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We report the observation and systematic investigation of the space charge effect and mirror charge effect in photoemission sp
hen pulsed light is incident on a sample, the photo-emitted electrons experience energy redistribution after escaping from the surf

f the Coulomb interaction between them (space charge effect) and between photo-emitted electrons and the distribution of mir
n the sample (mirror charge effect). These combined Coulomb interaction effects give rise to an energy shift and a broadening
e on the order of 10 meV for a typical third-generation synchrotron light source. This value is comparable to many fundamenta
arameters actively studied by photoemission spectroscopy and should be taken seriously in interpreting photoemission data and
ext generation experiments.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Photoemission spectroscopy measures the energy distri-
ution of photo-emitted electrons when materials are irradi-
ted with light (Fig. 1) [1,2]. It is widely used in solid state
hysics and chemistry for investigating the electronic struc-

ure of surface, interface and bulk materials[1,2]. Recently, it
as become a prime choice of technique in studying strongly
orrelated electron systems[3,4], such as high temperature
uperconductors[5]. The availability of synchrotron light
ources and lasers, combined with the latest advancement of
lectron energy analyzer, has made a dramatic improvement
n the energy resolution of photoemission technique in the

ast decade; an energy resolution of∼5 meV or better can now
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be routinely obtained. These achievements have made i
sible to probe intrinsic properties of materials and many-b
effects[5]. For example, measurements of the supercon
ing gap on the order of 1 meV, as in conventional super
ductors[6] and in some high temperature superconduc
[7], have been demonstrated.

On the other hand, the utilization of pulsed light sour
such as synchrotron light or pulsed lasers, has also br
about concerns of the space charge effect[8]. When a larg
number of electrons are generated from a short pulsed s
and leave the sample surface, the electrons will first ex
ence a rapid spatial distribution depending on their kin
energy. Then, because of the Coulomb interaction, the
electrons tend to be pushed by the electrons behind
while the slow electrons tend to be retarded by those
electrons. This energy redistribution will distort the intrin
information contained in the initial photoelectrons by giv
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Fig. 1. Schematic of photoemission setup. A pulsed light is incident on the sample, kicking out electrons, and the electrons are collected by the electron energy
analyzer. The photon blocker is used to change photon flux while keeping the beamline intact. The electron blocker is used to change the number of electrons
collected by the analyzer. The sample current recorded by a picoammeter measures the number of electrons out of the sample which is proportional to the
photon flux. In the upright, inset shows the measurement geometry of the light, the sample and the analyzer. The synchrotron light is along theX axis, with its
electrical fieldE in theXYhorizontal plane and parallel toYaxis. The sample normal is in theXZplane and its angle with respect to theZ axis is referred to as
ϕ. The analyzer is rotatable and the lens axis is in theYZplane. The angle of the lens axis with respect to theZ axis is referred to asα.

rise to two kinds of effects. One is a general broadening of
the energy distribution, due to both acceleration and retarda-
tion of electrons in their encounters. The other is a system-
atic shift in the energy. The space charge broadening of the
energy distribution has been known for a long time as a lim-
iting factor in electron monochromators and other electron
beam devices[9], but it has not been considered in photoe-
mission until very recently[8]. The main concern there was
whether such an effect will set an ultimate limit on further im-
proving the energy resolution of the photoemission technique
[8].

Here, we report the first experimental observation of the
space charge effect in photoemission. In addition, by combin-
ing experimental measurement with numerical simulations,
we show that the mirror charges (also known as image charges
in the literature) in the sample also play an important role in
the energy shift and broadening. The combined effect of these
Coulomb interactions gives an energy shift and broadening
on the order of 10 meV for a typical third-generation syn-
chrotron light source, which is already comparable or larger
than the energy resolution set by the light source and the
electron analyzer. The value is also comparable to the many-
body effect actively pursued by modern photoemission spec-
troscopy. These effects, therefore, should be taken seriously
in interpreting experimental data and in designing next gen-
e

2. Experiment

The experiment was carried out on beamline 10.0.1 at
the Advanced Light Source. This is a third-generation syn-
chrotron source which generates pulsed light with a fre-
quency of 500 MHz and a duration of∼60 ps. The beamline
can generate linearly-polarized bright ultraviolet light with
a photon flux on the order of 1012 photons/s with a resolv-
ing powerE/�E of 10,000 (E is the photon energy and�E
the beamline energy resolution). The endstation is equipped
with a high resolution Scienta 2002 analyzer. The analyzer,
together with the chamber, is rotatable with respect to the
beam while the sample position is fixed. The measurement
geometry is illustrated in the upright inset ofFig. 1. There
are two angles to define the direction of electrons entering
the analyzer with respect to the sample normal: tilt angle
ϕ and analyzer rotation angleα. We measured the sample
current to quantitatively measure the number of electrons es-
caping from the sample which is proportional to the pho-
ton flux. With the pulse frequency of 500 MHz at the ALS,
1 nA of the sample current corresponds to 12.5 electrons per
pulse.

Fig. 2a shows a typical photoemission spectrum of poly-
crystalline gold taken with a photon energy of 35 eV. It con-
sists of a Fermi edge drop (EF) near∼30 eV, valence band be-
t ing to
ration experiments.
 ween 20 and 30 eV and a secondary electron tail extend
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Fig. 2. Photoemission spectra of a polycrystalline gold measured at a photon
energy of 34 eV and a temperature of 20 K. (a) Large energy range spectrum
showing a Fermi cut-off at 29.38 eV, the valence band between 20 and 30 eV,
and lower energy part arising from secondary electrons. (b) Au Fermi level
measured at different photon flux, as indicated by different sample current.
The open circles are experimental data which are fitted by Fermi–Dirac
functions (lines).

lower kinetic energy arising from the inelastic scattering. We
chose to measure on gold because the sharp Fermi edge at low
temperature (∼20 K for all the measurements in the paper)
gives a good measure of both the energy position and width
(Fig. 2b). The Fermi edge is fitted by the Fermi–Dirac func-
tion,f(E) = 1/(exp((E−EF)/kBT+ 1), at zero temperature con-
voluted with a Gaussian with a full-width-at-half-maximum
(FWHM) Γ . This widthΓ includes all the contributions from
thermal broadening, analyzer resolution, beamline resolution
and others.

In photoemission experiments, it is a routine procedure to
use Fermi level of a metal (such as gold) as the energy ref-
erencing point for the sample under study because the Fermi
levels are expected to line up with each other when the metal
and the sample are in good electrical contact. The Fermi level
of the metal is also expected to be dependent only on the pho-
ton energy and not on other experimental conditions, such as
sample temperature, photon flux etc. It was therefore quite

surprising when we first found out that the gold Fermi edge
shifts position with incident photon intensity (Fig. 2b). A sys-
tematic measurement reveals that, under some measurement
geometries, the Fermi level varies linearly with the sample
current and the shift can be as high as∼20 meV within the
photon flux range measured (Fig. 3a). Note that the Fermi
level energy gets higher with increasing photon flux. This
rules out the possibility of sample charging that usually oc-
curs due to poor electrical grounding of the sample. In that
case, the Fermi level energy would be pushed downward with
increasing photon flux. We can also rule out the possibility
of the local sample heating due to high photon flux because
temperature only affects the Fermi edge broadening but will
not change the Fermi level position. As we estimated, for a
photon flux of∼1013 photons/second at a photon energy of
35 eV, the corresponding power is∼0.056 mW. The temper-
ature increase with such a small power, spread over an area of
1 mm2, is negligible so it also has little effect on the thermal
broadening of the Fermi edge.

The first thing to check is whether this Fermi level shift
with photon flux is due to instrumental problems, which can
be from either the beamline or the electron analyzer. Re-
garding the beamline, the photon flux is usually varied by
adjusting the size of the beamline slits. This will change the
beamline energy resolution correspondingly but may poten-
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ially also cause energy position change. To check wh
his is the case, we put a photon blocker in the beam
Fig. 1) so that it can attenuate the photon flux while keep
he photon energy and resolution intact. Using the ph
locker, we observed a similar variation of the Fermi le
ith photon flux (Fig. 3a), thus ruling out the possibility
eamline problems. We also put an electron blocker (Fig. 1)

o vary the number of electrons collected by the analy
hen the photon flux on the sample is fixed, the Fermi e

hows little change with the number of electrons enterin
nalyzer (Fig. 3b). This indicates that the energy shift we h
bserved is not due to problems of the electron analyze

her. Therefore, the observed energy shift must be asso
ith the photoemission process itself.
In addition to the energy position shift, there is also

nergy broadening associated with increasing photon
o observe such an effect, we have to compromise the b

ine energy resolution in the way that it has a relatively h
hoton flux to induce an obvious broadening effect, and a
tively high-energy resolution (∼10 meV) in order to resolv

he additional broadening from all other contributions.
easurement is made possible by taking the advanta

he photon blocker to fix the contribution from the beaml
he total width increases with increasing photon flux
et ofFig. 4). Taking the width at the lowest photon flux
rising from all the other contributions including the bea

ine, the analyzer and sample temperature broadening
hoton-induced energy broadening can be extracted aft
onvolution. As seen inFig. 4, it varies with the photon flu
ith a magnitude comparable to but slightly larger than
nergy shift.
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Fig. 3. Fermi level shift in photoemission process. The sample tilt angleϕ is 45◦ and the analyzer angleα is 0. (a) Fermi level shift with the sample current
varied by either varying the beamline slits (solid circle) or by using the photon blocker (open square). (b) Fermi edge shift as a function of the numberof
electrons entering the analyzer varied by either changing the photon flux by using the photon blocker (open square) or keeping the photon flux constant but
using the electrn blocker (solid circle).

We have found that the Fermi edge shift and broadening
are sensitive to the spot size of the beam on the sample (Fig. 5).
Here, the spot size is changed by varying the vertical focus of
the beamline; the horizontal beamsize is fixed. It is measured
using the transmission mode of the analyzer, calibrated by
using samples with known size. As seen fromFig. 5a, as the
spot size increases, the energy shift gets less sensitive to the
change of photon flux, as also seen from the slope change as
a function of the spot size (Fig. 6). For comparison,Fig. 6
also includes the simulated data over a large range of spot
sizes. Although the data of energy broadening (Fig. 5b) is
scattered as a result of deconvolution from a relatively large
background value, the trend is clear that the broadening gets
smaller with increasing spot size. Again, for a given beam
size, the magnitude of the energy broadening is comparable
to but slightly larger than the corresponding energy shift.

The Fermi edge shift and broadening are also sensitive to
the electron emission angle. We set the gold sample at dif-
ferent tilt angles and measured the Fermi level position and
width as a function of the analyzer angle under various pho-
ton fluxes. As seen inFig. 7, the Fermi level position exhibits
a strong variation with the analyzer angle, particularly at high
photon flux. The Fermi level is higher near smaller analyzer
angle and decreases with increasing analyzer angle. When
the analyzer angle is close to 90◦ all the curves with different

sample tilt angle and with different sample current tend to
approach to a similar position within the experimental error.
The overall measured Fermi level width basically follows the
trend of the energy shift: it becomes smaller with increasing
analyzer angle. We also notice that the curves are not sym-
metrical with respect to the zero analyzer angle. Since the
surface of the polycrystalline gold we used is not perfectly
flat, one possible reason is that the exact angle may be slightly
off from the nominal value. Another possibility is the pres-
ence of a small systematic error. As indicated fromFig. 7,
when the sample current is small (23 nA), one can still ob-
serve Fermi level shift with the analyzer angle which may
be due to a systematic error associated with the experimental
setup.

To gain more insight on the angle dependence, we also
measured the energy shift and broadening as a function of the
sample current at different analyzer angles (Fig. 8a and b).
It is interesting to note that, while for small analyzer angles,
the energy shift is proportional to the sample current, as we
have seen before, it deviates significantly from the straight
line for large angles. In this case, the energy shift exhibits
linear relation only at high sample current. When the sample
current gets smaller, it goes through a minimum, and then
gets larger again even with further decreasing of the sample
current. One may expect that at zero sample current the energy
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Fig. 4. Fermi edge broadening (solid square) and the Fermi edge shift (open
circle) as a function of sample current. The sample tilt angleϕ is 45◦ and
the analyzer angleα is 0. The beam spot size is∼0.43 mm× 0.30 mm.
The photon flux corresponding to 150 nA sample current is∼5 × 1013

photons/second. The inset shows the measured overall Fermi edge width as a
function of the sample current, which includes all contributions including the
beamline, the analyzer and the temperature broadening. The net broadening
resulting from pulsed photons is obtained by deconvolution of the measured
data, taking the width at low photon flux as from all the other contributions.

shift approach zero so that all curves should converge at the
zero sample current, as indeed shown by the data inFig. 8(the
small Fermi level scattering at zero sample current may be
due to the systematic error as discussed before). This implies
that, for large analyzer angles, the energy shift can be even
negative at some sample current.

Fitting the high sample current part of the curves inFig. 8a
and b with a straight line, we extracted their slopes and plotted
them inFig. 8c for two sample tilt angles. The shape of the
curves is similar to that inFig. 7. The high sample current
part overlaps with each other. When extrapolated to 90◦ the
Fermi level shift is approaching zero which is also consistent
with the converging of the Fermi level at high analyzer angle
as seen inFig. 7.

To further investigate the origin of the angle-dependent en-
ergy shift and broadening, we measured the gold valence band
at different analyzer angles (Fig. 9). The intensity of these
spectra are normalized to the photon flux so they are compa-
rable with each other. The shape of the valence band shows no
obvious change with the analyzer angle, but their relative in-
tensity changes dramatically. For a quantitative comparison,
we integrated the spectral weight over a large energy range
(5–35 eV) and the result is shown in the inset ofFig. 9. Inte-
gration over a smaller energy window, such as 25–35 gives
essentially the same shape. We have found that the angular

Fig. 5. (a) Effect of beam spot size on the energy shift. The energy shift for
each spot size (FWHM) shows a nearly linear dependence on the sample
current and is fitted with a straight line (solid lines). The sample tilt angleϕ

is 45◦ and the analyzer angleα is 0. (b) Effect of beam size on the energy
broadening. The broadening at high sample current can be approximated as
a straight line; the solid lines also act as a guide to the eye.

variation of the relative valence band intensity and the Fermi
level shift is identical (inset ofFig. 9). This indicates that the
angle dependence of the Fermi level is directly related to the
angle-dependence of the number of photo-emitted electrons.

3. Numerical simulation of space charge effect and
mirror charge effect

It is expected that the space charge effect depends on a
number of parameters[8]: (1) the number of electrons per
pulse; (2) the pulse length; (3) the size and shape of the
excitation area; and (4) the energy distribution of the elec-
trons. We have performed numerical simulations using the
Monte Carlo-based technique developed earlier[8] in order
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Fig. 6. Effect of beam spot size on the energy shift and broadening. The
measured energy shift (solid square) is obtained from the slope by fitting the
curves inFig. 5a with linear lines. The simulated energy shift (open square)
and broadening (open circle), are calculated by considering both the space
and mirror charge effects and the overall gold valence band as shown in
Fig. 2a.

Fig. 7. The energy shift (upper panel) and broadening (lower panel) as a fu
37◦, and (c)ϕ = 52◦. The curves in each panel represent different sample curr
current is nearly a constant.

to quantitatively examine our results. This serves first to check
whether the observed energy shift and broadening can be
entirely attributed to the space charge effect. It then helps to
understand the microscopic processes associated with it, such
as the time scale of the process. Moreover, it can be extended
to investigate situations that are difficult or not accessible
for the experiments, such as the effect of the electron energy
distribution, the effect of the pulse length, and the case of a
continuous source, as we will discuss below.

In the simulation, a specified number of electrons
(1–100,000) (denoted as interaction electrons hereafter) are
started at random positions within the specified source area,
at random times during the pulse, and with random energies
with some specified distribution. Because the acceptance an-
gle of the electron energy analyzer is small, the electrons for
which the energy spread and broadening are to be calculated
(denoted as test electrons hereafter) are started in the forward
direction with a specified initial energy but with a random
distribution in start position and time. This condition corre-
sponds to the measurement geometry of the analyzer angle
α = 0 and the sample tilt angleϕ = 0. Each test electron is
assumed to feel the Coulomb force from all interaction elec-
trons within some cut-off distance. The interaction electrons
are assumed to move in straight lines defined by their ini-
tial conditions, i.e., all mutual interactions between them are
n nges
eglected. This is legitimate because their position cha
nction of the analyzer angleα for different sample tilt angles (a)ϕ = 22◦, (b) ϕ =
ents (SC) under a given beamline resolution (dE). For any given curve the sample
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Fig. 8. Energy shift as a function of sample current at different analyzer angles for the sample tilt angle of (a)ϕ = 22◦ and (b)ϕ = 37◦. The spot size for these
two cases is approximately 0.4 mm× 0.4 mm. Note that while for the small analyzer angle the energy shift changes nearly linearly over the entire sample
current range, for large analyzer angle, it shows a back bend at low sample current. If we take the value near zero sample current as the intrinsic Fermi level,
it is found that the energy shift at high analyzer angle can be negative. (c) Energy shift per sample current for two different sample tilts angles. The slope is
obtained by fitting the straight high sample current part as inFig. 8.

are extremely small and random. The energy evolution of a
single test electron is followed until all interaction electrons
have vanished outside the cut-off distance. Then, the process
is repeated with a new set of interaction electrons and one
new test electron. This procedure is repeated a few thousand
times, after which the energy distribution of the test electrons
is calculated. For the accuracy of the integration to be of the
same order of magnitude as the statistical uncertainty, the cut-
off distance has to be at least 1 mm, and for most calculations
it was chosen to be 2 mm. The energy distribution can usually
be well fitted by a Gaussian, although the number of electrons
which experience very large shifts is significantly larger than
for the Gaussian distribution. Such extreme outliers are ne-
glected when calculating the width of the distribution.

The electrons in the pulse will experience Coulomb in-
teraction from all the other electrons at different energies,
including the large number of low-energy secondary elec-
trons (Fig. 2a). To evaluate the effect of the electron energy
distribution on the electrons at the Fermi level, we divided
the energy range below EF into a number of regions, and
calculated the contribution from each individual region. The
simulated energy shift and broadening from the direct space
charge effect are plotted inFig. 10a and b, respectively. The
energy shift displays a strictly linear relation with the number
of electrons in a pulse and the slope as a function of test elec-
t ,
t only
a ns it

Fig. 9. Large energy-range valence band of Au measured at different an-
alyzer angleα. The sample tilt angle isϕ = 37◦. In the inset shows the
integrated spectral weight over the entire energy range of 5–35 eV as a func-
tion of the analyzer angleα (black solid square). For comparison, the Fermi
level as a function of the analyzer angle measured under similar condition
is also plotted (blue circle).
ron kinetic energy is plotted inFig. 11. On the other hand
he energy broadening exhibits a nearly linear relation
t large number of electrons; at small number of electro
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Fig. 10. Numerical calculations of space charge effect. The pulse length is 60 ps and the spot size is 0.43 mm× 0.42 mm. (a) The energy shift as a function
of the number of interaction electrons from the space charge effect. The test electron has an energy of 30 eV. Each curve represents the energy shift from the
interaction electrons with an energy range of 0–5, 5–10, 10–15, 15–20, 20–25, and 25–30 eV. (b) The corresponding energy broadening from the space charge
effect for those six different energy regions. The inset of (a) illustrates the space charge effect that shows a number of electrons (solid circles) ina pulse escaping
from the sample surface.

shows a bend. Clearly all electrons contribute to the Fermi
level energy shift and broadening but they contribute dif-
ferently: the high-energy electrons contribute more than the
low-energy ones (Fig. 11).

In fact, an electron at a distancez in front of a conduct-
ing metal surface will also experience an attractive forceF(z)
= −e2/(2z)2, identical to that produced by a positive (mir-
ror image) charge at a distancez inside the metal[10]. The
basic assumption behind the mirror charge concept is that
the charges on the sample surface redistribute themselves in
such a way that the surface is always an equipotential sur-
face. Whether this assumption is correct on the time scale
considered here may be dependent e.g., on the conductivity
of the sample. In this case, each interaction electron is accom-
panied by a mirror charge in the sample (inset ofFig. 12a),
which also interacts with the test electron. The interaction of
the test electron with its own mirror charge is not included
here because it is always present. In the earlier simulation[8],
the mirror charges could be neglected when only considering
the broadening caused by interaction electrons with energies
close to that of the test electron. For the case when the test
electron has higher energy than all interaction electrons, this
is no longer true, in particular when the energy shifts are also
considered.

Fig. 12a and b show simulated energy shift and broad-
e the
s ins a
l ulse

and the slope is plotted inFig. 11. The contribution from
the mirror charge alone can be easily extracted. Apparently
the mirror charge gives rise to a negative energy shift with
increasing number of electrons per pulse. This helps in com-
pensating the positive energy shift from the space charge ef-
fect. The combined effect on the energy broadening is more
complicated. For the highest energy range of the interaction
electrons (25–30 eV), the combined broadening (Fig. 12b) is
larger than that from the space charge effect alone (Fig. 10b).
But for the lower energy range of the interaction electrons, it
is smaller than that from the space charge effect.

We have found that the energy shift and broadening occur
at very different time scales. As seen fromFig. 13, the en-
ergy shift evolves gradually within the first nanosecond. The
energy broadening, on the other hand, has already reached
its equilibrium value at 100 ps, followed by random fluctua-
tions. This is because the energy shift takes place only after
the electrons have spatially sorted themselves according to
their energy; after that the forces are all acting in the same
direction. We also note that initially each interaction electron
and its mirror charge form a very short dipole, from which
the field decreases rapidly with distance. The broadening, on
the other hand, is much more of a nearest-neighbor effect,
which is strongest when the pulse is dense. Detailed study
of the energy evolution for individual electrons shows that
t d by
o elec-
t time
ning for different energy ranges by incorporating both
pace and mirror charge effects. The energy shift reta
inear variation with the number of test electrons per p
he random part of the energy change is often dominate
ne single event, i.e., a close encounter with another

ron. Since the energy shift continues to grow over a
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Fig. 11. The energy shift as a function of the interaction electron energy
distribution for the space charge only, the mirror charge only, and both the
space charge and the mirror charge. These values are obtained by extracting
the slope of curves inFigs. 10a and 12a.

Fig. 12. Numerical calculations of combined space and mirror charge effect. y
shift as a function of the number of the interaction electrons from both space
curve represents the energy shift from the interaction electrons with an energ
energy broadening from both space charge and mirror charge for those six
effect: a pulse of electrons (solid circles) escaping from the sample surface a

Fig. 13. Time evolution of the energy shift. The data are obtained by aver-
aging for 9, 30, 90, and 300 electrons/pulse.

that is comparable to the interval between pulses, we have
also checked whether it can be affected by remaining slow
electrons from the previous pulse: we have found that this
contribution is completely negligible.
The pulse length is 60 ps and the spot size is 0.43 mm× 0.42 mm. (a) The energ

charge and mirror charge effects. The test electron has an energy of 30 eV.Each
y range of 0–5, 5–10, 10–15, 15–20, 20–25, and 25–30 eV. (b) The corresponding
different energy regions. The inset of (a) schematically shows the mirror charge
nd each electron has a mirror charge (open circles) inside the sample.
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Since a time-continuous light source, such as discharge
lamps, is widely used as a lab source for photoemission,
it is important to check whether similar effects still exist
in that case. For a continuous light source, because there
will be no spatial redistribution of the electrons according
to their energy, one might expect the contribution to the en-
ergy shift from the space charge to be close to zero, while
the mirror charge will give a negative shift. The broadening
can be expected to be of the same order of magnitude as
that from a pulsed source with the same number of electrons
per unit time. To simulate a continuous source, we first start
with a pulsed source, varying the pulse length while keep-
ing the number of electrons per unit time constant, and try
to extrapolate to infinite length to approximate a continu-
ous source. We have considered a typical case of Helium I
radiation (photon energy 21.12 eV) on polycrystalline gold,
and varied the sample current during the pulse from 0.15 to
50 electrons/ps.Fig. 14shows the energy shift and broaden-
ing for different sample currents as a function of the pulse
length. When scaled by the sample current, all energy shift
curves overlap with each other because the shift is propor-
tional to the current for all pulse lengths (Fig. 14a). The en-
ergy shift shows non-monotonic dependence with the pulse
length, owing to the competition between the direct space
charges and mirror charges. When the pulse length is short,
t shift.
W mir-
r shift.
E aken
f
l pho-
t
o rticu-
l onic
v und
1 pulse
l the
d e to
1 .

4
n

sure-
m ning
d elec-
t mple,
t used.
M de-
p distri-
b tors,
t so
m d to
e ke is
t

Fig. 14. (a) Energy shift and (b) broadening per electron current (the unit
is electrons per picosecond (e/ps)) as a function of pulse length at different
electron currents. The spot size is 0.43 mm× 0.42 mm. For the energy shift,
all curves overlap with each other, indicating that the energy shift is pro-
portional to the electron current. But for the energy broadening, they do not
strictly overlap with each other, particularly at longer pulse length.

As shown inFigs. 4 and 5, the measured energy shift
is proportional to the sample current and the broadening is
nearly linear at high sample current and shows a bend at
lower sample current. Qualitatively speaking, both observa-
tions are consistent with the simulated results from either the
space charge effect (Fig. 10) or combined space and mir-
ror charge effects (Fig. 12). After obtaining the contribution
for each individual energy range from the space charge ef-
fect (Fig. 10), we calculated the overall energy shift from the
measured valence band (Fig. 2a) as a weighted sum of the
contributions from the different energy ranges. We also used
a model where the energy distribution is approximated by
a rectangular shape corresponding to the valence band and
a triangular distribution of the secondary electrons; the ob-
tained results are similar. It was found that the value for the
energy shift obtained from the space charge effect alone is
he space charge dominates which gives positive energy
hen the pulse length is long enough, the effect from

or charges dominates which leads to a negative energy
ventually it asymptotically reaches a value that can be t

or a continuous source. The shift is−0.7 meV for 1.5×
012 electrons/second and can get significant when the
on flux is larger. The energy broadening (Fig. 14b), on the
ther hand, does not scale with the sample current, pa

arly at longer pulse length. It also exhibits a non-monot
ariation with the pulse length, reaching a maximum aro
04 ps and then decreases with further increasing of the

ength. If we assume an asymptotic behavior following
rop, the broadening for the continuous source is clos
meV for a sample current of 1.5× 1012 electrons/second

. Comparison between the experiment and the
umerical simulation and discussions

As we have seen from both the experimental mea
ents and the simulation, the energy shift and broade
epend on many parameters, such as the number of

rons per pulse, the pulse length, the spot size on the sa
he emission angle of electrons and the photon energy
oreover, it is material-specific. This is first because it
ends on the shape of the valence band, i.e., the energy
ution of photoelectrons. Seocnd, for metals and insula
he effect of mirror charge may vary significantly. With
any factors coming into play simultaneously, it is har

xhaust all the possibilities and a proper approach to ta
o measure or simulate on an individual basis.
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much higher than that measured from experiment. For exam-
ple, for the spot size of 0.43 mm× 0.42 mm, the calculated
energy shift is 0.175 meV/nA, much higher than the mea-
sured 0.055 meV/nA. The large discrepancy indicates that the
space charge effect alone can not account for the observed en-
ergy shift. This prompted us in identifying the mirror charge
effect that should be present for metals, such as gold. Af-
ter considering both effects (Fig. 12), the calculated energy
shift becomes quantitatively consistent with the experiment,
as seen inFig. 6 even for different spot sizes. Considering
that there are no adjustable parameters in the simulation, this
level of agreement is striking. This indicates that we have
captured the main contributors to the energy shift effect. The
quantitative comparison between the measurement and the
simulation has made us able to identify the mirror charge
effect that was not included before[8].

For the area dependence (Fig. 6), we note that the size of
the spot on the sample relative to the distance an electron trav-
els during the pulse is important. Depending on the relative
ratio, the space charge effect may exhibit different depen-
dence on the spot size. If the light spot is much larger than
the electron travelling distance (for 30 eV electron, the travel-
ling distance is∼0.2 mm within 60 ps), the shape of electron
spatial distribution is basically flat. The space charge effect is
expected to be proportional to the number of electrons/area.
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5. Implications of space charge effect

The observation of space and mirror charge effects has im-
portant implications in photoemission experiments as well as
the future development of the technique. These findings first
ask for particular caution in interpreting photoemission data.
One immediate issue is the electron energy referencing in
photoemission spectroscopy. In photoemission community it
is a routine procedure to use the Fermi level of a metal as a ref-
erence. This is usually realized by measuring the Fermi level
from a metal (such as gold) which is electrically connected
to the sample under measurement. It is true that the intrinsic
Fermi level of the sample is lined up with that of the metal,
but the measured Fermi level has an offset from the space and
mirror charge effects. This offset can be different between the
sample and the metal because it is not only material-specific,
but also depends on many other factors. When the effect on
the energy shift is strong, using the Fermi level from a metal
as a reference becomes unreliable.

Another related issue is the Fermi level instability dur-
ing measurement. Because the photon flux usually changes
with time for many synchrotron light sources due to the fi-
nite life-time of electrons in the storage ring, the Fermi level
is always changing with time during measurements. As we
have shown before, this can give rise to an Fermi level un-
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hen the spot size gets smaller, one will get increasingly
ortant edge effects, because electrons that move outsi
pot will not be compensated by electrons coming from
utside. In the limit where the spot is very small, the sp
istribution of electrons is a half-sphere. The average

ance between electrons will be defined by their time inte
ather than by the distance between the points where
tarted. So in that case, the effect may become indepe
f the spot size.

On the other hand, there are cases where the simu
eviates from measurements. We found that the mea
roadening is larger than the values calculated from the
lation. As shown inFig. 6, from the simulation, the broa
ning is smaller than the shift whereas from the measure
Figs. 4 and 5), the broadening is comparable or slightly lar
han the shift. The reason for this discrepancy is not clea
nd probably more sophisticated simulations are need
ddress the discrepancy. We note the broadening can be

han the shift when the energy of the interaction electro
lose to that of the test electron (energy range 25–30 e
ig. 12b) which is probably due to the longer average inte

ion times. However, in the case of gold, because the fra
f electrons in the range close to the Fermi edge is very s
Fig. 2a), this contribution is small to the overall broad
ng. The angular dependence of the energy shift (Fig. 7) can
e well attributed to angle-dependent number of electro
ifferent emission angles (Fig. 9) which is probably asso
iated with the linear polarization of the synchrotron lig
owever, to understand the negative energy shift for
nalyzer angles at lower sample current, more simulati
lso needed.
t

r

ertainty on the order of 10 meV for a typical experime
etting using a third-generation synchrotron light source.
s comparable or larger than many energy scales whic
ctively pursued in many-body problems in the conde
atter physics[3,4]. Measurement with an energy precis
f 1 meV is necessary, for example, when the supercon

ng gap in some conventional metals as well as in some
emperature superconductors is on the order of 1 meV[6,7].
n this case, an uncertainty or shift on the order of 10 m
efinitely poses a big problem.

To resolve the Fermi level referencing problem, one
lways minimize the space charge effect by reducing
hoton flux, or increasing the spot size. Apparently th
ot desirable, particularly when a high photon flux is n
ssary to take data with a good statistics and a high
iency. Given that the Fermi level referencing to a met
o longer reliable, one may use an internal reference

he sample under measurement. This internal referenc
e obtained from priori knowledge or measurements
egligible space charge effect. For example, in high tem
ture cuprate materials, the (0,0) to (�,�) nodal direction ca
e used as an internal reference to locate the Fermi lev
ause it has been shown that the superconducting ga
seudogap approaches zero along this direction exce

ightly-doped samples[5]. As for the Fermi level instabilit
ith time, since the energy shift exhibits a linear relation w

he photon flux, it is possible to make corrections by rec
ng the sample current or photon flux. Ideally, this prob
an be minimized if the synchrotron light source is o
ted at a constant or quasi-constant photon flux (“Top-
ode.
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In addition to the Fermi level uncertainty, the energy
broadening is another serious issue facing the photoemission
technique. Since most physical properties of materials are
dictated by electronic excitations within an energy range of
∼kBT near the Fermi level (kB is the Boltzman constant and
T is the temperature), to probe the intrinsic electronic proper-
ties, the energy resolution has to be comparable or better than
kBT, which is 0.8 meV for 10 K. Therefore, there is a strong
scientific impetus to improve the photoemission technique to
even higher energy resolution (sub-meV), accompanied by
high photon flux and small beam size. The space and mir-
ror charge effects should be taken into account seriously in
the future development of new light sources and electron en-
ergy analyzers. The high photon flux and small spot size will
enhance the space and mirror charge effects; the resultant en-
ergy broadening can be well beyond the resolution from the
electron analyzer and the light source.

With the increasing demand of high-energy resolution, it
is important to investigate how to alleviate or remove the
space charge effect. For example, it is interesting to study
whether applying a bias voltage between the sample and the
electron detector will affect the space charge effect. On the
other hand, in addition to putting more effort on improving
the performance of the light sources, it is very important to
put emphasis on enhancing the capabilities of the electron
e sensi-
t tion
s lyzer
t play
e than
1 le all
t e
s e ex
p time
w that

much work needs to be done and we hope our identification
of the Coulomb effects can stimulate more work along this
direction.
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