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We have measured angle-dependent photoemission spectra for one-photon and two-photon excitation from
Ag(111). The observed dispersion of the sp-band transition of Ag(111) can be reproduced using a nearly-free-
electron model for the initial and final states involved. The observed dispersion agrees with the known band
structure. We illustrate how the strong refraction of low-energy electrons becomes a limiting factor to obtain
quantitative band-structure information. Conversely, low-energy electrons of a well-defined direct optical in-
terband transition can provide a sensitive probe of the inner potential. We observe asymmetric two-photon
photoelectron intensity distributions with respect to detection along the surface normal. These intensity distri-
butions can be well described by a phenomenological model which employs the Fresnel equations to calculate
the electric field components of the incident radiation inside the sample. Very good agreement is found using
tabulated optical constants and a momentum matrix element, which is oriented along the surface normal. In
contrast, the observed intensity distribution for one-photon photoemission from Ag(111) does not fit the simple
Fresnel model. We interpret this as the influence of surface photoemission. By comparison to Cu(001), we
show that the expected intensity distributions of the Fresnel model for one-photon photoemission and two-
photon photoemission are valid for an orientation of the momentum matrix element along the surface normal

if the influence of additional effects like surface photoemission can be neglected.
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES) is
a powerful and general tool to investigate the energy-
momentum dispersions of the electronic states, which define
the band structure of solids. A wealth of knowledge about the
initial and final states involved in the photoexcitation process
has been obtained using this method.! In ARPES, by consid-
erations based on energy and momentum conservation, peaks
in the photoelectron energy spectrum can be ascribed to tran-
sitions between the occupied and unoccupied states separated
by the energy of a single photon of the exciting radiation
(one-photon photoemission, 1PPE). Using tunable synchro-
tron radiation and a fixed geometry with angle-resolved elec-
tron detection along the surface normal, a sampling of the
band structure along a high symmetry direction in reciprocal
space is conceptually simplified. It is also possible to obtain
band-structure information by taking angle-dependent photo-
emission spectra at fixed photon energy in symmetry planes”
or even the whole hemisphere above the sample.* The inter-
pretation of such experiments, however, is more involved
because of the more complicated form of the sampled re-
gions in reciprocal space due to the nonconservation of the
perpendicular component of the wave vectors. In all these
types of measurements, information about the electronic
band structure can be gained, first of all, by the analysis of
the observed dispersion of peak positions in the photoelec-
tron spectrum. To access the information contained in the
photoemitted intensities is more complicated, because, in the
general case, this has to involve comparison with calculated
photoelectron spectra.4

With the application of high-power ultrafast laser systems,
it also became possible to observe two-photon photoemission
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(2PPE), where the initial state electrons are excited by the
energy of two photons instead of only single photons as is
the case in ARPES.>® In the two-photon photoemission pro-
cess, intermediate unoccupied states above the Fermi energy
are involved. One of the main successes of 2PPE is to ob-
serve the energy- and momentum-dependent dynamics of ex-
cited electrons in these intermediate states directly in the
time domain by using a pump-probe configuration.” Experi-
mentally, the application of 2PPE is usually limited to photon
energies where no one-photon photoemission can occur be-
cause this would overwhelm the 2PPE signal. However,
apart from this limitation, the basic mechanisms governing
both angle-resolved coherent 2PPE and ARPES are expected
to be closely related.

As a model system for the quantitative analysis of photo-
emission spectra, the bulk band structure of silver has been
extensively studied by 1PPE ARPES.®-!° The importance of
the polarization of the incident light on the distibution of
the photoemitted electrons was studied experimentally
and theoretically,!'~!3 and the importance of the momentum
matrix elements for the observed intensities of energy-
dependent transitions was shown.!* Spin-resolved measure-
ments in combination with relativistic one-step photoemis-
sion calculations for Ag(111) have been used to compare
different approximations for the exchange-correlation
potential.'> The Shockley surface state on Ag(111) was also
investigated by ARPES.'6-2° The ARPES results have been
analyzed using several theoretical bulk band-structure
calculations.?!'=23 Recently, the bulk valence band structure of
silver has been investigated by hard x-ray photoemission
spectroscopy.’* In a photon energy range relevant to our in-
vestigation, significant interference between surface and bulk
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FIG. 1. (Color online) Bulk band structure along the I'L line
relevant for normal emission Ag(111), with indicated direct optical
transitions between occupied and unoccupied sp bands by 2PPE
and 1PPE. Also shown is the position of the occupied Shockley
surface state at —65 meV, which is excited to a free-electron final
state.

photoemission has been observed for Ag(111),>>2° and the
influence of collective surface plasmon excitations on the
angle- and energy-resolved photoyields was studied.”’

The 2PPE studies involving Ag(111) have mainly focused
on the observation of image-potential states and their relax-
ation dynamics.?8=0 Concerning direct optical bulk transi-
tions, it was shown that a systematic comparison of 1PPE
and 2PPE measurements can be used to differentiate between
surface states and bulk contributions.?! An analysis of near-
threshold two-photon electron emission from smooth and
rough polycrystalline silver films has been given on the basis
of a two-orthogonalized-plane-wave model for the involved
sp bands.®

In a previous study, it was shown how the 2PPE spectrum
of Ag(111) at Aw=3.1 €V can be simulated using optical
Bloch equations and a nearly-free-electron model for the
band structure.® In this contribution, we will present results
of angle-dependent 2PPE and 1PPE measurements from the
Ag(111) surface. Specifically, we will look at the effects ob-
served when a transition between occupied and unoccupied
sp bands is excited either by single photons (IPPE) or by
simultaneous excitation by two photons (2PPE) of nearly
half the energy used for 1PPE. For electrons emitted in the
direction of the surface normal, the corresponding band
structure is shown in Fig. 1. It will be shown that based on
the observed dispersion, the direct optical transition from
occupied to unoccupied sp-bulk bands agrees with the theo-
retically expected dispersion obtained from a nearly-free-
electron band-structure model. The observed dispersion of
this transition is very similar for IPPE and 2PPE measure-
ments on the Ag(111) surface. The intensity variation ob-
served in the angle-dependent 2PPE spectra can be well ex-
plained by the application of the Fresnel equations of
classical optics. From this model, we expect characteristic
differences between the angular intensity variations in 1PPE
and 2PPE, which should be almost independent of the spe-
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cific substrate and photon energy used if additional influ-
ences like surface photoemission are negligible. This is
shown by comparison with measurements on Cu(001). In
contrast, the 1PPE intensity from Ag(111) does not fit a
simple Fresnel model and seems to be strongly influenced by
interference from surface photoemission.

Additionally, we suggest that the strong refraction effect
of the very low kinetic energy photoelectrons at off-normal
detection is a sensitive probe to gain insight into the behavior
of the inner potential, which is not exactly known at these
energies and which is expected to be strongly influenced by
exchange and correlation effects.?* At the same time, knowl-
edge of the potential at the surface is crucial for the interpre-
tation of imaging techniques using low-energy electrons and
for the understanding of the chemical reactivity of surfaces.

The structure of the paper is as follows: after specifying
the experimental details, we will extract from the general
features of photoemission theory a phenomenological model
which takes into account the most relevant angular depen-
dencies. Then we will apply this model for the analysis of the
experimental data. We will also discuss the implications of
our findings for the mapping of electronic structure by angle-
resolved 2PPE.

II. EXPERIMENTAL DETAILS AND RESULTS

For the photoemission measurements, a commercial
Ag(111) crystal was prepared by standard techniques of mul-
tiple, sequential cycles of Ar*-ion sputtering and annealing
under UHV conditions. The sample surface quality was
checked by the quality of the photoemission spectra converg-
ing to minimum inelastic background and maximum work
function.

The photoemission light source is a self-made Ti:sapphire
oscillator with chirped mirrors for dispersion compensation
operating at 90 MHz repetition rate. For the two-photon pho-
toemission measurements, second harmonic pulses are gen-
erated from the fundamental in an 80 um B-BaB,0, (BBO)
crystal (3.1 eV photon energy, 200 meV bandwidth, and
10 fs pulse length). Additionally, one-photon photoemission
spectra were measured with the fourth harmonic of the
Ti:sapphire laser, which is generated by subsequent fre-
quency doubling of the second harmonic.

The angle-resolved photoemission spectra are recorded
under UHV conditions (107! mbar) at 100 K sample tem-
perature by a commercial hemispherical electron analyzer
(OMICRON EA125) with an angular resolution of 0.5° and
an energy resolution of 40 meV. For the measurements, the
sample was biased at -2 V. At the UHV chamber, the angle
of the p-polarized incident light and the direction of the elec-
tron analyzer are fixed to 45°, leading to a simultaneous
change in incidence and emission angles when the sample is
rotated along an axis perpendicular to the optical plane for
angle-dependent measurements (see Fig. 2).

In Fig. 3, we show an angle-dependent measurement of
2PPE and IPPE spectra from Ag(111) for p-polarized inci-
dent light. The spectral features due to the sp-band transition
and the surface state are clearly discernable. The surface
state has dispersed above the Fermi level for detection angles
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FIG. 2. (Color online) Geometry used for angle-dependent mea-
surements. The direction between incident light and detected elec-
trons is fixed to 6;=45°+6p. The direction of the photoemitted
electron inside the sample is 6,,,. Incident and refracted vector po-

tentials A; and A,. Momentum matrix element P, characterized by
the angle &.

larger than 10°, while the sp-band transition can be seen in
the whole observed energy range. The 2PPE intensity is
clearly asymmetric with respect to the surface normal, while
the 1PPE intensity looks more symmetric. The increased in-
tensity of the surface state relative to the sp-band transition
in 1PPE with respect to 2PPE is caused by a stronger surface
photoemission component and, to a lesser extent, the de-
creased spectral width of the 6.0 eV pulses, which is due to
the phase matching limits of the BBO crystal.

From the width of the observed spectra at normal emis-
sion, the work function can be deduced as 4.5 eV in accor-
dance with previous studies.?®
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FIG. 3. (Color online) Experimentally measured intensities from
Ag(111) by 2PPE (Aw=3.1 eV) and 1PPE (Aw=6.0 eV). Intensity
scales are indicated.
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FIG. 4. (Color online) Nearly-free-electron band structure for
initial and final sp states involved in the direct optical two-photon
transition on Ag(111). Initial states which can be directly excited
have been mapped onto the final state band. Only states up to the
Fermi energy (black border) are occupied. The emitted direction is
changed from 6,,, by refraction when the photoelectron escapes the
sample.

III. THEORETICAL MODELING OF PHOTOEMISSION

A. Dispersion

We first need to explain the observed change in the peak
position of the sp-band transition when changing the direc-
tion of the detected outgoing electrons. To accomplish this,
we model the relevant initial and final state band structures
to define the curve of constant energy difference that shows
where the incident radiation can induce direct optical transi-
tions between these states.*

The sp bands relevant for our observed transitions are
well described by a nearly-free-electron (NFE) model taking
into account two orthogonalized plane waves (OPW).36 We
show the initial and final sp-band states near the I'-L line
calculated using this approximation in Fig. 4. The 2-OPW
NFE model implies rotational symmetry around the I'-L line.
The size of the gap between Lg and L{ is taken to be 4.2 eV,
with Lg located —0.3 eV below the Fermi energy.’ The band
bottom is at 9.5 eV below the vacuum level.

The direct optical transition will take place in a region of
k space where the difference between initial and final states
is equal to the photon energy for 1PPE or to two times the
photon energy in 2PPE. In this way, the perpendicular and
parallel components of the k vectors taking part in the tran-
sition and, thus, the internal angle 6,,, of k with respect to the
surface normal in the (111) direction are determined. In the
2-OPW NFE model, these transitions take place at fixed k,
along I'-L and varying parallel momentum k; (Fig. 4). This is
a special feature of the free (1-OPW) and nearly free (2-
OPW) electron models. For a more general band structure,
the curves of constant energy difference are more compli-
cated.
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To describe the refraction of the photoelectrons, we as-
sume that a potential step Vx>0 has to be overcome when
crossing the sample-vacuum barrier. In the NFE model, this
energy corresponds to the height E,,. of the vacuum level
above the band bottom. As the kinetic energies are measured
with respect to the vacuum level, the electrons inside the
sample will have an energy of Ej;,+ V. This will have the
effect that electrons emitted at the angle 6, inside the
sample will be detected at the angle 65, in vacuum:

sin 01) _ Ekin + VR (1)

sin 6, Ejin
By using this simplified model, the dispersion of the direct
sp transition is determined by a small number of parameters:
the gap size E,,,=2V,y;, with V;;; the pseudopotential Fou-
rier component of the reciprocal lattice vector G:(T, 1, 1_),
the position of vacuum E,,., and the Fermi energy Er,,,.
(Fig. 4), with the work function ®=E,,.—Ep,,,; Further-

more, in the NFE model, the momentum matrix element has

the simple form37 of PG, which will be relevant for the
analysis of the observed intensities. Of course, we can expect
this model to be valid only for a limited range of parallel
momenta k; beyond which the band structure will start to
deviate from the simple NFE model assumed here.

B. Photoemitted intensity

By using first order perturbation theory to describe the
interaction of the electromagnetic field with the sample
atoms,"?® a Fermi golden rule expression for the photocur-
rent /(f) from an initial wave function ; emitted into the
final state gives

1(f)! PP o |<‘ﬂf|V1| ¢i>|25(Ef— E;~fho)
=My ?0(E;- E; - iw), ()

where ¢ is the final state wave function in the form of a
time-reversed low-energy electron diffraction (LEED) state,
and V; is the interaction potential due to the incident radia-
tion:

—e - N N -
Vi=5 [A-p+p-A] (3)
mc

Only terms linear in A are considered. The matrix element
between initial and final states can be written as

ieh - -
M= %(‘//AA(F) Vg =A- Py, (4)

where Isif is called the momentum matrix element. The Cou-
lomb gauge V-A=0 has been applied, which, however, is

valid only in the bulk. At the surface, the nonvanishing V-A
term will cause an additional coherent contribution which is
usually termed surface photoemission and which we think is
relevant for the 1PPE measurements from Ag(111) (see be-
low).

The two-photon photoemission intensity is obtained from
second order time-dependent perturbation theory as a sum
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involving all possible intermediate states®*40 m:

E <¢'f| VI| ¢m><¢m|vl|¢'l> :

I 2PPE

(5)

For the observed transition in Ag(111), there are no resonant
intermediate states. For this case of nonresonant excitation in
a nearly-free-electron two-band model, the square of the
product of the matrix elements in Eq. (5) can be shown?? to

n

depend as |[M,,M;,|* > cos* © on the angle ® between A and
D, so that we write the photoemitted intensity with an effec-

tive momentum matrix element P,
I(PPE o |A - Py (6)

The observed angle-dependent intensities can now be
thought of as originating from two main types of contribu-
tions. Firstly, there are angle-dependent changes of the elec-
tric field vector in the surface region due to the change in the
angle of incidence of the laser radiation. In traditional optics,
this is described by the Fresnel equations, which quantify
how the magnitude and the direction of the incident vector
potential as well as the relative phase between the s and p
polarization components will change when entering the
metal. This is described by complex amplitude reflection and
transmission coefficients.*! Secondly, the coupling of this in-
cident polarization to the electron system will lead to an
angle-dependent probability of detecting the excited elec-
trons in the direction specified by the analyzer.

If one is only interested in the total yield of photoelec-
trons, irrespective of their emission direction, the total en-
ergy deposited in the sample should be relevant. This will be
proportional to (1-R,)", where R, is the reflectivity of
the sample for p(s)-polarized incident light and » is the order
of the photoemission process. For p-polarized light, in-
creased photoemission should occur near the pseudo-
Brewster angle, where the reflectivity is minimized and more
intensity is transmitted into the sample. Good agreement
with these expectations has been shown in multiphoton pho-
toemission experiments from tungsten and copper.*?

For angle-resolved photoemission, the transition matrix
element is governed to a large extent by the relative orienta-

tion of the vector potential A, and the photoelectron momen-
tum p, as can be seen from Eq. (3). These effects are sepa-

rated in Eq. (4) into the vector potential A, and the

momentum matrix element P, which depends on the angle
of the emitted final state electron. In our experiment, this
angle is in a fixed relation to the incidence angle of the laser.
We will show below that the variation in the z component of

A_)t (Fig. 2) is the most relevant contribution for p-polarized
incident light.

A nonvanishing V-A term due to the symmetry breaking
by the surface will provide an additional coherent channel by
which initial and final states can be coupled. Because the

V-A term is only relevant in a very narrow spatial region
near the surface, this part of the interaction potential pro-
vides Fourier components of a broad spectrum of crystal mo-
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mentum. This means that initial and final states of different
crystal momenta will be coupled, and the condition of verti-
cal optical transitions in the reduced zone scheme is relaxed.

The simplest model to account for the V-A term at the sur-
face is a step dielectric function which leads to a contribution
dA | (z)/dz proportional to [€(w)—1]8(z), where in the real
situation the delta function is broadened. The contribution of
surface photoemission to the matrix element was estimated
252643

>

- - c - -
MifocAt'Pif"'AAzZ =A; Py+ Mg(A;, e(w),Cs), (7)

with the change of the z component of A when going from
vacuum into the sample over an effective thickness d:

2 cos 6; sin 6;

AA, = |X,|< T sin 0i> (8)

f .
€cos 6;+ Ve—sin

for the incident vector potential A;. If this model is assumed,
an additional complex fit parameter Cy=C/2d enters into the
description of the angle-dependent intensities.

Several other processes are present which might influence
the angular dependence of the photoemitted intensity. For
instance, more of the excited photoelectrons from a certain
depth will be scattered inelastically when they have to travel
longer inside the material at larger exit angles. The electrons
which are left and approach the solid-vacuum barrier from
inside the sample within a certain solid angle are refracted
into a larger solid angle in vacuum. This again reduces the
intensity at larger exit angle in a symmetric way like the
inelastic losses. Also, the observed peak shapes will be
changed due to the varying lg-space resolution with exit
angle. All these effects will be most pronounced at exit
angles typically larger than 30°, and will be symmetric as a
function of the emission angle with respect to the surface
normal. Thus, if they are relevant, they are expected to re-
duce any asymmetry that is present rather than be a cause of
it.

1. Electromagnetic field at the surface

At the solid-vacuum interface, the incident light is subject
to refraction. This causes the vector potential inside the
sample to be different than in vacuum. We will assume in our
model that the Fresnel equations*** can be used to give the

components of the transmitted vector potential A, as a func-

tion of the incident vector potential A; and the dielectric
function of the substrate e(w):

A= A(AL6), e(w)). ©)

If the dipole matrix element for the observed transition is
directed along the surface normal, the photoemitted intensity
is governed by the A, component of the vector potential. This
is given by**

A, 2 cos 6; sin 6;
S = (10)
Ay €cos 6+ \Ve—sin® 6

In Fig. 5, it can be seen that the angular variation of the A,

PHYSICAL REVIEW B 76, 195428 (2007)

<N

©

(]

©

=

'c

[®)]

©

S

(0]

=

= = == Vacuum

2 Ag 3.1eV
----- Ag 6.0eV

0.0 —

I I I I I I I I I I
0 10 20 30 40 50 60 70 80 90
angle of incidence (degrees)

FIG. 5. Relative variation of the magnitude of the A, component
of the field inside the substrate for different photon energies and
materials.

component is almost independent of the photon energy and
whether we look at silver or copper. This behavior applies to
a large selection of materials and photon energies used in
angle-resolved photoemission, as can be seen, for instance,
in Ref. 45. This means that our results will be of general
significance for the comparison of angle-dependent linear
and nonlinear photoemission experiments in our type of
setup because, obviously, the optical properties at the surface
do not have to be known very exactly.

We have to stress here that our treatment will be valid
only if the observed transition can be assumed to take place
inside the bulk, where the refracted electromagnetic field is
relevant. The situation will become more difficult to treat if
one is interested in transitions involving surface states, where
there is interference of reflected and refracted radiations and
where the influence of boundary effects of the electromag-
netic field and of collective excitations like surface plasmons
is most pronounced. In the general case, for arbitrary direc-
tion of the momentum matrix element, one has to include, of
course, all components of the electromagnetic field in the
analysis. Also, for the analysis of photoemission from ad-
sorbed species, the field just outside the surface is relevant.
Approaches to describe the corresponding electric fields are
known from surface infrared spectroscopy.*® For the case of
2PPE, angle-dependent measurements then allow conclu-
sions about the direction of the dipole matrix elements for
the photoemission process from the adsorbate.*’

2. Momentum matrix element

The momentum matrix element f’if which appears in Eq.
(4) is a complex vector which, in general, will depend on the
initial and final states under investigation; especially, it will
be, in general, a function of the magnitude and direction of
the wave vector of the emitted photoelectron.
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The study of the momentum matrix element by angle-
dependent photoemission is potentially powerful because it
gives information on the wave functions of the states in-
volved and their symmetry character.*® Because in our setup
the photoelectron emission angle changes, the corresponding

change in P; has to be considered. Basic insight into the
functional behavior of P; can be gained from considerations

of localized core level states of oriented atoms. Here, ﬁlf can
be explicitly written down as a function of the initial state
quantum numbers (I,m), radial matrix elements for the (I
+1) and (I-1) excitation channels, the corresponding partial
wave scattering phase shifts due to the emission process, and
the detection direction 6p.*° Already for this very simple
case, rather complicated analytical expressions result.

In contrast to photoemission from single, localized core
level states, a continuum of states defined by their band in-
dex and three-dimensional wave vector k has to be consid-
ered in the case of photoemission from valence bands. By
using the picture of a linear combination of atomic orbitals
(LCAOs), it is possible to express the valence band states as
coherent combinations of basis states localized at the atoms
of the crystal unit cell.’® Writing the final state in the same

basis set allows us, in principle, to calculate P, [see Eq. (4)]
and to gain insight into the angular distributions contributed
by certain types of atomic orbitals. For the simplified case of
emission from a single type of atomic orbital, the result is
basically a product of the angular distribution caused by the
single atomic orbital, which is then modified by a photoemis-
sion structure factor describing interference caused by the
periodic arrangement of this atomic orbital.>

These interference effects due to the plane wave part in
the initial and final state wave functions will be dominating
if we switch from the LCAO view to the 2-OPW nearly-free-

electron model. As shown in Ref. 37, P will be a constant
vector pointing into the direction of the reciprocal lattice

vector G involved in the generation of the NFE bands:

For our case, we can, thus, assume that the momentum
matrix element will be directed in the direction of the surface
normal, and the angular dependence of the A, component of
the electric field in the sample will be a determining factor of
the overall angular dependence of the photoemitted intensity
under p-polarized excitation.

The 2-OPW model expression, however, clearly is valid
only in a limited region of k space. An increasing number of
plane wave components will be necessary to describe an ex-
tended region of the band structure. The direction and mag-

nitude of P;; will then be determined by the respective wave
vectors and pseudopotential components of the initial and
final states in a more complicated but straightforward way.!!

To summarize, from the various angle-dependent factors
discussed above, the following simple model for the photo-
emitted angle-dependent intensities in our experimental

setup emerges:
JPPE o

A[(6,€) - P (12)

In Fig. 6, we show how the angular dependence of the A,
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FIG. 6. Relative variation of the intensity factor |A_P_*" for
nPPE from silver assuming constant P, and considering only effects
due to the changing angle of incidence.

components shown in Fig. 5 translates to the photoemitted
intensity by looking at the square (1PPE) or the fourth power
(2PPE) of A.. Due to the higher nonlinearity, a sharper and
more asymmetric distribution with respect to detection rela-
tive to the surface normal at 45° is expected for 2PPE.

IV. RESULTS AND DISCUSSION

We will first discuss the results relevant to the observed
dispersion of the sp-band transition peak and then go on to
analyze the observed intensity variation.

A. Dispersion of the observed transitions

We have calculated the theoretically expected dispersion
for a 2-OPW nearly-free-electron band structure of the sp
bands near the I'-L direction using a value of Eop=2V 111
=4.2 eV,>!0 the perpendicular component of the reciprocal
lattice vector é(f, 1, 1_)=gz=—2'n'/2.36 A, and a variable in-
ner potential of V. The optical transitions and the observed
angles outside the sample have been determined for the tran-
sition energies of 6.0 and 6.2 eV, corresponding to 1PPE and
2PPE, respectively.

To estimate the influence of the bias voltage on the ob-
served parallel component of k, we have also measured the
dispersion of the surface state and found effective masses of
mes=0.3. This is slightly less than the published values of
m,=0.40 (Ref. 20) or mqff=0.45,'9 and means that we will
observe an apparently increased dispersion of the sp-band
transition with angle, which, in turn, leads to an inner poten-
tial which is systematically too low. A large inner potential
has the effect to limit the k space which is accessible and,
thus, would reduce the observed dispersion.

The obtained theoretical angular dispersions of the
sp-band transition are compared to the experimental ones in
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FIG. 7. (Color online) Comparison of the experimentally mea-
sured and calculated dispersions from a 2-OPW nearly-free-electron
model for the sp-band transition on Ag(l111) by IPPE (fiw
=6.0 eV) and 2PPE (iw=6.2 eV).

Fig. 7. Our model only slightly underestimates the change in
apparent binding energy at normal emission when going
from 6.0 to 6.2 eV photon energy. This should be considered
as a reliable measure of the degree of agreement with the
assumed band-structure model because the dispersion with
energy at normal emission is not influenced by electron re-
fraction. The binding energy changes by approximately
0.1 eV, which is half the effective photon energy change of
0.2 eV. This behavior is caused by the dispersion of both the
initial and final sp-band states, and the observed value agrees
with previous studies.?$3!

Good agreement is also obtained for the angular disper-
sion, considering the simplicity of the model we applied.
However, in addition to the dispersion caused by the change
in the observed direct transition in k space, the change of the
peak position observed in the spectrum will be governed to a
large extent by refraction. Refraction is strong because the
potential step Vi [Eq. (1)] that has to be overcome at the
surface is of nearly the same size as the energy of the pho-
toelectron inside the material. This means that the influence
of the potential step has to be known sufficiently well to still
allow insight into the band structure of the sample by using
very low energy photoelectrons. We find the best agreement
with values of the inner potential Vy=Vz—®=2 eV when
neglecting the effect of the bias voltage and of Vy=5¢eV
when assuming that the relative change in the parallel com-
ponent of k is roughly similar to the value observed for the
surface state relative to the published values. In previous
ARPES studies, inner potentials V, of 4 eV,'* 5eV,!? and
6.7 eV (Ref. 51) (defined with respect to the Fermi level)
have been used. This compares quite well with our value. It
has to be noted, however, that in most ARPES studies, the
inner potential is mainly used to fix the position of the free
electron final state, and then to infer from this the initial state
dispersion in synchrotron experiments with varying photon
energy and electron detection along the surface normal,
which avoids refraction effects. Also, because of the higher
photon energies in ARPES experiments, the refraction effects

PHYSICAL REVIEW B 76, 195428 (2007)

o5 = En=0.5eV Vy=6eV T
] — E,,=1.0eV Vg=6eV el
4-—- Ey,=1.5eV Vg=6eV ///

204~ Ein=1.0eV Vp=8eV -~

e Eyyi=1.08V Vy=10eV,
7
/7

angle inside sample (degrees)
>
| !

o

o

angle outside sample (degrees)

FIG. 8. Refraction of photoelectrons limits the range of angles
inside the sample which can be sampled outside. Calculations ac-
cording to Eq. (1). Electrons which are detected at angles up to
+30° originate from a cone of typically 10° or less in our experi-
mental setup.

are still comparatively less significant even at off-normal de-
tection.

In a realistic band structure, one and the same parameter
does not describe the final state band structure and the re-
fraction effect at the same time. Also, the inner potential is
known to be energy dependent from LEED studies.? Taking
all this into account, there is considerable uncertainty about
the exact value of the potential step that causes refraction,
especially at the very low energies involved in 2PPE experi-
ment. In the ARPES experiments, a spread of nearly 3 eV in
Vy is seen in the different studies. While this variation might
be insignificant for band mapping in ARPES experiments at
high photon energies, the error in the outside angles intro-
duced at low electron energies will overwhelm the effects
caused by the band structure, because much of the observed
dispersion can be adjusted by simply assuming a different
inner potential V. If we reverse the assumptions realizing
that the sp-band structure is sufficiently well known from
ARPES studies with high energy photons, we have a sensi-
tive probe of the inner potential in the form of the very low
energy photoelectrons with a known initial k-space distribu-
tion before the refraction. In this sense, the well-defined
sp-band transition could serve as a calibration against which
to measure the inner potential effects.

The knowledge of the inner potential is crucial for the
interpretation of spectroscopic and imaging techniques
which involve low-energy electrons,> for instance, low-
energy electron microscopy and photoemission electron mi-
croscopy. Furthermore, the effective potential at very low
energies is influenced to a large extent by exchange and cor-
relation effects,>* and as only a few methods exist for the
measurement of the surface potential step,’® the analysis of
low-energy photoelectrons could provide additional insight
about the importance of these interactions.
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As we show in Fig. 8, all electrons detected in vacuum
will originate from a cone with half opening angle near 10°
inside the sample for the kinetic energies employed in our
experiment. This will effectively mean that the sensed region
of reciprocal space is reduced considerably, and along with
this, the sensitivity to any change in the momentum matrix

element I;,-f. This does not mean, however, that bulk band
mapping by angle-dependent 2PPE is generally impossible.
Let us assume that typically the largest kinetic energies in
2PPE experiments can be of the order of the work function,
e.g., E;,=4 eV, then taking V~8 eV and a maximum out-
side detection angle of #,,=70°, one arrives at internal angles
0;,; of approximately 30°, which translate to a parallel kX com-
ponent = N@mIB?) (Epy+ V) (1=cos? 6,,)=0.88 A~!,
which is of the order of the Brillouin zone dimension. Thus,
significant information about the dispersion of the parallel
wave vector components can be obtained in principle.

To summarize, on one hand, the low energy of the ob-
served electrons is clearly a severe practical limitation for
their application to map electronic band structure if the re-
fraction cannot be taken into account quantitatively. On the
other hand, if we assume that the sp-band structure is known
sufficiently well, we have a sensitive probe of the inner po-
tential.

B. Intensities

Because of the inherent asymmetry in the experimental
setup, for both 1PPE and 2PPE, an asymmetric angular in-
tensity distribution is expected. Because the incident angle 6,
is changed asymmetrically with respect to the surface nor-
mal, all other factors depending on the incidence angle are
expected more or less to also show this asymmetry. This can
be seen in Fig. 6. Both the 1PPE and 2PPE distributions
should be clearly asymmetric with respect to the surface nor-
mal, and the 2PPE intensity should be narrower. The 1PPE
intensity that we observe (Fig. 3), however, does not fit the
simple Fresnel model. Instead, we suggest that, in this case,
we see the influence of surface photoemission. This is sup-
ported by 1PPE measurements on Cu(001), where we ob-
serve excellent agreement with the Fresnel model.

We have simulated the photoemitted intensities as a func-
tion of the detection angle for the case of 1PPE and 2PPE
according to the model of Eq. (12). For the dielectric func-
tion of silver, we used the values of e=(n+ik)?, with (n
+ik)=0.05+2.275i (hw=3.1¢eV) and (n+ik)=1.18+1.312i
(hw=6.0 eV).>* For the dielectric function of copper, we
used the values of (n+ik)=1.32+2.12i (hAw=3.1 eV) and
(n+ik)=1.01+1.60i (hw=6.0 eV),>* with the final result not
very sensitively depending on the exact value of all of these
parameters.

The peaks of the sp-band transitions in the experimental
photoemission spectra were fitted to Gaussians on a linear
background, and from this fit, the intensity in the peak was
obtained. The results are shown in Fig. 9. Very good agree-
ment is found assuming an effective momentum matrix ele-
ment pointing along the surface normal and having a con-
stant magnitude. This is in agreement with the expectation

from the 2-OPW NFE model, where P:f will be constant and
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FIG. 9. Comparison of experimentally measured and simulated
intensities in the sp-band transition on Ag(111) by 2PPE and 1PPE,
and measured and simulated intensities for 2PPE and 1PPE from
electrons with initial states at the Fermi energy of Cu(001). The
expected distribution for 1PPE from Ag(111) according to the
Fresnel model corresponds closely to the model curve shown for
1PPE from Cu(001). For both experiments, Ziw=3.1 eV for 2PPE
and hw=6.0 eV for 1PPE.

point in the direction of G=(1,1,1). The agreement of the
experimental data of Ag(111) is not as good at negative exit
angles, which we attribute mainly to the uncertainty in ex-
tracting low peak intensities on an unknown background
(note the very low intensity at negative angles in Fig. 3).

As can be seen in Fig. 9, the experimental intensities in
IPPE from Ag(111) do not fit the expected behavior of Fig.
6. To motivate why we think that this behavior is anomalous,
we apply our model to a different substrate, Cu(001). So far,
the only assumptions we have made for the analysis of the
angle-dependent intensity on Ag(111) is that P is constant
and points along the z axis. We also showed that the A,
component of the electric field at the surface shows a univer-
sal angle-dependent change with incidence angle. Thus, the
intensity variation that we have observed in 2PPE on
Ag(111) should be quite generally valid for transitions which
are governed by this field component, also on different sub-
strates. This is why we choose to compare in Fig. 9 the data
measured on Cu(001). The intensity data were obtained for
initial state electrons near the Fermi energy. For these elec-
trons originating from the Cusp band (A; symmetry), the
optical selection rules for fcc surfaces (A, final state) dictate
that again the A, component is the most relevant near normal
emission. So we should have a comparable intensity varia-
tion as on Ag(111). Figure 9 shows that this is indeed the
case for the 2PPE measurements on Cu(001) and, moreover,
that the 1PPE data from Cu(001) shows the expected broader
intensity distribution with a pronounced asymmetry, in con-
trast to what is observed for 1PPE on Ag(111).
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FIG. 10. Comparison of 1PPE and 2PPE
spectra for detection angles symmetrically +20°
to the surface normal. The 1PPE spectra show
the influence of surface photoemission, indicated
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To analyze the 1PPE data further, we show in Fig. 10
IPPE and 2PPE spectra taken from Ag(111) (data from Fig.
3) at detection angles of +20° to the surface normal. Firstly,
one immediately notes the much more asymmetric peak
shape of the 1PPE spectra as compared to a rather symmetric
2PPE peak. Secondly, the peak intensity relative to the back-
ground clearly shows an anomalous behavior for 1PPE.
Whereas for 2PPE both peak height and background are in-
creased at positive angles (larger A, component), the 1PPE
spectra show a larger background at positive angles, but with
a reduced peak height. Both these observations point to the
influence of surface photoemission. It has been shown previ-
ously that surface photoemission causes a very asymmetric
peak shape for the sp-band transition on Ag(111).232° This
asymmetry is created by additional photoemission due to
transitions that do not need to conserve crystal momentum
and which show up as a broad background in the spectrum.
These transitions involve an increased range of k vectors
different from the ones determined by crystal momentum
conservation in the bulk sp-band transition. Our observations
are also consistent with the fact that we observe an increased
influence of surface photoemission at angles where the A,
component and also its change at the surface become larger
according to Eq. (8). Because the surface photoemission is
an alternative coherent pathway for photoemission, the sur-
face and bulk photoemission channels interfere, modifying
the intensity and asymmetry of the bulk transition peak. This
is observed as the reduced peak height of the 1PPE transition
as compared to an increased background. As is shown in Eq.
(7), one can try to model the influence of surface photoemis-
sion by an additional complex fit parameter Cg in the transi-
tion matrix element, by which the interference between sur-
face and bulk photoemissions is phenomenologically
simulated. While we can obtain very good agreement with
the measured data for a specific choice of Cg (not shown),
the measured angular range of 1PPE spectra does not allow a
final conclusion about the physical significance of this ap-
proach. Additionally, one should expect that the interference
effects will be a function of the position of the sp-band peak
in the spectrum, and thus, an energy-independent Cg might
not be sufficient. This is why we limited ourselves to dem-
onstrate that in agreement with previous studies, surface pho-
toemission seems to have an appreciable angle-dependent
effect also in our 1PPE measurements. In contrast, it has
been shown previously that the 2PPE spectra can be simu-
lated without taking into account surface photoemission.*}

-0.5 0.0

initial state energy (eV)

This is consistent with our measurements.

Our observations are relevant in a further context. The
Fresnel equations neglect the nonlocal influences on the elec-
tromagnetic field at the surface that would have to be de-
scribed via a dielectric function (g, w) that not only depends
on the frequency w but also on the wave vector §.>° These
effects are most pronounced near the plasmon energy, and
lead to characteristic changes in the A, component of the
field in the first few angstroms of the surface. Because we
were observing a bulk transition, the sensitivity to such op-
tical effects intrinsic to the presence of a surface should be
diminished. It is interesting to note, however, that such ef-
fects might be within reach of comparative 2PPE and 1PPE
experiments. For instance, the plasmon resonance of silver is
at 3.8 eV,”’ an energy which can be bracketed by common
double- and single-photon energies to possibly acquire pho-
toemission data which are more or less strongly influenced
by nonlocal effects.®® In this context, the observation that
surface photoemission is unimportant in 2PPE with single-
photon energies below the plasmon energy, but visible in
1PPE with a photon energy above the plasmon threshold,
could be important.

V. SUMMARY

We have shown that the observed dispersion of the
sp-band transition on Ag(111) in 1PPE and 2PPE can be
analyzed using a nearly-free-electron model for the initial
and final states involved. The observed dispersion agrees
with the known band structure. To gain exact band-structure
information, the strong refraction of the low-energy electrons
needs to be taken into account quantitatively. This is limited
by the degree to which the inner potential is known. We
suggest using the low-energy photoelectrons from the
sp-band transition as a probe for the potential step at the
surface. The observed intensity distributions in 2PPE from
Ag(111) can be well described by a phenomenological model
which employs the Fresnel equations to calculate the electric
field components inside the sample. Very good agreement is
found using known optical constants and a momentum ma-
trix element which is directed into the direction of the sur-
face normal. By comparison to Cu(001), we have shown that
the observed intensity distributions for 1PPE and 2PPE are
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valid for this orientation of the momentum matrix element,
and surface photoemission can be neglected. In contrast, the
observed intensity distribution for one-photon photoemission
from Ag(111) does not fit the simple Fresnel model. We in-
terpret this as the influence of surface photoemission. With
the mentioned limitations in mind, our study shows that rel-
evant information about the electronic structure at surfaces
can be obtained with angle-dependent 2PPE measurements.
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