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Abstract

Fourth generation light sources, also called free electron lasers (FELs) are particle accelerators
which use relativistic free electrons as a lasing medium. They are able to generate photons ranging
the whole electromagnetic spectrum from infrared to X-rays. As opposed to 3rd generation light
sources, such as synchrotrons, in FELs electrons undergo a single pass through the machine. There
is, therefore, no way to improve the electron beam by focussing and beam shaping within a storage
ring. This means that, obtaining a bright and low emittance electron beam directly from the
photocathode is mandatory in order to design high performance FELs. To achieve this goal a clear
understanding of how the emission process is influenced by structure, morphology and composition
of the photocathode’s surface is needed. This is difficult from an experimental point of view because
often the atomic scale details of the surface whose emission has been measured are unknown. A
predictive theoretical approach capable of determining the effects of surface structure on emission
is therefore or great interest. A model to extend the well known three step model (as proposed
by Berglund and Spicer) to surface calculations is discussed in this paper. It is based on a layer-
by-layer decomposition of the surface electronic structure that can be calculated through reliable
and efficient DFT calculations. The advantage of this approach with respect to other existing
photoemission calculations is being able to correlate directly the photoemission to the electronic,
atomic and chemical structure of the surface. The proposed approach retains, therefore, the simple
chemical intuition in the study of surface modifications and their effect on the photoemission. The
approach is validated in calculations of the emission from clean copper and silver surfaces. The
ability of the model to simulate the change in photoemission in response to adsorbates is tested by

simulating monolayers of oxygen, hydrogen and lithium on the copper (111) surface.
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I. INTRODUCTION

Free electron lasers (FELs) are the state of the art in terms of light generation for time
resolved spectroscopy [1, 2]. In these devices, the lasing medium are free electrons, which
are emitted from a photocathode, accelerated by a linear accelerator and pass through an
undulator to generate an intense photon beam. FELs give access to a broad wavelength
range (THz to X-Rays) and provide pulses of radiation of the order of the fs, in the time
scale and six order of magnitude brigther than the previous sources [3-5]. Such short
pulses of radiation allow the probing of the ultra-small (such as single molecule diffraction
[5, 6]) and of the ultra-fast (structural and electron dynamics [7]). The applications of
the FELs radiation are many and varied covering different branches of the science such as
biological structural studies (eliminating the need to crystallize the proteins/viruses [5, 6])
and materials studies.

One of the main differences with respect to previous generation light sources is that FELs
are single pass machines: electrons pass throught the accelerator one time only introducing
a dependance of the quality of the emitted radiation on the initial electron beam properties
[8]. The quality of the emitted radiation (in terms of brightness and response time) depends
on the quality of the electrons beam used to generate it. Therefore, photocathodes are a key
component to modern accelerator systems and a broad international research programme
[9] is now aimed at their improvement. An empirical approach has provided materials for the
above mentioned applications; however, their efficiency is limited and a clear understanding
of the emission mechanism hinders the rational design of new photocathodes.

Typically PE calculations are based either on just the bulk electronic structure or sim-
plified models of the surface [10-12]. In order to achieve a rational design of new emitting
materials it is necessary to understand how the surface structures influences the photoemis-
sion process. In this paper, a simple approach to compute photoemission from surfaces is
presented. Firstly, density functional theory (DFT) calculations are performed on surface
models. Modern DFT methods facilitates calculations on rather realistic models of surface
environments that take into account their chemistry, morphology and structure. In order to
connect the DFT surface electronic structure to the measured photoemission an extension
of the well known three-step-model [13] to surface calculations is reported. A projection of

the wave function onto pseudo atomic orbitals is used in order to calculate a layer-by-layer



decomposition of the surface electronic structure. This approach is expected to reproduce
satisfactorily the emission process while retaining the chemical intuition needed to under-
stand the effect of morphology, composition and structure.

The above described method was tested on model systems, copper and silver clean sur-
faces as often used as emitting materials in photocathodes. Oxygen, hydrogen and lithium
monolayers were simulated as additives on the copper (111) surface. These species were
chosen in order to simulate the effect of atoms characterised by higher and lower electroneg-
ativity with respect to the copper substrate. Their effect on the band structure, work
function and quantum efficiency spectrum is calculated and discussed.

In section II details of the method are outlined. Photoemission simulations on copper

and silver surfaces are reported in section III as a test case.

II. COMPUTATIONAL DETAILS

Electronic exchange and correlation were computed in the generalised gradient approx-
imaition (GGA) to density functional theory (DFT) using the PBE functional [14] and a
plane wave (PW) basis set as implemented in CASTEP [15]. The variation in the total
electronic energy per atom of the order of 107° eV was found for a plane wave energy cutoff
of 500 eV and a Monkhorst-Pack [16] sampling of the Brillouin zone (BZ) of the bulk prim-
itive cell of 14x14x14. Tolerance on the geometry optimisation is set to be lower than 107°
eV /atom and a Gaussian smearing of 0.05 eV was used. Copper has an fcc structure (space
group 225) whose optimised lattice paramenter is 3.63 A (experimental lattice parameter
is 3.60 A [17]). These parameters were used for all the calculations reported here. The
accuracy of the copper bulk band structure was compared to GW calculations [18] and
good agreement was found.

Surfaces are simulated using a thin slab model which has two-dimensional periodicity
in the zy plane and is of finite thickness in the z direction. The slab is modelled in a
3D periodic cell with a vacuum space separating adiacent slabs. The surface formation
energy was computed as a function of the vacuum gap spacing and the thickness of the
slab. Variations of less than 10~® J/m? were achieved for a vacuum height of 15 A and a
thickness of six layers on. The ten layer slabs are used to simulate clean surfaces. In order

to simulate the interaction of adsorbates with the surface slabs consisting of six layers of



copper are used. Two external atoms (one on each side of the slab) make the total thickness
eight layer. The main features (surface states and work function value) are described within
a difference of 8x107% eV between the ten and six layer slab. This makes the latter adequate
for the study of changes in the quantum efficiency (QE) due to surface modifications.

Photoemission from the surface is sensitive to the formation of surface states. These
states also play an important role in surface reactivity. The identification of surface states
is facilitated by comparison of the band structure of a slab model with the surface projected
band structure. A description of the tecnique used to obtain the projected band structure
can be found in [19]. The bulk electronic states are defined within the first BZ of the bulk
crystal as €;(k) = ¢;(kj, k) where k| = (kg,ky) and k; = (k). The electronic states
of the 2D periodic slab are defined within the first BZ of the surface unit cell as ¢;(k)),
where k = (ky, ky,0). In the calculation of the surface projected band structure the same
path chosen for the slab is used in the bulk calculation. This is achieved by creating a
rotated bulk cell with two vectors in the surface plane in order to define suitable k, , which
is sampled at different values and the different & (kj,k ) are reported at kj|. An example of
surface projected band structure of copper (111) and (100) surfaces in the region around T’
is reported in [20].

For a particular approximation of the surface electronic structure, the quantum efficiency

is calculated here according to Eq. 1:
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This is an extension of Spicer’s three step model [13] to surface simulations. The QE

is defined through the energy of the incident photon (w) and the layer (/) from which the
electron is emitted. The QE is measured in units of electrons / photon but, Eq. 1 gives
a unitless result because it calculates the ratio between photons leading to emission with
respect to the total number of photons reaching the surface. For the sake of simplicity,
in the following, QE is reported as unitless. The integral is performed over the k points
of the surface first BZ. In the denominator the summation involves all initial (7) and final
states (f), whereas in the numerator only the final states leading to emission of the excited

electron, i.e. the states above the vacuum level (WF), are included. M%ff is an optical
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matrix element accounting for the coupling of the valence band ¢ and the conduction band

f at k. Its square is the probability for the transition to occur between the two states:
ME, —< ol |lu-rli 2
i =< Uil el > (2)

In Eq. 2, u defines the polarization of electric field of the incident light and r is the momentum
operator. [6(E(w) — (¥ — €f)i)] is a delta function ensuring the energy conservation in
the process: only states whose energy difference matches the energy of the photon are
included in the summation. W, is the proportion (weight) of the density of states (DOS)
attributed to layer [ as estimated by projection of the DOS onto atomic orbitals (AO). The
AO used here were those used in the construction of the PP. The projection is used to
measure the contribution of each layer to the initial state and is central to the layer-by-
layer decomposition of the emission central to the application of Eq. 1. The efficacy of this
approach for identifying the contribution of adsorbate induced surface states is demonstrated
below. I;(w) represent the intensity of light incident on the ”I-th” layer and esc%‘,l is the
escape function for the electron excited from initial state ¢ in k characterised by Wfl The
escape function is estimated here using the universal mean free path, where the electron-
electron scattering is the only phenomenon preventing electron emission [21]. This curve
is determined by one parameter, the inelstic mean free path (IMFP) length which can be
considered constant in the range of energy studied here. It was chosen to be 5.54 A for
copper and 6.13 A for silver. These values are calculated as the average of those reported
in the literature [22-26]. The heaviside step function H(p, > 0) ensures that only final
state electrons characterised by a positive momentum along the direction perpendicular to
the surface (p) contribute to the QE. Since the momentum parallel to the surface (pj) is
conserved during the transition, p, varies according to the energy of the final state j. p.

is determined by the conservation of energy such that:
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Where the final energy Ey is equal to the energy of the final state above the vacuum

energy (eX — B,). If the z component is negative the electron is absorbed within the crystal
gy \¢&f g y



FIG. 1: Schematic representation of the effect of the conservation of the momentum parallel to the

surface during the electron emission.

and does not contribute to the quantum efficiency. This highlights an important feature of
photoemmission which is that the the lower the final energy of the excited electron (i.e. the
photon energy), the higher is the contribution to the QE from k points close to I because
electrons with larger values of k will not be emitted but absorbed by the substrate. The
effect of this restriction on the electron momentum is schematically shown in Fig. 1, where
electrons excited from the same k point (same ky and ky ) at three different photon energies
is represented. Ey; is notionally sufficient energy to overcome the work function, but its p |
component, calculated according to Eq. 4 is negative. This means that upon excitation,
the electron is travelling inside the surface. Ey, provides a positive p;, which means the
electron is emitted from the surface. The higher the E; becomes, the closer to the z axis

the electron is travelling (compare Er3 and Ey, in Fig. 1).

III. RESULTS AND DISCUSSION

Prior to computing the surface electronic structure of the surface, the atomic structure of
the slab model is determined by energy minimisation. The computed surface energies of the
three low index surfaces of copper and silver are reported in Table I. The values obtained are

somewhat lower than the those reported previously in the literature which were calculated



at local density (LDA) or generalized gradient approximation (GGA) levels of theory using
local basis sets [27] or linear muffin-tin orbitals in the atomic-sphere approximation (ASA)
28, 29]. This is to be expected as the variational freedom of the PW basis set used in the
current study provides a more accurate description of the spread of electron density into the
vacuum region which is, by necessity, constrained within the ASA or with standard local
basis sets [30]. The surface energy of silver is in agreement with other PW calculations
[31] (maximum deviations of 8 %). As an additional test, a calculation using the Quantum
Espresso code with the same exchange-correlation functional, k sampling grid and plane
wave energy cutoff as the CASTEP calculations was performed. It yields an almost identical
surface energy (differences lower than 5 x 1073 mJ/m?). Larger variations are seen when the
pseudopotential is altered, for example, using the projector augmented wave (PAW) method
produces a variation of 6% in the surface energy relative to using the PBE pseudopotential.
Despite these numerical discrepancies in the absolute surface energy, which are inherent
in the pseudopotential approach, the relative surface energies of different facets are more
consistently described. For copper the (110) and (100) surfaces energies are 17% and 16%
higher than the (111) one, respectively. Similar results are obtaiend for silver, where the
(110) and (100) surfaces energies are 16% and 9% higher than that of (111), respectively.

The equilibrium crystallite morphology can be estimated using the Wulff construction
(32, 33]. From the morphology an estimate of the surface area of each facet present in a
polycrystalline sample can be calculated. The Wulff construction of a copper crystallyte
is displayed in Fig. 2. The shape of this construction is in agreement with transmission
electron microscopy (TEM) images of copper nanoparticles synthesized at low Hy pressure
[34]. Hydrogen is used as reducing agent and is present at a pressure of 1.5 mbar while TEM
images were recorded. The shape of such nanoparticles changes dramatically in presence of
oxidising or reducing agents. However, at low Hy pressure it is expected to be comparable to
simulations performed in vacuum. For both materials, the major contribution to the surface
area is due to the lowest energy (111) surface, representing 69% of the copper and 63% of
the surface area of silver crystallites (see Table I for details). Since the (111) surface is
the most stable for the two metals studied here and therefore likely to be predominant in
polycrystalline sample it is used below as the basis for our calculations of the variations in
QE induced by surface adsorbates.

The work function of the surfaces reported in Table I was calculated as the difference



FIG. 2: A Wulff construction of the equilibrium morphology for a Cu crystal.

between the Fermi energy and the average of the potential between neighbouring slabs [35].
For both copper and silver the (111) surface exhibits the highest work function, 4.50 eV and
4.25 eV, respectively. The surface having the lowest work function among the ones studied
here is the Ag (110) surface, whose work function is 3.53 eV. The effect of such a low
values (compared to the other surfaces) on the photoemission is discussed below. In order
to compare the calculated work function values to data obtained on polycrystalline samples,
the average work function was calculated as an average over a crystallite by weighting the
surface energy of each facet with its fractional contribution to the total surface area. The
resulting work functions are 4.41 eV for copper and 4.13 eV for silver which is in reasonable
agreement with values reported in literature for such metals: 4.4-5.3 eV and 4.2-4.7 eV for
copper and silver samples, respectively calculated using linear-muffin-tin-orbitals Green’s-
function theory [29]. From photoemission experiments work function values between 4.3 eV
and 5.1 eV for copper and between 4.2 eV and 4.7 eV for silver have been deduced [36-38].

In Fig. 3 the surface and bulk projected band structures for the low index surfaces of
Cu and Ag are displayed. The energy levels whose contribution from a surface layer is
higher than 15% (Wi‘l > 15%, where [ is the top layer, see Section II), are identified
as surface states and depicted in red. By comparing the surface band structure to the
corresponding bulk projected one it is possible to determine that these states are not present

in the latter confirming they are introduced by the surface. These band structures are in
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overall good agreement with respect to those deduced from measurements of the surface
electronic structure [39-47]. For example, the very well known state in the L gap of the
copper (111) surface band structure is calculated to have an energy minimum at 0.45 eV
below the Fermi level and crossing it at 0.28 A~! along the T' to M direction in reciprocal
space. This compares very well to the most recent values deduced from angle resolved
photoemission experiments (ARPES) and confirmed by KKR band structure calculations
[42], where the minimum energy is 0.37 eV and crossing of the Fermi level at 0.2 A1 along
the I" to M direction. The other surface state on the Cu (111) surface is near the K symmetry
point. In this work this state is found at 2.7 eV which is comparable to the 3.0 eV found in
ARPES experiments [43].

The comparisons made above suggest that the current PW-PP calculations using the
GGA exchange-correlation functional are able to reproduce the measured work function,
position of the surface states to the accuracy of £ 0.3 eV with respect to previous calculations
and experimental data. It is, therefore, reasonable to expect that this description of the
surface electronic structure can be used to calculate the trends in QE according to Eq. 1
reliably.

One advantage of the method adopted here is that it lends itself to a decomposition of
the total QE into contributions from each layer. The total quantum efficiency corresponding
to the sum of the contribution coming from every layer is represented by the thick black
line in the plots in Fig. 5. Within this model, more than half of the QE is due to emission
from the top-most atomic layer of the surface. The contribution from the second atomic
layer is 11.4 % and 11.7 % for copper and silver (111) surfaces, respectively and it becomes
negligible starting from the fifth layer (less than 4 % for both metals).

The principal factor in determining the photoemission threshold is the work function of
the surface. It is important, however, to recognise that the first emitted electrons do not
correpond to a photon energy equal to the work function. Two other factors determine
the photoemission threshold (see Eq. 1): the energy conservation during the transition,
§(E(w) — (€5 — €F)), and the constraint on the momentum perpendicular to the surface p,
(see Eq. 3 and 4). Taking the Cu (111) surface as an example, the first significative
photoemission (QE > 107°) is observed for a photon energy of 4.90 eV, despite the fact that
its computed WF is 4.50 eV. This is because the lowest energy difference between states in

the valence and conduction band is 4.90 eV. In Table I the QE at a photon energy of 5.5 eV
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is reported. This photon energy was chosen in the wavelength range of the optical lasers used
in photocathode applications. Furthermore, it facilitates a comparison of the QE of different
facets that is representative of the whole spectrum. The QE from a polycrystalline sample
computed as a facet weighted average was found to be 4.6 x 10~ for copper and 6.5 x 10~*
for silver. These computed values are primarily intended to reveal trends in variations of QE
with surface modification. They are, nevertheless, in general agreement with measurements
of the absolute QE made on these metals. These range between 107% and 1072 measured
for polished and mirror like samples in vacuum [36]. This is in reasonably agreement with
the quantum efficiency simulated in this work.

In order to examine the effects of surface bond formation and charge transfer between
the metal and adsorbed species three model systems were considered. The adsorption of
monolayers of O, H or Li on the copper (111) surface was modelled. The first two species
were selected because they are well know contaminants of photocathode’s surfaces. The
third one is representative of the effect of alkali metals, which are often used in order to
enhance the cathode’s QE The three adsorbates are representative of atoms characterised
by higher or lower electronegativity with respect to copper and exhibit different effects on
the work function and surface band structure, which will be discussed. The model used in
this study allows to disentangle the effects of these changes on the QE. Furthermore, O and
H are very well know contaminants on photocathode surfaces. Li is modelled to study the
effect of alkali metals since they are used as coating agent in order to increase the quantum
efficiency of photocathodes [48]. The adsortion of these three species on the copper (111)
surface has been extensively discussed in the literature [49-51]. The fcc and hep sites are
found to be the most stable, with differences in their adsorption energy of the order of 1072
eV /atom between the two sites, for the three types of atoms. The geometry used in this
study is the one where the external atom occupies an hcp three fold hollow site on the
surface. The spacing among atoms in the monolayer is the same as the lattice parameter of
the slab cell (2.57 A). The adsorption energy is -0.62 eV /atom for oxygen, -0.24 eV /atom
for hydrogen and -0.12 eV /atom for lithium with respect to the energy of */o Oy, '/5 Hy
and bulk Li. In Fig. 6 the structure and surface state band structure for each model are
reported. The blue bands correpond to the states where the contribution of the external
atom is higher than 15%.

In the oxygen covered copper (111) surface the major effect is the change in WF, where
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an increase of 3.56 eV is observed (see Table II). This is caused by the charge transfer of
0.42 eV, according to a Mulliken population analysis, between the copper topmost atom of
the surface and the oxygen monolayer. This generates a surface dipole that stabilises the
electronic states of the surface relative to vacuum. Some additional surface states are also
introduced in the band structure (blue bands in Fig. 6). They are particularly apparent at
the I' and at M high symmetry points, just above and below the Fermi level, respectively.
The former does not affect the quantum efficiency being in the conduction band, but below
the vacuum level. The latter will enhance the surface photoemission providing the surface
with more states at the top of the valence band from where electrons can be emitted. The
WEF determines the lowest photon energy able to cause photoemission. No photoemission
is, therefore, predicted to happen at energy lower than 8.53 eV.

The hydrogen monolayer has a minor influence on the WF, decreasing it by only 0.06
eV. If this were the only effect the photoemission should start at lower photon energy with
respect to the clean surface. Instead the edge of photoemission is found to be 0.1 eV higher
with respect to the clean surface. This rather curious behaviour is due to changes in the
surface band structure. Indeed, hydrogen does not introduce additional surface state that
contribute to photoemission and shifts the two surface states closer to the Fermi level at I’
in the clean surface (compare top right panel in Fig. 3 to central right panel in Fig. 6) to
the bottom of the conduction band. In this case the two effects mean that the quantum
efficiency is 30% lower than the clean surface at a photon energy of 5.5 eV.

For the lithium monolayer the WF is lowered by 0.78 eV and surface states in the valence
band near I' are introduced (see Fig. 6). This lowers the edge of photoemission of 0.7 eV

and enhances the quantum efficiency at 5.5 eV of 37% with respect to the clean surface.

IV. CONCLUSIONS

A method to simulate photoemission from surfaces is presented. It is based on a layer-
by-layer decomposition of the electronic structure of the surface. This can be calculated
from first principles using reliable and accurate density functional theory calculations. In
modern implementations such calculations can be applied to the morphology, composition
and structure of complex and realistic representations of material surfaces. The photoemis-

sion is computed from the electronic structure in a simple extension of the three step model.
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FIG. 3: Copper (111), (110) and (100) surfaces. Left: pojected band structure. Right: surface
band structure. Surface states, identified accotding to the procedure described in Section II are

depicted in red. States equally delocalised on the whole slab are shown in black.
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FIG. 5: Calculated QFE as a function of the photon energy for the three copper and silver surfaces.
The energy axis is shown between 4 and 10 eV and the QE axis between 0 and 2 x 10~2. This
setup is mantained for all QE plots reported here in order to provide an easier comparison among

different graphs.
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FIG. 6: Cu (111) surface interacting with oxygen, hydrogen and lithium. Left: geometry of the
optimised structure. Right: surface band structure. The oxygen/hydrogen/lithium and the first
copper layer states are depicted in blue and rfg, respectively. States equally delocalised on the

whole slab are shown in black.



Cu Ag
(111) (110)  (100) | (111) (110) (100)

Egues ¢V/atom | 0.47 0.90 0.63 0.38 0.71 0.48
J/m? 1.32 1.55 1.53 0.80 0.93 0.88
WF (cV) 4.50 4.13 4.27 4.25 3.53 4.10

QE (hw =5.5¢V)[3.5x 1074 9.8 x 1074 6.1 107#{5.4x 107* 1.2 x 1073 7.1 x 10~*

% Wulff 69.1 % 910 % 21.8% | 629 % 9.84 % 273 %

TABLE I: Surface energy, work function quantum efficiency at photon energy of 5.5 eV and % of

each surface according to a Wulff construction for the Cu and Ag (111), (110) and (100) surfaces.

WF (eV) QE (eV) (hw = 5.5¢V)
Clean 4.50 7.3x107%
Oxygen 8.06 0.00
Hydrogen| 4.44 4.8 1074
Lithium | 3.72 1.0x 1073

TABLE II: Work function and quantum efficiency for the Cu (111) surface when atomically clean

and interacting with oxygen, hydrogen and lithium.

This approach is validated in calculations of the photoemission from the clean surfaces of
two well know emitting materials: copper and silver. It is then used to predict the changes
induced by typical surface modifications by examining the effect of Adsorbing oxygen, hy-
drogen and lithium monolayers to the copper (111) surface. These adsorbates were chosen
to illustrate the combined effects of surface bonding and charge transfer into, and out of, the
metal surface. It is found that oxygen adsorption increases the work function by more than
3 eV and does not introduce surface states that are effective for photoemmision. Hydrogen
adsorption has minimal impact on the computed emission, whereas lithium decreases the
work function and the emission at a typical wavelength for photocathode operation (fuw=
5.5 eV) is predicted to be enhanced by 37% relative to the clean surface. The approach
presented provides a flexible and robust computational tool for examining the variations in

photoemision induced by chemical modifications to surfaces and will be used in future work
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FIG. 7: Calculated QE as a function of the photon energy for the (111) copper surfaces when

interacting with a monolayer of oxygen, hydrogen and lithium.

to assist in the design new photocathode materials.
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