electron energy
analyzers and detectors. The function of an electron analyzer is to
measure the energy distribution of electrons emitted from a sample.
The energy analyzer is divided into two categories, according to the
methods used to separate electrons with different energies. These
are potential retarding fields and deflection fields. The retarding
field energy analyzer is essentially a high pass energy filter; only
electrons with kinetic energies that surpass the height of the
potential barrier can reach the detector. The spectrum observed is
the current reaching the collector upon scanning decrements of the

retarding potential (Figure 1-2). The energy distribution curve then
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is obtained by either electrical or numerical differentiation of the

spectrum [40].
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Figure 1-2. Comparison of PEE spectra: a) the integral form of
spectrum generated by retardation, b) the energy distribution curve
spectrum obtained by differentiation of the spectrum in a.

The retarding field analyzers are somewhat limited in
resolution.  First, the barrier heights of the retarding potentials are
not actually a measure of the total kinetic energies of the electrons,
but rather of the momenta. If one electron approaches the retarding
grid at the angle, 6, only the velocity component normal to the grid is

effective in surmounting the retarding potential. The electron with
energy E=}émv2 will be retarded when the retarding potential

reaches a value V,=%m(Vsin9)2. The angular spread will result in

energy aberration, which will be greatest when the electrons

approach the grid at grazing incidence. A spherical retarding grid
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with a sample in the center minimizes the energy aberration effect.
Second, perfect equipotential is not actually produced when a
retarding potential is applied to a wire mesh grid. The field spills out
into each mesh hole like a meniscus electrostatic lens, which also
degrades the resolution. Third, the increments of stepped signals at
lower retarding potentials also increase the background levels and
the noise associated with the magnitude of the background level.
Background levels are the total current detected instead of just the
signal in each step. Therefore, the result leads to a poor signal-to-
noise ratio on the low kinetic energy side of the spectrum.

Deflection analyzers are subdivided into two different types,
magnetic deflection analyzers and electrostatic deflection analyzers.
Magnetic deflection analyzers are not common, due to the difficulties
in controlling low magnetic fields for low energy electrons (in UPS)
and in canceling external magnetic fields.

Electrostatic analyzers are more easily screened from external
magnetic fields, and are now universally used. @ The magnetic
shielding is normally made from material of high magnetic
susceptibility, such as mu-metal or the combinations of mu-metal
and current-carrying coils. There are two types of deflection
electron energy analyzers (Figure 1-3). One is usually referred to as
a deflector or condenser, where electrons essentially travel along the
equipotential lines; the other is the electrostatic mirror, in which
electrons move across the equipotential lines where a gradient of
potential is established between two parallel plates. The detectors

for the deflection fields are electron mulitipliers [41].
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Figure 1-3. The structures of deflection electron energy analyzers:
(a) 127 ° cylindrical deflector; (b) electrostatic mirror.

I.C2. Quantum Yield Spectra and Energy Distribution Curves

The simplest form of photoelectron spectroscopy is the
quantum yield spectrum, in which the total flux of photoelectrons is
measured as a function of the energy of the incident photon. The
sample is held in or on a photo cathode with an applied electric field
which accelerates the electrons toward the anode with a high enough
voltage to give a saturation current. The anode is usually set to
virtual ground potential, and the cathode has a negative bias.

Photoemission normally is a volume process, and the electron

excitation is suggested as a three-step model [42][43]. First, the
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optical excitation of electrons occurs at a distance from the surface,
where the excitation corresponds to the electronic structure of the
solid. Second, the excited electrons must travel through the crystal
to the surface. Scattering occurs during such transport, due to
electron-phonon and/or electron-electron interactions.  Third, the
excited electrons finally escape over the surface barrier into the

vacuum (as illustrated in Figure 1-4).

in vacuum,
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3. escape

Initial state, k

Figure 1-4. Schematic representation of the three-step model for the
photoemission process: 1) electrons in the initial state |k); 2)

electrons photoexcited to the final state |kj); and 3) electrons

photoemitted into the vacuum and coupled with some plane wave
state, kj’.

Based on this model, the spectral dependence of the yield per

incident photon for a solid was derived as
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{[are(E)] / [a(E)]}

Y(E)= AE) 1+[1/ «(E)L(E)] °

(1-1)

where A(E) is the escape function that describes the probability of an
electron emitted via the surface, and L(E) is the mean free path of an
electron of energy E. The absorption coefficient, a(E), is divided into
two parts: the absorption coefficients for transitions above the
vacuum level, a,.(E), and below the vacuum level, a.(E) [43].

If the mean free path is large, the major contributions to the
quantum yield spectrum are from electrons that originate in the bulk
because the number of the surface states is small compared to the
total number of participating bulk states. However, the contributions
to the spectrum caused by the electrons excited directly from the
surface states is also important. A theory developed by Kane [44]
shows that the photoemission threshold of a semiconductor can be

characterized by a dependence of the form

Y = A(hv-Er), (1-2)

where Y is photoemission quantum yield, A is a constant, r is
predicted by the model of the transition that produces energetic
electrons and the scattering processes. For example, the power order
r is 1 and 5/2 for direct and indirect transitions in bulk processes,
respectively.

The surface barrier is an extension of the electron wave

functions beyond the positive ion cores. Therefore, the barrier
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heights, hence the thresholds, are different for different crystal
planes of a material. The surface electron distribution is so sensitive
to the surface condition that structural change, absorbed molecules
and external fields will cause severe changes. Therefore, surface
states often induce a surface charge that bends the band either up or

down near the surface.

ar S o

a) (b) \

Figure 1-5. Effect of band bending on the threshold for
photoemission: (a) for a n-type semiconductor the bands bend up by
AE, and the photoemission threshold for excitation from the bulk is
increased by AE; (b) for a p-type semiconductor, the bands bend
down by AE, and the threshold emission from the bulk decreases by
AE. The electron affinity at the surface is assumed not to be changed
by the bending.

When Gobeli and Allen studied the photoemission from cleaved

silicon (111) plane [45], they observed that the spectra were
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dependent on the sample dopings, and they interpreted this as being
due to the volume excitation process modified by surface charge
band bending. For a material with p-type degenerate-doping, the
bands bend down, and the surface inversion layer will lower the
photoemission threshold for emission from the bulk. On the
contrary, for a n-type degenerately doped material, the bands bend
up at the surface, which will cause an increase of the photoemission

threshold from the bulk (Figure 1-5) [46].

I.C3. Work Function

Determining the characteristics of various materials is a major
task in a photoemission study. The work function @, is the strength
of the potential barrier that prevents the valence electrons from
escaping from the surface of the solid. It is defined as the difference
between the potential immediately outside the solid surface (vacuum
level) and the Fermi energy in the solid. In a metal at 0 K, the
highest energy electrons are at the Fermi level; in a semiconductor or
insulator, the Fermi level usually lies within the forbidden gap,
defined as the energy difference between the top of valence band
and the bottom of the conduction band. In general, there are two
types of methods for determination of the work function: one is the
contact potential, which is the energy transfer of electrons from one
metal to another. Another is the escape of electrons from a solid
surface, which includes photoemission, thermionic and field emission.
Different methods and experimental conditions can lead to

widespread difference in the results, which usually depend on the
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surface conditions. Our research has focused on the photoemission
method.

The determination of the work function of a metal by
photoemission, can be either by the lowest frequency of light at
which photoemission occurs or by the highest electron energy for a
given exciting photon. However, the thresholds are usually not
sharp, which is due to either the spread in the Fermi distribution at
high temperatures which permits photoemission for hv < ® or to the
measurement of photoemission from polycrystalline materials. The
measurements from polycrystalline sample may yield different
average work functions, and even the results from a single-crystal
surface can be distorted by the presence of exposed patches of other
orientation faces.

In photoemission, when a metal sample is electrically
connected to the collector of the spectrometer, there always exists a
small electric field between them due to the difference in work
function of the sample and the collector, where the sample metal and
spectrometer have the same potential at the Fermi level. If the
spectrometer collector has a higher work function than the metal
sample, then the electrons leaving the sample will be retarded by the
electric field existing between the sample and the spectrometer
collector. In a quantum yield spectrum with no bias voltage, the
measured work function is for the collector instead for the metal
sample. Therefore a compensating bias voltage is needed to extract

the emitted electrons to obtain the correct work function. In an

energy distribution curve (EDC) the measured kinetic energy E,, will
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be lower than the true kinetic energy by an amount (¢,P—¢,) (Figure

1-6).

PHOTON SQURCE
SAMPLE

— ANALYZER

METAL NONME TAL

Figure 1-6. Correction of the binding energy EZ. for metal and
nonmetal samples: (a) if a metal has lower work function than that of
the spectrometer, the binding energy has to be corrected as
E) =hv-E,—-(¢,—-¢,); (b) the binding energy of a nonmetal has to be
corrected with respect to both the work function difference and the
surface charge on the sample, E, =hv-E, —(¢9,,—E,)-¢,.

The binding energy, with respect to the vacuum level, has to

be corrected by the difference



25
E. =hv-E,—-($,-9,) (1-3)

where the hv is the photon energy.’

In insulators and semiconductors, the correction term for the
difference of the work function is (¢,—-E,) where E, is the energy
from Fermi level to the vacuum for the sample. In addition, when
the electrons leave the sample, there is a positive surface charge
existing on the sample due to the lack of good conductance. The
surface charge will decelerate the emitted electrons, and the amount
of energy lost equals the surface charge; therefore, the binding

energy with respect to the vacuum level is

E\f:c:hv-Eb'u-(‘psp_Ef)_¢ch (1-4)

where ¢, is the surface charge. Because it is difficult to determine
the work function or binding energy with respect to the vacuum
level for insulators or semiconductors, an alternative measurement is
the threshold energy E, which is the energy difference from the top
of the valence band to the vacuum level [47][48].

Fowler[49] developed a theory to accurately determine the
work function for metals by fitting the tail into the theory. He
explained that the causes for broadening are the results of the
diminishing number of electrons with sufficient energy to overcome
the work function as the electron approaches the vacuum, and
changes in the band structure resulting from the temperature effect.
The latter factor is not very important to the broadening; the former

is related to the concept of the conservation of linear momentum
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parallel to the surface. He developed a data analysis method to
extract the work function ¢ from the temperature-dependent
spectral quantum yield and also from the energy distribution curve.

The equation derived from momentum conservation is

log(TLz)=8+logf(h‘;c;¢) (1-5)

where j is the photocurrent, f is a tabulated function, B is a constant
independent of v and T, and ¢ is the work function. The plot of
log(%.z) vs hY/. is called the Fowler plot; the horizontal shift yields
the work function while the vertical shift gives the constant B.
Although these results were derived carefully, they were only rough
approximations when compared to more recent data because of the
poor vacuum conditions used in earlier experiments.
Temperature-dependent studies are wusually plagued by
changes in surface condition with temperature. It is nearly
impossible to avoid contamination of the surface as the temperature
is lowered. For a theoretical temperature study, it is customary to

express the temperature dependence of the work function as [50]

de _ 99 9 -
dr'3a(alnv),+(ar)v (1-6)

in which a is the expansion coefficient. The first term on the right-
hand side is the volume dependent term, while the second term is
the explicit form of the temperature dependence. The volume

dependent term is a function with dipole moment dependence; the



27
temperature dependent term is related to the change in the ionic
charge induced by vibrational changes. These two terms have
contributions with opposite signs; therefore they almost cancel each
other. For example, Cu has +3k and -1.6k for the volume and the
temperature dependent terms, respectively, where k is Boltzmann's
constant. This fact adds difficulty to experiments designed to obtain
reasonable information on the change of the work function with
changes in temperature. Considering that the electrical potential
induced by the lattice vibration can be screened by electrons, a more
reliable calculation was performed with the pseudopotential
formalism in which the potential induced by lattice vibrations is

smeared out [51].

I1.C4. Direct and Indirect Transitions in Photoemission

Energy distribution curves (EDC) usually show various features
which are ultimately related to the electronic band structure, and the
features of the spectra show up in a way relating to the nature of
optical transition. To distinguish between direct and indirect
transitions from the features of spectra provides additional
information for exploring the electronic band structures. The criteria
are based on the variations of the energy distribution features with
different exciting photons in the photoemission.

For a direct transition between discrete levels, the excited
electrons originating in the bulk are excited to the empty states in
the conduction band without phonon assistance. Therefore, the k

vectors in the initial and final states have to be identical. Such a
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constraint usually forces the summation of the initial state energy
and the photon energy to be equal to the final state energy, and
leads to two sorts of features in the experimental EDC: (1) the
structure will appear and disappear abruptly at different photon
energies, and (2) an increase of the photon energy by a certain
amount, Ahw, does not result in a peak-shifting to a higher energy by
Ahw. The former effect is because the transition probability varies
with photon energy, such that the occurrence of any optical
transition in photoemission is associated with a critical point in the
final state, the critical point is more a saddle point rather than a
maximum or minimum position in the density of states curve. The
latter is because various photon energies will emit electrons from
their corresponding initial states in k-space. The energies of the
initial states depend on the curvature of the valence band [53].
(Figure 1-7b)

For an indirect transition, the probability of an electron excited
to the energy E from a lower energy E-fw by the photon energy hw
is proportional to the product of the initial and the final density of

states, and the energy distribution of photoemitted electrons D(E) is
D(E)=CT(E)N,(E-hw)N,(E) (1-7)

where N, and N, are the initial and final optical density of states, C is
a constant, and T(E) is the escape function which is determined from
the experimental data. Because the indirect photoemission is
determined both by the empty high density of final states and by the

high density of initial states, the emission peak in EDC either (1)
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remains and is located at a constant energy in the distribution curve
when the energy of photons is changed, and the energy of such a
peak corresponds to the location of a maximum density of the final
states, or (2) moves to a higher energy in an increment exactly equal
to the amount of change of photon energy, corresponding to a peak in
the density of filled valence band states [52]. (Figure 1-7a)

In the direct transition, if the wave functions of the initial state
and the final state are well described by the Bloch wave function,
and the excitation only involves a single electron, then the initial and
final values of k must be the same. In contrast, for the indirect
transition, the excitation does involve more than the single electron,
for example electron-phonon scattering, the overall k may be still
conserved (conservation of momentum) without the k values being
the same in the initial and final states.

For solids with d-state electrons, such as transition metals, the
bands are quite flat, and for such flat bands it sometimes is difficult
to determine whether the transition is direct or indirect. The way to
distinguish the transitions is to measure the temperature
dependence and to compare the absolute quantum yield magnitude,
because indirect transitions have obvious temperature dependence

and lower quantum yield magnitudes [52].
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Figure 1-7. Schematic representations of indirect and direct

transitions. (a) A photoemission energy distribution for indirect
transitions with constant matrix elements. The low energy peak is
fixed in energy corresponding to a high density of states in the
empty conduction band; the high energy peak that moves in energy
by an amount exactly equal to the change in photon energy,

Ao = ho' ~hw, corresponds to a peak in the density of filled valence
band states. (b) The direct transition processes. Because of the
energy variations in the initial states, the important features in EDC
move to higher energies at a somewhat slower rate than the increase
in photon energy.

Another criterion was proposed by Spicer [43], that a nondirect
transition can take place in the excitation process in the three-step
model. The nondirect transition has a peak with the characteristics
of an indirect transition, and the peak moves to higher energy by an
amount that is exactly equal to the increment of the photon energy,
except that it is temperature independent. The suggestion was based

on the experimental results from the semiconductors Cs3Bi and Cs3Sb,
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and the metals Cu and Ag [53][54]. He interpreted the effects as due
to a weak overlap of valence state wave functions on adjacent lattice
sites, and energy conservation instead of momentum conservation
becomes the selection rule for the optical transition.

However, the interpretations are not without controversy. The
transitions in the energy distribution curves for Cu and Ag were
interpreted as nondirect processes by Spicer; whereas the results
obtained by Smith [55] indicate direct transitions. Both model
calculations of the energy distribution of the joint density of states
and experimental spectra of the energy distribution curves were
used to prove that the transition processes are direct. Other
measurements of Cu and Ag with higher photon energy, 10 - 27 eV,
also indicated that the transitions are direct rather than nondirect
processes [56]. The discrepancies are due to the fact that the three-
step model is too simple to interpret all the photoemission

phenomena [57].
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CHAPTER 11

THE PHOTOEMISSION APPARATUS AND PHOTOEMISSION STUDIES

IIA. Introduction

Alkalides and electrides are very sensitive to air, moisture and
temperature. Except for-a few compounds, most alkalides are usually
highly unstable and will decompose at temperatures higher than -20
°C, even under inert atmosphere or vacuum conditions; the electrides
are even more unstable and the decomposition temperature is lower,
with decompositions setting in when the temperature is higher than
-40 °C [8,58].

For these materials, the experimental conditions have to be
restrictive. Many measurements of bulk properties can be
performed if the samples are transferred in a glove bag that is filled
with nitrogen gas or in a dry box; however, an even more restrictive
condition is required for the surface measurements, since the
materials are so reactive that their surfaces are easily decomposed,
or can become contaminated‘, especially at low temperatures. Based
on the above considerations, the present photoemission apparatus
was built to circumvent these difficulties. The design permits the
sample to be loaded under a high vacuum environment at low
temperatures to minimize decomposition.

Two photoemission apparatuses had been built in the past, but
both systems were not without problems in vacuum and sample

loading. The first one was made entirely from Pyrex, except for the
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metal electrodes. The vessel was pumped by a small ion pump, and
the vacuum was maintained at only 10-4 torr [18]. The second
photoemission apparatus was constructed of stainless steel; however,
most of the O-rings used at the joints were Viton instead of copper
gaskets. Such sealing introduced the possibility of leakage caused
either by the shrinkage of the gaskets at low temperatures or by the
deterioration of the gaskets by organic solvents such as
methylamine. Although the system was pumped by a
turbomolecular pump, the vacuum could reach only 10-5 torr [59].
In both previous systems the loading of samples had to be
performed in a glove bag, so that we could not rule out the
possibility of a trace amount of moisture being condensed on the
surface of sample. As mentioned earlier, the surface quality is so
important for photoemission studies that we decided to design a new
system to decrease the chance of the sample coming in contact with
air or moisture.

Thermionic emissions from the alkalides and electrides had
been observed in the previous system [72]. However, the
phenomena did not show up in this new system. We infer that the
thermionic emissions might be from the surface reactions or the
surface contamination due to the lower vacuum of 10-5 torr, which is
compared to this new system with vacuum of 10-8 torr.

Alkalides and electrides have very unusual properties due to
the presence of weakly bound ns2 electrons in anions and as trapped
electrons in electrides. The apparent band gaps of most alkalides are
low (0.8 -1.5 eV), which probably results from defect electr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>