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Producing a metal photocathode with a low work function (WF), low emissivity, and high quantum
efficiency is a matter of importance in the design of the next generation of free-electron laser facilities.
General rules for the design of appropriate materials are currently unclear and difficult to elucidate from
observations of structure-composition relationships of known photocathodes. In this work, high-quality
density-functional-theory electronic structure calculations and a simple physical model are employed to
develop design rules for photocathodes based on metallic alloys. A theoretical study of metal alloys for
photocathode applications is presented, in which high WF, stable copper is paired with low WF, unstable
barium in two alloys, Cu;3Ba and CuBa. Surfaces terminating in a plane of Ba atoms have a lower com-
puted surface energy than those terminating in Cu atoms due to surface segregation of the larger Ba atoms.
This results in a significant surface dipole due to the interatomic charge transfer from the differences in
electronegativity of the species. The details of the surface structure determine the direction of the dipole
and thus have a strong influence on the computed WF. The computed WF of the Cu;3Ba Ba-terminated
(100) surface is even lower than that of pure Ba, at 1.95 eV. The computed quantum efficiency (QE) of the
best-performing pure Cu surface is 5.86 x 107°, whereas the best-performing Cu;3Ba surface terminates
in a plane of Ba atoms and has a significantly increased QE of 5.09 x 1073, A surface terminating in two

planes of Ba atoms, the (001) surface of CuBa, has an even higher computed QE of 1.38 x 1072,
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I. INTRODUCTION

Free-electron lasers (FELs) are single-pass machines
that use unbound electrons to generate coherent, tuneable
radiation from THz to x rays. Free electrons are generated
by a photocathode, accelerated to relativistic speeds in a
linear accelerator, and passed through an undulator where
they form coherent bunches. The radiation emitted by these
bunches of electrons has very high peak brightness, at
least 9 orders of magnitude higher than state-of-the-art
synchrotron sources [1], and is capable of femtosecond,
or even attosecond time resolution [2]. An x-ray FEL
can therefore explore chemical processes on their natural
length and timescale, 1 A and 1 fs, allowing information
to be obtained in a manner that has not been possible to
date.

In next-generation FELs, the quality of the electron
beam determines the consistency, intensity, coherence, and
time resolution properties of the radiation produced by the
FEL. The photocathode, which is laser illuminated in an
rf cavity, must exhibit a low work function (WF), a high
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quantum efficiency, be robust, have low emittance, and a
fast response time. The development of such a photocath-
ode is critical to the improvement of FEL facilities [3].
Currently, metal photocathodes are used due to their
high durability and fast response time. For example, pure
polycrystalline copper is currently used as the photocath-
ode material in the FEL at the Linac Coherent Light Source
at the SLAC National Accelerator Laboratory. Copper
photocathodes have been shown to be stable for years in
the vacuum of the rf-gun environment [4]. However, their
quantum efficiency (QE), a measure of how many electrons
are ejected from the photocathode per incident photon, is
low compared to semiconducting photocathodes. The typ-
ical QE of a metal photocathode such as copper is on the
order of 107>, whereas that of a typical semiconductor
is much higher, on the order of 1072 [3]. A high QE is
desired to maximize the energy density in each bunch of
the electron beam. Typically, metal photocathodes need
to be driven by short wavelength UV lasers due to their
high WF, the minimum energy required to extract an elec-
tron. But, the technical challenges of a suitable UV drive
laser are vast so it is desirable for the cathode drive laser
to operate at visible to near IR wavelengths [3]. This is
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facilitated by a cathode with low WF and high QE that
emits an electron beam of exceptional quality.

Numerous techniques have been trialed to reduce the
WF and increase the QE of metal photocathodes. Recent
examples include coating them with atomically thin two-
dimensional (2D) nanomaterials [4], and using computa-
tional design to simulate oxide thin films such as MgO and
BaO on Ag(100) [5].

It has been shown that the QE of the metal-based alloys
Mg-Ba and Al-Li is significantly higher than Mg and Al
[6]. It has also been shown that alloying low-melting point
metals (Pb, Bi, Ga, In) with alkali metals, results in a dras-
tic decrease in the WF at low concentrations of the alkali
metal. This has been explained, in part, by the significant
change in the lattice parameters induced by alkali metal
doping [7].

A. General considerations

An alternative approach is to use a metal with a low
WF such as Ba, with a WF of about 2.5 eV, compared to
about 4.7 eV for Cu. Ba is, however, extremely reactive
and easily oxidized, and the oxidized surface is both unpre-
dictable in application and has a significantly increased
WF, making the pure metal unsuitable for photocathode
applications.

However, chemical stability may be able to be achieved
by alloying with a very stable metal. Charge transfer may
also be possible between the metals, which could be used
to reduce the surface potential and result in a low WF alloy.
Surface segregation could also be used to change the sur-
face composition, while maintaining the long-range order
of the bulk alloy. These desirable properties suggest alloy-
ing two metals with very different electronegativities and
atomic radii.

In the current work, a photocathode design strategy
based on alloying a high WF, stable metal (Cu) with a low
WEF, chemically unstable metal (Ba) is explored. Two sta-
ble alloys, Cuj3Ba and CuBa, are known according to the
phase diagram by Braun and Meijering [8]. A detailed the-
oretical study of these alloys and their surface terminations
establishes the relationship between alloy composition,
surface structure, and the resultant WF and QE. In addition
to suggesting a promising photocathode material, this work
suggests an alternative approach to photocathode design.

II. COMPUTATIONAL DETAILS

Density-functional-theory (DFT) calculations are car-
ried out using CASTEP 8.0 [9]. A plane-wave basis set is
used with ultra-soft pseudopotentials generated on the fly
by CASTEP to approximate the properties of the core elec-
trons. Electronic exchange and correlation are computed in
the generalized gradient approximation (GGA) using the
PBEsol functional [10]. This functional is chosen because
it is designed for solid-state and surface systems and is

found to reproduce the experimental lattice constants and
surface energies well.

The number of k-points required to sample the Brillouin
zone is implemented using the Monkhorst-Pack (MP) [11]
method and a smearing width of 300 K is introduced to
converge the total energy. Electronic optimization is ter-
minated when three consecutive total energy calculations
are within 107% eV per atom. The convergence criteria
for geometry optimization calculations are 0.001 A for
displacement distance and 0.05 eV/A for forces between
atoms.

Thickness of the slabs is increased until the separation
of the central layers reproduced those of the bulk material.

The surface energy, y, is given by

E —

_ Eap 2AnEbulk. )
Eq.p is the energy of a slab of n layers, Eyyk is the energy
associated with the bulk material, and 4 denotes the 2D
surface area of the surface unit cell.

Using a 550 eV cutoff energy for bulk Cu, Ba, Cu;3Ba,
and CuBa, the total energy is converged to 1 meV/atom.
The k-point grid is varied for each material based on the
unit-cell dimensions until convergence of 0.1 meV/atom is
achieved.

Surfaces are simulated as 2D periodic slabs, which, for
computational convenience, are represented as a three-
dimensional (3D) periodic series of stacked slabs of solid
material separated by vacuum gaps (the so-called 3D peri-
odic slab model). The key parameters governing the extent
to which this model represents the free surface of the bulk
crystal are the thickness of the slab and the size of the vac-
uum gap. The thickness of the slabs is found by converging
their surface energies to within 1072 J/m?. Terminations
are chosen to ensure the slabs are symmetrical, as necessi-
tated by the 3D periodic slab model, since the two surfaces
of the slab exposed to the vacuum must be identical. The
size of the vacuum gap is increased until the charge den-
sity is close to zero in the middle of the gap, ensuring no
interaction between adjacent surfaces.

The Cu slabs are 14 atomic layers thick with a vacuum
region of 20 A between repeating slabs, and the Ba sur-
faces are composed of 12 layers and a 25 A vacuum. The
displacement upon relaxation of atoms in the center of the
slab vs the bulk interplanar distance is found to be less
than 1%.

The Cuy3Ba slabs, those cut by the (100), (110), and
(111) Miller planes, are 13 layers thick with a vacuum
region of 20 A and the CuBa slabs, those cut by the (001),
(100), and (101) Miller planes, used a vacuum region
of 25 A.

Three different terminations exist for the CuBa slabs cut
by the (001) plane; two Ba-terminated surfaces and one
Cu-terminated surface. Of the two Ba-terminated slabs, the
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TABLE I. Experimental [18,19] and computed lattice parame-
ters for the conventional copper and barium unit cells, measured
in A.

PBEsol (this work) Expt APBEsol—Expt
Copper 3.561 3.597 1.00%
Barium 5.028 5.015 0.26%

first has one layer of Ba atoms on the surface (one Ba), and
the other has two layers of Ba atoms (two Ba). The one-
Ba termination is 15 layers thick, the two-Ba surface is 17
layers thick, the Cu-terminated surface is 13 layers thick,
and the (100) and (101) surfaces are 23 and 32 layers thick,
respectively.

The WF is estimated from the DFT eigenvalues as
the difference between the Fermi energy and the average
potential in the center of the vacuum region of the 3D
periodic cell.

The photoemission model used to study QE of the metal
and alloy surfaces is developed by Camino [12], based on
Spicer’s three-step model [13]. Camino’s model allows the
QE to be decomposed into contributions from each atomic
layer and assumes electrons are excited to the conduction
band and, if the final state is above the vacuum level, an
electron can be emitted. This is supported by the exper-
imental evidence [14,15]. The inelastic mean free path
(IMFP) of the photoexcited electrons is calculated using
the theoretical method described by Nagy and Echenique
[16]. The IMFP of Cu and Ba is estimated to be 3.00 and
2.14 A, respectively.

A photon energy of 4.7 eV is specified for QE measure-
ments since this is approximately the energy emitted from

the third harmonic of a Ti:sapphire laser, as used in the
CLARA FEL at Daresbury Laboratory [17].

III. RESULTS AND DISCUSSION

A. Pure copper and barium

Copper adopts the fcc structure, belonging to space
group 225. Barium adopts the bee structure and belongs to
space group 229. Their lattice parameters have been deter-
mined by x-ray diffraction at room temperature in Refs.
[18] (Cu) and [19] (Ba). These parameters are compared
to the calculated lattice parameters and are reproduced to
within 1% by the computed values (Table I).

The experimental lattice parameters are reproduced with
typical accuracy for DFT by the calculations employed in
this work, varying by 1% or less. Surface relaxation is
also studied and is consistent with previous findings for
Cu, although no previous work on Ba low-index surface
relaxation could be found. These results are summarized
in Table II. The variation in the interlayer spacing between
the bulk and the center of each simulated slab is below
1%, indicating the slab is of sufficient thickness to effec-
tively simulate the bulk material at its center. As discussed
by Rodach et al., the general trend is reproduced quite well
compared to the EAM, however the absolute values differ
and even values reported by Foiles et al. differ substan-
tially from those obtained by Ning et al. using the same
method. Compared to the more modern calculations using
the PAW method by Punkkinen ef al., the general trends
are well reproduced, with a smaller discrepancy in abso-
lute values. For both Cu and Ba, the relaxation decays
quickly with increasing distance from the surface, becom-
ing more and more like the bulk interlayer spacing towards

TABLE II. Calculated layer relaxations for the low-index surface of Cu and Ba, given as a percentage of the bulk interlayer spacing.
8.—p indicates the difference in interlayer spacing between the center of the slab and the relevant bulk parameter, as calculated in this
work.
Cu(100) Cu(110) Cu(111)
Sc—b d12 823 834 8e—b 312 823 834 Se—b 312 323 834
This work 0.05 -2.29 1.10 0.15 -0.70 —-9.62 442 —124 —-0.01 —-0.84 0.24 0.08
LDA? [20] - —3.02 0.08 —0.24 - -9.27 277 —1.08 - —-1.27 —-0.64 —0.26
PAW® [21] - —1.20 0.03 0.58 - - - - - —0.31 0.04 0.31
EAMC [22] - -379 —-0.54 0.02 - —8.73 1.56 1.20 - —2.48 —0.04 0.00
Expt. - —1.10¢  1.70¢ - - —8.50°  2.30° - - —0.70f - -
Ba(100) Ba(110) Ba(111)
8cp 312 823 834 8c—p S12 823 834 8cp 312 823 834
This work 0.55 4.46 —4.39 1.97 0.00 0.06 0.10 —-0.03 —-042 2327 -=31.73 5.74

2Local-density approximation.
bProjector-augmented-wave method.
°Embedded-atom method.
dExperiment, Ref. [23].
°Experiment, Ref. [24].
fExperiment, Ref. [25].
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TABLE III. Comparison of surface energies and work function for the low-energy surfaces of Cu and Ba.
Copper Barium

(100) (110) (111) (100) (110) (111)
Surface energy (J/m?) 1.83 1.93 1.66 0.37 0.55 0.45
Previous calculations 1.76* 1.88% 1.592 0.42° 0.41° 0.50°

2.15° 2.19° 1.94° 0.35° 0.38° 0.40°
Experiment - - 1.834 - 0.38¢ -
Athis work—prev. calc.a(Cu) and b(Ba) (%) 38 26 42 119 140 100
WF (eV) 4.46 4.40 4.73 2.22 2.32 2.30
Previous calculations 4.43% 4.48° 4.98° 2.31° 2.38 2.29°
Experiment 4.59° 4.48° 4.94f - - 2.70¢
Athis work—prev. calc. (%) 0.7 1.8 5.0 3.9 2.5 0.4

2PBEsol functional, Ref. [29].

"PBE functional, Ref. [30].

°Full charge density method, Ref. [31].
dExperiment, Ref. [32].

°Experiment, Ref. [33].

fExperiment, Ref. [34].

¢Experiment, Ref. [35].

the center of the simulated material. The Ba(111) face
demonstrates large surface relaxations due to its low pack-
ing density. Other bce metals, such as Nb, W, and Fe, also
show large surface relaxations where the spacing of the top
two or three layers varies drastically compared to the bulk
interlayer spacing [26-28].

The surface energy and WF of the bulk terminated but
fully relaxed slabs cut along the (100), (110), and (111)
Miller planes are reported in Table III. They are compared
to previous calculations and experimental values deduced
from liquid surface-tension measurements.

For the Cu surfaces, the computed surface energies are
in good agreement with the results from a similar theoreti-
cal study, the values all within 5% of each other [29]. For
the Ba surfaces the agreement is less good, surface ener-
gies differing by 10%—14% from values found by Wang
and Wang [30] and Vitos et al. [31].

All calculated WF values are within 5% of previous
theoretical works [29,30]. When comparing WF values to
those obtained from experiment, one must keep in mind
surface reconstruction and/or contamination can signifi-
cantly affect the observed values. For example, the WF of
metals that absorb gases such as O, strongly is very sen-
sitive to the measurement and preparation environments.
For example, Delchar found that the WF of the Cu (100)
surface increased from 4.6 to 4.9 eV in the presence of a
(v/2 x +/2)R45° oxygen overlayer [36]. Thus care must
be taken when comparing the computed WF for an ideal-
ized model of a surface and that measured on a particular
sample.

The QE of the low-energy Cu and Ba surfaces are sum-
marized in Table IV. The Ba surfaces have a much higher
QE than the Cu surfaces, the main contributing factor
being the difference in WF.

B. Bulk alloy structures

The Cu-Ba phase diagram contains two stable alloys,
Cu;3Ba and CuBa [37]. Cu;3Ba is 93 at.% copper, but the
7 at.% barium has a profound influence on the properties
of the material. For example, the melting point is reduced
compared to pure copper, from 1085 °C to the peritectic
transformation temperature of 758 °C. As Jesche et al. [37]
have demonstrated, single crystals of Cu;3Ba can be eas-
ily grown in the laboratory due to the deep eutectic in the
phase diagram.

Crystals of Cu;j3Ba belong to space group 226, charac-
terized by the fcc NaZns structure type. The calculated
optimized lattice parameter is 11.532 A, which is in good
agreement with that determined by x-ray diffraction at
room temperature of 11.697 A (1.4% higher, Wendorff
and Rohr [38]) and 11.719 A (1.6% higher, Braun and
Meijering [8]). The unit cell is visualized in Fig. 1.

The crystal structure of the 50/50 mixture, CuBa,
belongs to space group 194 and consists of close-packed
planes of trigonal prisms of Ba, with Cu at their center,
arranged along the (001) direction. Chakrabarti and Laugh-
lin [39] found that weak Ba—DBa bonds exist between
planes, meaning the alloy behaves as a layered structure.
Figure 2 displays the conventional unit cell, as well as two

TABLE IV. Calculated QE values for the low-energy surfaces
of pure Cu and Ba.

Cu Ba
(100) (110) (111) (100) (110) (111)
QE (x1077) 084 7.67 58.60 - - -
QE (x1073) - - - 875 649 7.78
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FIG. 1. The unit cell of Cuj3Ba, looking along a crystallo-
graphic (100) axis (left) and in perspective (right). There are
112 atoms in the conventional unit cell; 104 Cu atoms (blue) and
8 Ba atoms (green).

representations where the unit cell is expanded by a factor
of 3 in all directions to highlight the layered structure and
hexagonal symmetry.

The unit cell is characterized by the lattice parame-
ters a=b #c, and « = 8 =90°, y = 120°. The lattice
parameters a and b are calculated to be 4.376 A and ¢ is
found to be 16.211 A. The experimental values deduced
from x-ray diffraction [40] are a = b = 4.499 A and ¢ =
16.250 A, differing by 2.7% and 0.2%, respectively, from
the calculated parameters.

C. Cuy3Ba surfaces

The low-energy surfaces are those cut by the (100),
(110), and (111) Miller planes from the bulk crystal. The
formation energy, Eformation, 1S calculated with regard to the
energy per atom of bulk Cu (E¢y atom) and Ba (E, atom):

Egap — (nCu X Ecyatom) — (nBa X EBy atom)
Eformation = 4 5

)

where Ej,p, is the energy of the Cuj;Ba slab and #nCu and
nBa is the number of Cu or Ba atoms in that slab. Ecy atom
and Eg, aom denote the energy associated with one Cu or

TABLE V. Comparison of formation energies and work func-
tion for the low energy surfaces of Cu;;Ba.

(100) (110) (111)
Terminating atom Ba Cu Cu Cu
Eformation (J/m?) 0.69 1.75 1.90 1.55
WF (eV) 1.95 431 4.29 3.92
QE (x107%) 50.9 1.52 0.84 2.47

Ba atom in bulk Cu or Ba. This definition allows the for-
mation energy of surfaces with different stoichiometries to
be compared.

For the (100) slab, there are two bulk terminations that
resulted in symmetric surfaces. One termination places
barium atoms on the surface, and the other termination
places copper atoms on the surface. Table V contains
results of calculations of formation energy and WF for
each slab.

The computed WF of the (110) and (111) slabs is
between that of the WF of the corresponding pure Cu
and Ba slabs. This is consistent with a generalization of
Vegard’s law to the WF since the unit cell of Cu;3;Ba sur-
faces is mostly composed of Cu, so the properties may
be expected to closely align with those of pure Cu. The
result for the (100) slab, with its Ba and Cu terminations
is, however, not consistent with this simple model, as seen
in Fig. 3.

The WF of the Cu-terminated (100) slab is, again, sim-
ilar to that of the Cu-terminated (110) and (111) slabs.
However, the WF of the Ba-terminated (100) slab is much
lower, 1.95 eV, which is even lower than that of the pure
Ba (100) slab (2.22 eV). This unexpected result can be
rationalized by looking at the charge distribution within
the alloy.

The Pauling electronegativity of Ba is 0.89, whereas Cu
has a value of 1.90. One therefore expects a significant
charge transfer from Ba to Cu in the alloy. A Bader charge
analysis [41] revealed that, in the bulk, each Cu atom has
0.09 more electrons in its Bader volume and each Ba atom
had 1.19 fewer. The results are shown in Table VI. The

FIG. 2. The conventional unit cell
of CuBa (left). There are four of
each species in the unit cell, which is

expanded by a factor of 3 in all direc-
tions (middle and right). The black trian-
gle highlights the hexagonal symmetry.

064061-5



NAPIER, CHANG, NOAKES, and HARRISON

PHYS. REV. APPLIED 11, 064061 (2019)

(100) Cu-terminated

FIG. 3. The Cu;3Ba Ba-terminated surface (top) and the Cu-
terminated surface (bottom). The unit cell is repeated four times
in the a and b directions to highlight the different terminations.

Ba-terminated (100) slab exhibits the lowest formation
energy, 0.69 J/m?. This suggests that even in somewhat
disordered and granular materials the Ba atoms are likely
to segregate to free surfaces and grain boundaries. This is
also consistent with the general tendency of larger atoms
in alloys to surface segregate [42].

The Bader analysis suggests that the bulk crystal can be
considered to be Bat!!® and Cu="%. The average charge
on each atom is similar for the surfaces and bulk. This
nonuniform charge distribution can generate a significant
surface dipole depending on the details of the surface ter-
mination and structure. If the dipole is thought of as going
from an area of net negative charge to an area of net pos-
itive charge, then it is pointing into the surface for each
slab; except for the (100) Ba-terminated slab, where the
dipole is pointing out of the surface. This results in a large
reduction in the WF of the Ba-terminated (100) surface, in
contrast to each of the Cu-terminated slabs for which the
WEF is increased.

It has previously been observed that organic dipole
layers on Au and Ag reduced their WF, and a linear rela-
tionship existed between the size of the surface dipole
moment and WF [43]. It has also been reported that the WF
of an indium-tin oxide electrode could be reduced if the
dipole vector due to a self-assembled monolayer (SAM) is
pointing away from the electrode-SAM interface [44]. In
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FIG. 4. Density of states (DOS) of (a) Cu(100) and (b) Ba(100)
slabs. Cu has a large DOS below the Fermi energy and Ba
exhibits a large DOS below the photon energy.

the context of the current results, this suggests a general
design principle for decreasing the WF of alloy surfaces
by engineering structures with large interatomic charge
transfer and surface dipoles.

In addition to a reduction in WF by specific surfaces, the
DOS should be considered. The process occurring in step
one of Spicer’s three-step photoemission model is excita-
tion of electrons from the valence band to conduction band.
In order for the QE to be maximized, the DOS should be
large in energy regions where electrons are being excited
from and there should also be a large number of states
electrons can be excited into.

Electrons can be excited to any state between the Fermi
energy and the photon energy (properly weighted by

TABLE VI. Bader charge analysis of the Cu;3Ba slabs and bulk. The values correspond to the average number of extra electrons
associated with each element.

(100) (110) (111) Bulk
Terminating atom Ba Cu Cu -
Extra electrons per Cu atom +0.14 +0.08 +0.06 +0.09 +0.09
Extra electrons per Ba atom —1.20 —1.19 —1.18 —1.25 —1.19
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FIG. 5. DOS of the Cu;j3Ba (100) Ba-terminated (a) and Cu-
terminated (b) slabs. The highlighted regions correspond to the
states electrons can be excited from and into. The states able to
participate in electron excitation are much larger when the WF is
lower.

the Fermi golden rule). However, only electrons that are
excited to states above the WF can be emitted: a small
fraction of the total excited electrons.

In order to maximize the QE, the number of allowed
transitions, the number of states from which a photoexcited
electron can be emitted, and the number of photoexcited
electrons need to be maximized.

It is possible, therefore, to use the DOS of the pure metal
as a guide to the QE of the alloy. Figure 4 shows the com-
puted DOS of the (100) slabs of pure Cu and Ba, revealing
a large DOS on Cu in the energy interval below the Fermi
energy and a large DOS in the region below the photon
energy on Ba. Mixing these two in an alloy, Cu;3Ba, yields
the DOS plotted in Fig. 5, with a large number of states in
the required regions, highlighted in blue.

It is clear that combining Cu and Ba gives rise to a
greater DOS in the required regions compared to pure
Cu and Ba alone. Significantly more electrons are there-
fore available to be excited and emitted from the alloy
compared to the pure metals.

(@7 T T - ¢
i | i 1 |— Bainmiddle
6 ! ! ! Ba on surface
. . .
9 - ! 1
g i i
2 4r | i 7
° r i i
) 1 1
Z 3r i i 7]
5 i i
S ar . 2
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-10 -2.75 0 195 47 10
Energy (eV)
(®),

Density of states

Energy (eV)

FIG. 6. DOS of the Cuj3Ba Ba-terminated (a) and
Cu-terminated (b) (100) slabs projected onto the different
types of atoms. (a) The blue lines relate to the electronic states
localized on different Cu atoms, the light green trace denotes the
states localized on Ba atoms at the surface, and the dark green
trace is the states localized on Ba atoms buried in the center of
the slab. (b) The blue trace is the Cu atoms and the green trace is
the Ba atoms towards the center of the slab. Only one type of Ba
atom exists in this slab.

The QE of each slab is summarized in Table V.
The Ba-terminated (100) slab exhibits the highest QE,
expected due to its low WF and large DOS in the relevant
regions. This slab has a QE over 30 times higher than the
Cu-terminated (100) slab, and the (110) and (111) slabs
perform similarly poorly by comparison. The main expla-
nation for the poor QE observed for the Cu-terminated
slabs is their high WF compared to the Ba-terminated (100)
slab. The WF of these slabs is so much higher due to the
fact that their dipole vector points into the surface, hin-
dering photoemission. The high WF also means a smaller
number of states are available to participate in the photo-
emission process, as seen in the highlighted regions of
Fig. 5, where the DOS of the low WF Ba-terminated
(100) slab and the high WF Cu-terminated (100) slab are
compared.
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TABLE VII. Formation energies, WF, QE, and interplanar
distance of the low-energy CuBa surfaces.

(001) (100)  (101)
Termination OneBa TwoBa Cu Cu/Ba Cu/Ba
Eftormation J/m?)  0.23 0.43 1.55 048 0.61
WEF (eV) 2.36 2.20 421 243 2.86
QE (x1073%) 6.53 13.80 0.08 1.51 0.5

Compared to pure Cu, the WF of the best-performing
surface studied here, Cu;3Ba, is over 850 times higher
than the best-performing Cu surface. Even the worst-
performing Cuj3Ba surface, (110), has a QE over 14
times higher than the best pure Cu surface. It is therefore
clear that alloying Cu with a small amount of Ba has the
potential to drastically improve its QE.

More information can be gleaned from the projected
DOS (PDOS), the DOS projected onto the different types
of atoms in each slab. Figure 6 compares the PDOS
of the Ba-terminated and the Cu-terminated (100) slabs.
The dashed lines denote the states electrons can be emit-
ted from and into during an excitation. Aside from the
much larger number of states available to participate in
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an excitation, the Ba-terminated slab has a large num-
ber of states localized on the surface of the slab. These
can be seen in image (a) of Fig. 6, in the region from
1.95-4.70 eV, which is highlighted in light green. If an
electron is excited from states below the Fermi energy,
localized on Cu atoms, they are most likely to be excited
into states localized on Ba atoms on the surface of the
slab due to their large contribution to the PDOS. Elec-
trons excited to these states at the surface of the crystal
are likely to be emitted with insignificant inelastic scatter-
ing and thus contribute to the QE. This can be compared to
the Cu-terminated slab, where the states able to accommo-
date excited electrons are located in the center of the slab,
meaning electrons will have a longer path to the vacuum
and are less likely to escape, resulting in a smaller QE for
this slab.

D. CuBa surfaces

The low-energy surfaces of CuBa are those cut by the
(001), (100), and (101) Miller planes from the bulk crys-
tal. Three different terminations exist for the (001) slab,
two Ba-terminated surfaces and a Cu-terminated surface.
Of the two Ba-terminated slabs, one has a single layer of

00O
o 000

© 0 00

© 00O

00 00 00 00 ©
0000
© 0 00O

(001) Cu-terminated

(101)

FIG. 7. Low-energy CuBa surfaces. The three possible symmetrical terminations of the surface cut by the (001) plane are shown,
along with the (100) and (101) slabs. Each unit cell is shown from the side and in perspective, as well as repeated four times in the x
and y directions to give a feel for the nature of the surface of each slab.
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TABLE VIII. Bader charge analysis of CuBa surfaces. The values correspond to the average number of electrons associated with
each element.

(001) (100) (101) Bulk
Termination One Ba Two Ba Cu Cu/Ba Cu/Ba -
Extra electrons per Cu atom +0.68 +0.67 +0.56 +0.73 +0.72 +0.67
Extra electrons per Ba atom —0.68 —0.56 —0.70 —0.68 —0.72 —0.23

Ba atoms on the surface (one Ba), and the other has two
layers of Ba atoms (two Ba).

The formation energy and WF of each slab is found in
Table VII and the slabs are visualized in Fig. 7.

Formation energies are calculated in the same manner
as for the Cu3Ba slabs. Similar to the Cu3Ba slabs, the
slabs with Ba atoms on the surface have the lowest energy,
suggesting Ba is likely to surface segregate in crystallites
of the alloy.

The WF of the slabs is also in agreement with findings
from the Cu;3Ba slabs. The Ba-terminated slabs show a

(a)100

! ! — Total DOS
0 ] -
3 :
$ 6o i 1
— 1
o 1
2
2 40 .
a
201 —
0
-10 -2.5 0 2.2 4.7 10
Energy (eV)
(b)
100 — Total DOS
80 h
3
g 60 -
S
o
2
z 40r -
a
20 —
% 10
Energy (eV)
FIG. 8. DOS of two different CuBa surfaces. (a) Two-Ba-

terminated (001) surface with regions electrons may be excited
from and into are highlighted in blue. (b) The Cu-terminated
(001) surface, showing that a higher WF leads to a smaller
number of states available to participate in the excitation process.

much smaller WF than the Cu-terminated slabs, due to
the direction of the surface dipole. Results from a Bader
charge analysis are summarized in Table VIII and confirms
the existence of a surface dipole for each slab. In the bulk,
each Ba atom in CuBa has 0.23 electrons fewer than nor-
mal, which can be compared to each Ba atom in Cu;;Ba
where 1.19 fewer electrons than usual are present. The
charge distribution is less polarized for CuBa than Cu;;Ba
and net charges are not equal in the case of some slabs
since the 1:1 stoichiometry is not maintained.

The DOS of the two-Ba (001) and Cu-terminated (001)
slabs are compared in Fig. 8. As for the Cu;3;Ba slabs, the
low WF of the two-Ba (001) slab also means that more
states are available to participate in photoemission than
the high WF Cu-terminated (001) slab. The QE values
(Table VII) reflect this observation, showing the slab ter-
minating with two layers of Ba atoms has a high QE of
1.38 x 1072

Again, in a similar fashion to the Cuj3;Ba slabs, the
PDOS of the two-Ba (001) slab in Fig. 9 reveals that of
the empty states into which electrons can be excited many
are localized on surface Ba atoms.

These Ba atoms are on or near the surface, meaning
excited electrons at the surface of the crystal are likely to
be emitted with insignificant inelastic scattering and thus
contribute to the QE. The available states for electrons to
photoexcite into on the Cu-terminated (001) slab are local-
ized mainly on Ba atoms, which are not on the surface
of the slab, resulting in a longer path to the vacuum for
excited electrons and thus a lower QE.

E. Oxygen adsorption

In the alloy, Ba is acting as a reductant, meaning the
Ba-terminated surfaces may be less likely to suffer from
oxidation than pure Ba since the Ba atoms on the sur-
face of the alloy slab are already electron deficient. The
computed charge of the surface Ba for the Cu;3Ba(100)
Ba-terminated surface and CuBa(001) one-Ba-terminated
surface (which have the lowest formation energy) is 1.20
and 0.68 less electrons respectively, compared to pure Ba.

Calculations of oxygen adsorption onto both Cuj;Ba
(100) and CuBa(001) Ba-terminated surfaces show that
adsorption to hollow sites is more energetically favorable
than adsorption to top sites. These sites are visualized in
Fig. 10.
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FIG. 9. PDOS of two different CuBa surfaces. (a) Two-Ba-
terminated (001) surface with the DOS projected onto the dif-
ferent types of atoms. The two layers of Ba atoms are shown in
light green, and the contribution to the DOS from the Ba atoms
in the middle of the slab are shown by the dark green lines.
(b) The Cu-terminated (001) surface. The Ba atoms are not on
the surface so are all shown in dark green.

Average binding energies per oxygen adatom, EbO, are
given relative to the clean surface and an isolated oxygen
molecule:

1

0]
Eb =~ O/surface — Egutace —
No

No

TEOZ) )

where Np is the number of adsorbed oxygen atoms,
Eo/surface 15 the total energy of the adsorbate-surface sys-
tem, Egymce 1S the total energy of the clean surface, and
Eo, is the computed energy of an isolated oxygen molecule
using the same computational details as for the bulk and
surface calculations. It is well known that the GGA func-
tional gives an overestimation of the O, binding energy
[45]. Nevertheless, this does not affect the main purpose of
this work.

The computed binding energy suggests that oxygen
is most strongly bound in hollow sites. For Cuj;Ba
(Table IX), adsorption to hollow sites increased the WF

FIG. 10. Hollow sites (top left) and top sites (top right) on the
surface of Cu;3Ba(100) and hollow sites (bottom left) and top
sites (bottom right) CuBa(001) Ba-terminated.

from 1.95 eV for the clean surface, to 2.45 eV for a
I-monolayer (ML) covering. Lower coverages of 0.5 ML
and 0.25 ML yielded smaller binding energies per adatom
and lower WF values compared to the 1-ML covering. The
QE of this surface is slightly reduced, from 5.09 x 103 for
the clean surface to 4.45 x 10~ for the 1-ML covering.
This slight reduction in QE is thought to result from the
reduction in the strength of the surface dipole that yields to
an increase in the WF.

For CuBa (Table X), adsorption to hollow sites reduces
the WF from 2.36 eV for the clean surface, to 1.38 eV
for a 1-ML covering. Lower coverages of 0.5 ML and
0.25 ML yielded higher binding energies per adatom and
increased WF values compared to the 1-ML covering.
The lower WF for a 1-ML covering is due to the for-
mation of a nonpolar BaO monolayer. Experimental and
theoretical studies of metal oxide thin films on metal sur-
faces has shown that the metal oxide thin film tends to
reduce the WF of the metal substrate [5,46,47]. This effect

TABLE IX. WF, QE, and binding energy of oxygen atoms
Ebo on the Cuj;3Ba(100) Ba-terminated surface for different
coverage.

O/Cuj;3Ba(100) ML WF(eV) EY(eV) QE(x1073)

Hollow 1.00 245 3.87 445
0.50 2.25 1.89 4.70
0.25 2.09 1.88 3.03

Top 1.00 7.24 —1.85 0
0.50 5.02 —0.32 0
0.25 3.54 —0.13 -

Hollow+top 1.00 7.52 1.33 0
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TABLE X. WEF, QE, and binding energy of oxygen atoms
E? on the CuBa(001) Ba-terminated surface for different
coverages.

O/CuBa (001) ML WF (eV) Ef (eV) QE
Hollow 1.00 1.38 387 443 x 1073
0.50  2.05 395  2.65x1073
025 223 399 470 x 107*
Top 1.00  8.80 —1.63 0
050  5.85 0.47 0
025  3.60 1.04 -

has been experimentally demonstrated in previous mea-
surements of WF from BaO thin films [48]. The QE of
this surface is slightly reduced, from 6.53 x 1073 for the
clean surface to 4.43 x 107> when covered in 1 ML and
it is reduced significantly to 4.70 x 10~ for the 0.25-ML
covering.

The adsorption of oxygen on the hollow sites of the
lowest formation-energy surface of both alloys is energet-
ically favorable. The computed WF and QE shows that the
adsorption of O on the surface has a rather small effect.
Nevertheless, the QE could be preserved through care-
ful preparation of surfaces, for example laser cleaning to
remove surface-adsorbed oxygen atoms. Here the adsorp-
tion of oxygen and formation of the oxide thin film is
modeled using a full monolayer of oxygen. This is likely
to be significantly more oxygen than is adsorbed in the
UHYV conditions etc in which the cathode is operated. This
suggests that the rather small changes in WF and QE for
oxide formation computed here represent an upper bound
on the effects of mild oxidation of the CuBa abd CuBal3
surfaces [49].

IV. CONCLUSIONS

Lowering the WF and increasing the QE of photocath-
ode materials is crucial to the future development of FEL
facilities. The present work makes use of well-established
density-functional theory to combine high WF, stable cop-
per with low WF, unstable barium in two alloys, Cu;3Ba
and CuBa. The WF of the surfaces cut by the (110) and
(111) Miller planes of Cu;3Ba are calculated to be slightly
lower than that of the bulk alloy. The WF of the most sta-
ble (100) surface termination, with an exposed layer of Ba
atoms is, however, calculated to be remarkably low; even
lower than that of pure Ba, at 1.95 eV.

A Bader charge analysis confirmed that there is sig-
nificant charge transfer in the alloy from Ba to Cu, and
a tendency for Ba to surface segregate produces a large
surface dipole. If the dipole vector is pointing out of the
surface the WF is lowered, facilitating photoemission, as
with the Ba-terminated (100) surface. If the dipole vector
is pointing into the surface, as with the Cu-terminated sur-
faces, the WF is high and photoemission is hindered. These

results are confirmed by the QE simulations. The QE of the
low WF Ba-terminated (100) surface (5.09 x 10~%) is over
30 times higher than the high WF Cu-terminated (100) sur-
face (1.52 x 10~*). The CuBa alloy yielded similar results,
the Ba-terminated surfaces showed a low WF and high QE,
whereas the Cu-terminated surfaces performed poorly. The
best-performing surface, terminating in two layers of Ba
atoms, exhibited a very high QE of 1.38 x 1072 and a WF
0f2.20 eV. Compared to pure Mg, which has a QE of about
5.00 x 1074, the alloys presented here could offer distinct
benefits over other pure metals [50].

It is clear that alloying Cu with Ba results in a significant
increase in QE vs pure Cu. The best-performing Cu;;Ba
surface had a QE over 850 times higher than the best-
performing Cu surface, and the best CuBa surface had a
QE over 2300 times higher. This is due to the decreased
WF and increased DOS in the relevant regions of these
surfaces. If these alloys are realized in chemically stable
target materials it may allow lower powered drive lasers to
be used, thus reducing the complexity and increasing the
reliability of the injector system.

Preliminary studies of the formation of oxide layers on
the Ba-terminated surfaces suggest that the relatively low
levels of oxidation expected in the ultra-high vacuum con-
ditions in which photocathodes are operated is likely to
have a rather small effect on the predicted QE of these
surfaces.
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