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We examine the effects of the electric fields caused by the difference in work function between a sample
and its surroundings in laser-based angle-resolved photoemission spectroscopy (laser ARPES) experi-
ments. To simulate these effects we created several samples and surrounding puck geometries using
Simlon 8.0 modeling software, and found that in most cases the system can be approximated by a circular
sample mounted on an infinite conducting plane. Experimental measurements of the cuprate super-
conductor Bi;Sr,CaCu,0g.5 mounted on copper, aluminum, and graphite pucks confirmed the model’s
accuracy. Both the model and experimental data showed that work-function-induced fields have a signif-
icant effect on the outgoing trajectories of electrons for kinetic energies up to six times the work function
difference between the sample and the puck. However, with the exception of effects very close to the

sample edge, all electric field effects can be taken into account using linear corrections.

© 2014 Published by Elsevier B.V.

1. Introduction

Angle-resolved photoemission spectroscopy (ARPES) is one of
the leading techniques in the study of the electronic structure of
solids. While the technique is usually employed in conjunction with
synchrotron light, compact laser-based ARPES setups with photon
energies ranging from 6 to 7 eV [1-3] are becoming an increasingly
common alternative. Such systems offer a number of advantages
over synchrotron-based ARPES light sources, including lower cost,
greater adaptability, increased bulk sensitivity, and better energy
and momentum resolution [4-8]. Because the lasers used in many
of these systems are pulsed, they also provide an ideal frame-
work for next-generation ARPES experiments incorporating time
[9-19] and, in some cases, spin resolution [20,21]. Despite these
advantages, the low photon energy typically used for laser ARPES
experiments also causes photoelectrons to be ejected from a given
sample with correspondingly low kinetic energies, and as such they
are increasingly subject to stray electric and magnetic fields on their
way from the sample to an electron analyzer. Electric fields are par-
ticularly problematic because electric forces remain constant at low
kinetic energy even when magnetic forces die off to zero. Although
the presence of an electric field between the analyzer and sample
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has been acknowledged [9], there has been no significant analysis
of the way this field affects the trajectories and hence the momenta
of the outgoing photoelectrons.

In a typical photoemission setup, possible sources of electric
fields are (a) direct biasing of the sample, (b) temperature gradi-
ents, (c) space charge, (d) sample charging, and (e) work function
differences between the sample and other conductive compo-
nents of the experimental apparatus. The last of these sources
produces the largest and most conspicuous field. In an ARPES exper-
iment, the sample is secured to a puck made of a different type of
material—commonly copper, molybdenum, aluminum, or graphite.
Because the sample and puck are connected conductively, they will
develop a contact potential difference Vsp = (Dsampte — Ppuck)/e, with
respective work functions @ggmpe and @p, ¢ for the sample and
puck, causing an electric field above the sample [22].

In this letter we present a systematic study of the relation
between contact potentials and photoelectron trajectories for pho-
toelectrons with low kinetic energies. In Section2 we develop a
simulation of the effect of electric fields on photoelectron trajec-
tories, given a simple geometry of a flat sample embedded within
a much larger flat conducting plane of a different type of material.
The simulation results show that the electric field has a signifi-
cant impact on the electron trajectory in the energy ranges typical
of laser ARPES experiments. Specifically, we found that for elec-
trons emitted from the center of a 2-mm-diameter sample, the
measured parallel momentum will differ from its true value by
more than 5% unless the electronic kinetic energy exceeds the work
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function difference between the sample and puck by a factor of 6.
The effect is dependent on photoelectron exit angle and position,
becoming larger for photoelectrons emitted away from the cen-
ter of the sample and away from normal emission. In Sections 3
and 4 this model is compared to ARPES data of optimally doped
Bi,SryCaCu;0g.5 (Bi2212), measured at a laser-based ARPES setup
currently in use at Lawrence Berkeley National Laboratory [10].
Samples were mounted on three different puck materials: cop-
per, graphite, and aluminum. Remarkably, although the overall field
effects can be substantial, they can be readily corrected. We per-
formed a linear fit for the final angle of the electrons versus the
electron emission distance from the center for electrons emitted
from —0.8 to 0.8 times sample radius. The fits show that except
at the very edge of the sample, in first approximation a simple
linear correction can be used to adjust for the field effects. While
the model employed here was designed to approximate a specific
system, the conclusions can be easily generalized.

2. Theoretical model and simulations

To study the impact of the field we started with a simple model
consisting of a circular “electrode” with a 1-mm radius (repre-
senting the sample) embedded in an infinite conducting plane
(representing the puck). A voltage equal to the difference between
the work functions of the two materials was applied to the electrode
and the plane was grounded at OV. The electric potential for such
a geometry can be solved using Green functions and the method of
images [23], and is given by
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where x, corresponds to the transverse distance from the sample
center, x; corresponds to perpendicular distance from the sample
surface, ro corresponds to the sample radius, and Vs, is the contact
potential difference. Fig. 1(a) shows the geometry of the model, and
approximates these equipotentials and their corresponding electric

(a)

field lines, while Fig. 1(b) shows a three-dimensional plot of the
potential graph.

The impact of the electric field on photoelectron trajectories
was characterized by using Simlon 8.0 modeling software to record
changes in exit angle (f) and parallel momentum (k) of electrons
as they propagate away from the sample. Fig. 1(c) and (d) show
the typical trajectory changes far from the sample surface (about
50 mm) as a function of kinetic energy, when the outgoing electrons
are emitted with a fixed initial exit angle of 8y =45° (panel c) or a
fixed initial transverse momentum of ko =4nm-! (panel d). Here
and below we reference our measurements to physical units, but
we note that for these simple puck geometries the entire problem
can be reframed in terms of dimensionless parameters: the ratio of
the electron’s kinetic energy (Ey) to the work function difference
(AD = Dyympie — Ppuck ), the angle (0) at which the electron exits
the sample, and the position at which the electron exits the sam-
ple relative to the sample center and divided by the sample radius
(Xu/rO)'

As shown in Fig. 1(c) and (d), even at the center of the sample,
where field effects are minimized, the electrons that have kinetic
energies up to 6 times the difference in work function are signif-
icantly affected, changing by over 5% of the initial value in both
cases. Given a work function between 4 and 5 eV, electrons emit-
ted from a 7 eV laser will exit the sample with only 2-3 eV of kinetic
energy, and a very small work function difference could alter one’s
results.

In order to characterize the model’s angular and position
dependence, we simulated the emission of electrons from the sam-
ple center at varied output angles ranging from normal emission to
75° in 15° steps (shown in Fig. 2(a) and (b)), and from different
positions across the diameter of the sample at 8y =45° (shown in
Fig. 2(c) and (d)). Initially, the electrode voltage was set at 0.5V
and the electron exited with energy E; =2 eV, corresponding to an
energy ratio of 4. This is typical of a Bi2212 sample (D mpie ~ 4 €V)
emitted using a 6eV laser from a copper puck (D, ~4.5eV). It
is clear from Fig. 2 that the electron’s measured angle is affected
by both the exit angle and exit position, but the relative position at
which it exits has a larger impact. For electrons leaving the center of

45 3 0.00
44+
,\ L —-0.04
o 3
[0} >
o 42~ & @
— —
o ° —-008 =
[5) M- o -~
kel ==l
X 40| e T
f<s) —-0.12
391
38 .
I R T T R
(d) 40 — 0.00
391 o ?
°
.0 —-0.04
—~ 38| . >
E 37} dos =
N~ ° “Hs S
= %ef gx
a5k ® —H-0.12
341
I N I B R A
0 5 10 15 20

Ek / ( (Dpuck - (Dsample )

Fig. 1. (a) Visualization of an electron trajectory with electric fields (solid) and potentials (dashed). The arrow represents a possible electron trajectory. Inset: A cartoon of
the geometry of the model, which is a circular sample embedded in an infinite grounded plane. (b) Three dimensional graph of the electric potential described in (a). (c)
The final angle (6y) and fractional change in angle (A6/6,) of an electron leaving the center of the sample at initial angle 6y =45°, plotted versus E,/A@®. (d) The final parallel
momentum (k) and fractional change in parallel momentum (Ak; /ko) of an electron leaving the center of the sample at initial parallel momentum kjo =4nm-", versus

kinetic energy Ex/A®.
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