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We  discuss  several  recent  developments  in photoemission,  with  comments  on their  perspectives  for  the
future.  These  include  an  adequate  allowance  for  differential  cross  section  effects  in  core-  and  valence-
angular  distributions,  as  well  as more  accurate  one-step  modeling  of angle-resolved  photoemission
(ARPES);  the  use  of higher  photon  energies  from  the soft-  to hard-  X-ray  regime  to permit  probing  bulk
electronic  structure  and  buried  layers  and  interfaces;  extending  ARPES  into  the soft-  and  hard-  X-ray
regimes;  tailoring  the  X-ray  wave  field  through  X-ray  optical  effects  including  standing  waves,  total
reflection,  and  tuning  through  resonances;  using  standing-wave  excitation  to  provide  much  enhanced
depth  sensitivity  in studying  solid/gas  and solid/liquid  interfaces;  and  applying  photoelectron  holography
to  time-resolved  studies  of  molecular  reactions  and  dissociation.  Specific  application  examples  include  a
magnetic  semiconductor,  multilayer  structures  of  complex  metal  oxides,  a  thin water  solution  on  a metal
oxide  surface,  and  a halo-substituted  benzene  molecule.

©  2014  Elsevier  B.V.  All  rights  reserved.
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H
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pintronics
. Introduction

We  will in this article discuss a few recent developments in
oft- and hard- X-ray photoemission that relate to the overall topic
f this issue: structure determination and wave-function analysis,
ith special emphasis on the future perspectives that these sug-

est. Structure determination will be considered both from the

oint of view of using (SW) standing-wave excitation, together
ith other X-ray optical effects and total reflection, in studies of
ultilayer solid samples, but also at the atomic level from the

� Invited article to appear in The Journal of Electron Spectroscopy and Related
henomena Special Issue “Structure Determination and Wave-Function Analysis”.
∗ Corresponding author.

E-mail address: fadley@physics.ucdavis.edu (C.S. Fadley).

ttp://dx.doi.org/10.1016/j.elspec.2014.06.004
368-2048/© 2014 Elsevier B.V. All rights reserved.
point of view of photoelectron diffraction (PD) and holography
(PH), including potential time-resolved studies with free-electron
lasers. Wave-function analysis will be discussed in the context of
angle-resolved photoemission (ARPES) using higher-energy soft
and hard X-ray excitation so as to probe more deeply into mate-
rials.

We begin by introducing some of the basic parameters of the
photoemission process related to these developments, and then
consider more specific topics and applications. We  will also point
in several places in this article to discussions by other authors in
this issue, so as to be complementary, but not repetitive, to them.
For example, Gray [1] has written an excellent article on standing-

wave effects whose contents we will not repeat here, but try to
complement in a couple of case studies. The experimental results
presented here have been obtained at several different synchrotron
radiation facilities, as indicated specifically for each case below.

dx.doi.org/10.1016/j.elspec.2014.06.004
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2014.06.004&domain=pdf
mailto:fadley@physics.ucdavis.edu
dx.doi.org/10.1016/j.elspec.2014.06.004
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. Some basic parameters and phenomena

.1. Differential photoelectric cross sections for atomic orbitals in
rbitrary experimental geometries

Photoelectron spectrometers, both dispersive and time-of-
ight, are rapidly being developed that can simultaneously
easure intensities over an increasingly broader two-dimensional

ngle range, as e.g. those discussed by Matsuda [2] and Matsushita
3] in this issue. One can thus ask a very basic question in studying
oth core- and valence- electron emission as to the precise form of
he differential photoelectric cross sections involved, and how they
ill vary over the detection range of the spectrometer. Such varia-

ions can influence both PD and ARPES, for example. With polarized
adiation for excitation, it is well known that the cross section is
trongly affected by the experimental geometry, but there is no
eadily accessible source of differential cross sections for individ-
al atomic orbitals such as e.g. the t2g set dxy, dyz, and dzx and the eg

et dx2−y2 and dz2 . A program has thus been written in our group [4]
hat will be made available to the community at large and which
ermits calculating the differential photoelectric cross sections for
ore and valence atomic orbitals for arbitrary experimental geome-
ries and light polarizations. This makes use of analytical formulas
eveloped by our group some time ago [5], to which are added

 database of photoelectric cross sections and continuum-wave
hase shifts. These should be generally useful to many groups in try-

ng to estimate the relative contributions of different orbitals to in
articular valence-band spectra, whether density-of-states like or
omentum-resolved as in ARPES. In ARPES one certainly has addi-
ional selection rules on wave vector k and matrix elements that
epend on the orbital makeup of a given band that are critical for
escribing the full dispersion curves, and these can only be assessed
y more accurate photoemission calculations, for example, with

ig. 1. Theoretical differential photoelectric cross sections for Mn  3d atomic orbitals a
xperimental geometry used in our group’s soft X-ray standing-wave and ARPES measure
orm  (plotted through contours of equal probability density), together with their three-d
ross-section contours are all plotted on the same absolute scale: that is, the distance from
rbitals  marked with X are not expected to contribute in, and those outlined in red/dashe
y and Related Phenomena 195 (2014) 409–422

the surface explicity included in a time-reversed low energy elec-
tron diffraction or so-called “one-step” picture [6]. However, atomic
cross sections can nonetheless provide insight as to what bands
should be strong in which directions.

As an illustrative example of these atomic orbital differential
cross sections, in Fig. 1, we show some first results from this
program, actually calculated for two closely-related experimental
geometries we  have used for soft X-ray ARPES at both the Advanced
Light Source (ALS) and the Swiss Light Source (SLS). In Fig. 1(a), the
experimental geometry we  have used is shown, and in Fig. 1(b) the
cross sections of the various d orbitals at the ca. 833 eV excitation
energy used in experimental results that will be discussed in sub-
sequent figures, for both s- and p-polarizations. Gray [1] has also
considered data obtained at this photon energy. The red highlights
indicate orbitals that would be directly seen strongly (solid line)
or weakly (dashed line) in the precise emission direction shown
in 1(a), and an “x” indicates orbitals that are not expected to be
seen at all. But the fact that a given two-dimensional spectrome-
ter might see well beyond this direction can also be judged from
the forms of these profiles. The complex form of these cross section
profiles makes it clear that the planning of many future experiment
with variable polarization and a spectrometer accepting a wide
angle range will much benefit from having these simple atomic
references, and that not considering these effects could lead to erro-
neous interpretations. We  illustrate such effects in experimental
standing-wave ARPES (SWARPES) results below.

2.2. Inelastic mean free paths
In work in both solid samples looking into vacuum, or stud-
ies with a significantly high background pressure in the multi-Torr
range, in what has been termed ambient-pressure X-ray photo-
emission (APXPS, APPS) [7,8], the inelastic mean free path (IMFP)

t a photon energy of 833 eV just below the La M5 absorption resonance. (a) The
ments at the ALS and the SLS. (b) The 3d orbitals of Mn,  in both angular and spatial

imensional differential cross sections in both s and p polarization, as defined in (a).
 the origin to the contour surface is proportional to the absolute cross section. The

d red should be strongly/less strongly seen [From ref. 4].
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ig. 2. Energy dependence of electron inelastic mean free paths as calculated from
ptical properties for 41 elements, with values closely related to the TTP-2 M formula
From ref. 9].

s of course a key parameter that can determine the effective infor-
ation depth in solids, or the maximum ambient pressure that

an be tolerated respectively. As one overview of the situation in
olids, Fig. 2 shows some IMFPs derived from experimental optical
onstants for 41 elements [9]. Although there is an upturn at very
ow energies in the IMFPs, this does not result in IMFPs larger than
0–30 Å for most of the elements shown, and in fact is only dra-
atic for diamond with a very large bandgap. Direct photoemission
easurements of IMFPs for both metal and metal oxide samples

urther confirm the conclusion that high bulk sensitivity is diffi-
ult to achieve by going to energies in the 5–10 eV regime [10,11].
verall, these results thus make it clear that the only reliable way

o study the bulk properties of materials or layers or interfaces that
re buried some tens of nm below the surface is to go to higher
nergies in the soft X-ray (up to about 2 keV) or hard X-ray (above

 keV) regimes. This has led to the rapid development of hard X-
ay facilities at various synchrotron radiation facilities around the
orld [12,13].

In APPS studies [7,8], a relevant reference IMFP is that for
as-phase N2, for which some approximate values of IMFPs as

 function of energy and pressure are: 500 eV: 1 Torr, ∼2 mm;
0 Torr, ∼0.1 mm = 100 microns; 1 atm, ∼0.003 mm = 3 microns;
nd 5000 eV: 1 Torr, ∼12 mm;  20 Torr, ∼0.6 mm = 600 microns;

 atm, ∼0.016 mm = 16 microns, where we have used the approx-
mate energy variation of (kinetic energy)0.78 shown in Fig. 2 for
everal solid elements and the expected inverse dependence on
ressure for a gas. APPS is thus another aspect of photoemission
hat will benefit from hard X-ray excitation, by permitting the use
f pressures up to 10–20 Torr or beyond, with experiments of this
ind just beginning at the ALS by Axnanda et al. [14]. We  will com-
ent later on one exciting future APPS application that includes

W excitation.

.3. Angle-resolved photoemission with soft X-ray and hard
-ray excitation

Traditional angle-resolved photoemission (ARPES) with exci-
ation in the ca. 20–150 eV range has clearly evolved to be the
echnique of choice for studying the electronic structure of sur-
aces and complex new strongly correlated and magnetic materials.
fforts are also underway to use even lower excitation sources

elow 10 eV, with the aim of both increasing energy and momen-
um resolution and for some systems also increasing bulk, rather
han surface, sensitivity. With these advances, and the develop-

ent of brighter variable-polarization and femtosecond-scale light
y and Related Phenomena 195 (2014) 409–422 411

sources, together with improved spectrometers making use of
time-of-flight and next-generation detectors, e.g. for spin detec-
tion, there is thus no doubt that ARPES will continue to be a leading
tool of materials physics.

However, it is clear from prior experimental and theoretical
work that ARPES with excitation only to 150 eV or so remains a
very surface sensitive probe, thus necessitating careful in situ sam-
ple cleaning, cleaving, or even synthesis to avoid the measurement
of surface-associated artifacts. The IMFPs shown in Fig. 2 make it
clear that the only reliable way  to increase bulk or buried-layer
and interface sensitivity for all material types is to go to higher
photon energies in the soft X-ray (ca. 0.5–2 keV) or hard X-ray
(ca. 2–10 keV) regime. We  will show some examples of this in
both the soft- and hard- X-ray regime, with the latter operationally
defined from 2 keV upward, as 2 keV is roughly the point at which
Bragg-reflection crystal monochromators begin to be used instead
of gratings.

For this reason, interest has grown in carrying out ARPES stud-
ies with photon energies above 500 eV [15], and going into the
multi-keV range [16,17]. As one limiting factor in such higher-
energy measurements, it has been known for some time that the
k-conserving direct-transition (DT) effects that are critical to ARPES
can be smeared out by phonon effects, even though they could
be observed in some systems up to 1.5 keV [18]. These effects can
be estimated from a photoemission Debye–Waller factor W (T) ≈
exp[−g2

n

〈
u2 (T)

〉
], with gn the magnitude of the reciprocal lat-

tice vector involved in a given DT and u2 (T) the one-dimensional
mean-squared vibrational displacement at temperature T. Sev-
eral more recent studies have explored the systematics of such
measurements as a function of photon energy, temperature, and
polarization for some simple test materials [15,16,19–21], and with
more accurate first-principles one-step modeling [22]. It is only
fairly recently that it has been pointed out by Gray et al. that ARPES
can be carried out in the multi-keV hard X-ray range (HARPES), and
in fact going up to 6 keV for W as a test case [16]. Some other limita-
tions of both soft X-ray ARPES (SARPES) and HARPES are discussed
in more detail elsewhere [17,23]. These include making allowance
for the photon momentum in k-conservation and recoil effects that
can shift features and smear them in energy, with the simplest esti-
mate of the recoil energy for an assumed single-atom of mass M
being Erecoil ≈ �

2k2/2M ≈ 5.5 × 10−4(Ekin (eV) /M(amu)), where k
is the magnitude of the photoelectron wave vector. Advantages of
SARPES and HARPES beyond the deeper probing depth include less
k broadening perpendicular to the surface due to inelastic scat-
tering and the ability to describe the final state as a free electron.
Two of the key parameters involved in assessing ARPES at higher
energies are summarized in Fig. 3, where (a) shows isocontours
of W(T) = 0.5, corresponding to ∼50% ARPES-like direct transitions,
as a function of Debye temperature, atomic mass, and electron
kinetic energy, and (b) shows recoil energy shifts as a function
of atomic mass and kinetic energy. The recoil shifts are proba-
bly conservative for many cases, as there will always be some
“recoil free” excitation, whose fraction can in fact be estimated
from the W(T) value, as in Mossbauer spectroscopy. This figure can
be used as an approximate gauge of how high in energy ARPES
can be carried out, but examples exist where W(T) represents a
too-conservative estimate [16,17], and more accurate modeling
that is now becoming possible will be needed to be fully quanti-
tative concerning this [22]; we illustrate what this modeling can
do below.

As an example of the utility of the free-electron final-state
model, Fig. 4 shows a broad 29◦ scan of HARPES from W(1  1 0)
at a photon energy of 2500 eV and a temperature of 90 K, for

which W(T) ≈ 0.65. Several Brillouin zones are spanned in this data
and the overlying theory curves were obtained by simply mak-
ing direct transitions from the W band structure to a free-electron
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Fig. 3. Calculated parameters for estimating the feasibility of ARPES at higher energi
Debye–Waller factor W(T) of 0.5 at 20 K, and (b) the recoil energy for all atoms as a f
studied  with hard X-rays [16] are highlighted [From refs. 17 and 21].

Fig. 4. Extended-angle-range hard X-ray angle-resolved photoemission (HARPES)
from W(1  1 0) at a photon energy of 2500 eV and temperature ≈90 K: the experiment
represents multiple detector images tiled together; the overlying curves are based
on  k-conserving transitions between the W band structure and free-electron final
states. The surface normal is near to the mirror symmetry line in the pattern at ca.
1
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2 degrees, and some approximate repeated Brillouin zone positions scanned near
his symmetry line are also indicated. Experimental data from the ALS, beamline
.3.1 [From ref. 24].

nal state [24]. The curvature of the arc of the final wave vec-
or in k-space accounts for the fact that the bands probed do not
epeat, as different Brillouin zone regions are sampled in differ-
nt parts of this plot. The mirror symmetry about 12◦ is due to
he fact that this is near the sample normal, and in fact the high-
ymmetry directions sampled over ∼5◦ to ∼19◦ are approximately
-�-N-�-N, as indicated on the figure. Such effects are explained

n more detail for a different experiment on W elsewhere, includ-
ng a drawing in k-space [16]. For convenience in converting angle
cales to wave vector in subsequent figures at various photon
nergies, k(Å−1) = 0.512(Ekin(eV))1/2 ≈ 0.512(h�(eV)1/2) for valence-
evel emission.

As an indication of a recent advance in quantitatively modeling

honon effects in higher-energy ARPES [22], Fig. 5 shows experi-
ental results from W(1  1 0) for an 870 eV photon energy at four

ifferent temperatures for (a)–(d) experiment, (e)–(h) less accu-
ate modeling from a prior study using complex scattering phase
es, including (a) contours for various photon energies to yield a photoemission
unction of photon energy. Values for two first demonstration cases W and GaAs

shifts [21], and (i)–(l) more accurate theoretical modeling via the
coherent potential approximation (CPA) [25]. It is clear that the
CPA modeling correctly predicts the buildup of the density-of-
states-like (DOS-like) features that are characteristic of typical XPS
spectra as temperature is raised. Panel (a) also confirms the semi-
quantitative validity of using a free-electron final-state model to
predict the ARPES curves, but it is important to keep in mind that
it provides no information on relative intensities, which must be
derived from something like the one-step theory shown in this fig-
ure, or at a more approximate level from differential photoelectric
cross sections such as those shown in Fig. 1.

2.4. X-ray optical effects, including standing waves, resonant
excitation, and total reflection

An additional set of new experimental directions in photoemi-
ssion involves making use of various X-ray optical effects that can
selectively tune the electric field profile in the sample and/or its
element specificity. Our group has written a versatile program for
calculating such effects [26].

As noted previously, Gray [1] has presented an excellent
overview of recent developments that make use of a standing wave
(SW) created above samples synthesized as, or on top of, multilayer
mirrors. A typical sample configuration is shown in Fig. 6, with the
sample as a multilayer mirror whose repeat bilayer spacing is dML,
yielding finally for the first-order Bragg reflection a standing wave
period �SW = dML. The SW can be scanned through the sample in
one of three ways, as indicated in Fig. 6: scanning angle over the
Bragg reflection through a rocking curve (RC) [27], scanning pho-
ton energy through the Bragg reflection [28], or tuning to the Bragg
reflection and scanning the X-ray spot over a wedge profile sam-
ple grown on top of the mirror [29]. The first two  scan the wave
over half of its period, and the wedge scan can involve multiple
periods.
As an additional aspect of such SW studies, tuning the photon
energy to somewhere near a resonance can enhance reflec-
tivity significantly, as done by Gray et al. in a study of the
SrTiO3/La0.7Sr0.3MnO3 interface in a multilayer sample [27]; here,
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Fig. 5. Effects of temperature on ARPES with soft X-ray excitation for W(1  1 0) over 300 K to 780 K with 870 eV excitation: (a)–(d) the experimental data at four temperatures,
with  Debye–Waller factors W(T) indicated, and free-electron final-state modeling as green curves. (e)–(h) One-step photoemission calculations with phonon effects modeled
t roved
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hrough complex phase shifts. (i)–(l) One-step photoemission calculations with imp
LS,  Beamline 4.0.2. The weak pairs of horizontal and vertical green lines have been u
nalysis  [From Refs. [21] and [22]].

he energy was tuned to just below the La M5 resonance. As a second
spect of the possibilities from such tuning, Fig. 7(a) shows a plot
f the index of refraction of Gd over its analogous M5 resonance,
nd Figs. 7(b and c) the variation of the calculated electric field
trength |E2| as a function of depth and incidence angle for a sim-
lar SrTiO3/GdTiO3 multilayer [30]. From the position just below
he resonance at 1182 eV (Fig. 7(b)) to one about the same distance
bove at 1187 eV (Fig. 7(c)), the position of the SW maximum at the

ragg reflection moves from a position near the top of the SrTiO3

ayer to a position near the SrTiO3/GdTiO3 interface. This thus illus-
rates a second aspect of tuning SW properties by varying photon
nergy.
 phonon modeling via the coherent potential method. Experimental data from the
lsewhere as integration limits to generate special spectral regions for more detailed

As a third useful method for doing photoemission with
enhanced depth resolution, going into the total reflection regime
has for some time been utilized to enhance surface sensitivity and
reduce inelastic backgrounds in XPS [31]. But additional interfer-
ence effects can provide useful structural information on going into
total reflection, with this possessing the advantage that it can be
applied to any material, but in particular, bilayer or trilayer sam-
ples that are simpler to grow than multilayers. We  illustrate this in

Fig. 8 with some experimental data and theoretical calculations for
a bilayer sample of a Mn-doped ferroelectric Bi(Fe0.95,Mn0.05)O3
on top of a Ce-doped Mott insulator (Ca0.96, Ce0.04)MnO3 [32], a
system recently studied as leading to strong ferroelectric control
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Fig. 6. Schematic illustration of the formation of a standing wave in first-order
Bragg reflection from a multilayer mirror, together with the equations describing the
standing wave period �SW. The standing wave can be scanned through the sample,
which might be the mirror, or grown on top of the mirror, in the three ways indi-
c
o

o
p
2
a
t

semiconductor (DMS) Ga MnxAs, with x ≈ 0.03–0.06. The key

F
l
t
t
1

ated: a rocking curve, a photon energy scan, or a wedge scan. See further discussion
f  these methods in Gray, ref. 1.

f the Mott insulator–metal transition [33]. In Fig. 8(a), the sam-
le configuration is shown, with the photon energy taken to be

.8 keV, in Fig. 8(b) the expected electric field variation with depth
nd incidence angle, in Fig. 8(c) the measured and calculated pho-
oemission intensity profiles for Bi 4f and Ca 2p, representing the

ig. 7. X-ray optical calculations using the program of ref. 26 of the effect of tuning pho
ocation of the standing wave, for a 20-bilayer multilayer of SrTiO3 and GdTiO3 with bila
he  index of refraction over the Gd M5 absorption resonance, from experimental X-ray a
he  standing-wave electric field intensity as the incidence angle is scanned through the 1s
187  eV. The first SrTiO3 layer has been divided into an “interface” region and a “remaind
y and Related Phenomena 195 (2014) 409–422

two active sample layers, and finally in Fig. 8(d) the comparison of
these two  intensities in an enlargement from Fig. 8(c). The oscil-
lations are due to reflections and interference at the surface and
the two  buried interfaces in the sample, and the peaks in intensity
near 0.9◦ to the concentration of electric field near the surface, an
effect first observed and explained in photoemission by Henke [34].
Important additional features are the differences in phase of the
oscillations for Bi and Ca shown in Fig. 8(d), which should be use-
ful in deriving depth-dependent interface information for this and
other similar samples in future studies. In fact, similar effects are
seen in hard X-ray reflection and emission and have been used to
study few-layer systems [35], but with less depth sensitivity due to
the longer penetration depths of X-rays compared to electrons, and
less chemical sensitivity via that which is seen in photoemission
through chemical shifts in core levels.

We now turn to a few more specific examples of applications of
these phenomena and techniques.

3. Hard X-ray angle-resolved photoemission: application to
a magnetic semiconductor

We  will now briefly discuss a first application of HARPES to the
elucidation of the electronic structure of a material over which
some controversy has existed: the prototypical dilute magnetic
1−x
question here is the nature of the Mn-induced states, and whether
they represent a narrow impurity band that is separated cleanly
from the GaAs p valence bands, or whether these states are merged

ton energy to a position below and above the Gd M5 absorption resonance on the
yer thickness of 35.5 Å. (a) The variation of the real (ı) and imaginary (ˇ) parts of
bsorption data and Kramers–Kronig analysis. (b) and (c) The depth distribution of
t-order Bragg reflection of the multilayer, for the two photon energies 1182 eV and
er” for additional theoretical analysis. See also Fig. 11 [From ref. 30].
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Fig. 8. The effect of scanning the incidence angle of 2.8 keV photons into total reflection on the Bi 4f and Ca 2p photoelectron intensities from a bilayer of Mn-doped BiFeO3 and
Ce-doped CaMnO3. (a) The sample configuration. (b) The calculated depth dependence of the electric-field intensity. (c) With the same angle scale as (b), the variation of the Bi
4 m [26
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t ef. 32]
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f  and Ca 2p photoelectron intensities, experimental and simulated with our progra
 blowup from (c), with curves shifted vertically to more closely compare experime

he  BiFeO3 and CaMnO3 layers. Experimental data from ALS Beamline 9.3.1 [From r

ith the GaAs impurity bands. In the former case, the so-called
ouble-exchange mechanism would be active in producing ferro-
agnetism and in the latter, it would be what has been referred to

s p-d exchange. Gray et al. [36] have studied a sample with compo-
ition Ga0.97Mn0.03As, with 3.2 keV photon energy; beyond a light
cid etch in air to remove surface oxide, no other surface prepara-
ion was done, illustrating a key advantage of more bulk sensitive

ARPES. In Fig. 9, the HARPES data from GaAs and Ga1−xMnxAs
re compared, with very accurate one-step photoemission calcu-
ations shown in (a) and (b), experimental results in (c) and (d),
nd the angle-resolved intensity from a core-like, predominantly

ig. 9. Hard X-ray angle-resolved photoemission (HARPES) at 3.2 keV photon energy fr
Pring-8. (a) and (b) Accurate one-step photoemission theory for the two materials. (c)
he  deeper band at about 12 eV, which is very core-like and shows HXPD effects which 

omentum effect on the latter [From ref. 36].
] for the ideal sample geometry, without optimization of structural parameters. (d)
d theory, illustrating also the phase differences in the interference fringes between
.

As 4s, band at about 12 eV that exhibits hard X-ray photoelectron
diffraction (HXPD) effects in (e) and (f), respectively. The intensity
distributions of the Ga1−xMnxAs are in all panels smeared out rel-
ative to those in GaAs, as might be expected from the presence of
the Mn  atoms which disturb the long-range periodicity. One-step
theory is in agreement with experiment in predicting these differ-
ences, with other theoretical results and analysis being presented

elsewhere [36]. Further analysis of the k-resolved results, includ-
ing angle-averaged differences between GaAs and Ga1−xMnxAs, and
special attention to the region very near EF [36] permit conclud-
ing that we  must for this material consider both p-d exchange

om GaAs and the magnetic semiconductor Ga0.97Mn0.03As, with data obtained at
 and (d) The analogous experimental results. (e) and (f) Experimental results for
are displaced from the high-symmetry directions in the ARPES due to the photon
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Fig. 10. Variable-polarization standing-wave ARPES (SWARPES) results from the SrTiO3/La0.7Sr0.3MnO3 (STO/LSMO) multilayer discussed in detail by Gray in ref. 1, obtained
in  the experimental geometry of Fig. 1. A density-of-states plot for reference, with five features labelled, included 1 which represents Mn 3d e -derived states. (b) The two
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tanding-wave geometries selected by varying incidence angle, one emphasizing th
atterns for s- and p- polarizations, with the dominant Mn  3d component expected, 

eamline [From ref. 42].

nd double exchange to explain its ferromagnetism. This study
hus represents a first application of HARPES to a complex system
hose electronic structure was in debate, and it suggests other such

pportunities in the future. The future prospects and limitations for
ARPES have been discussed in more detail elsewhere [17,23].

Having mentioned HXPD for the As 4s band in Fig. 8(e–f), we
lso should note that such effects have been considered theoreti-
ally by Winkelmann et al. [37], including an article in this issue
38]. Briefly, the features in HXPD patterns resemble more strongly
ikuchi bands, and it appears that a dynamical Bragg scattering
pproach has advantages for theoretical modeling compared to the
ore traditional cluster approach, as e.g. used in the online EDAC

rogram [39]. Beyond this, HXPD is suggested to have some distinct
dvantages in providing element-specific local structure, especially
or dopants in materials such as Ga1−xMnxAs, to which it has in fact
ecently been applied [40].

. Soft X-ray ARPES with resonant and standing wave
xcitation: application to complex oxide multilayers

Standing-wave ARPES (SWARPES) has been discussed in detail
y Gray [1], in particular for the system SrTiO3/La0.7Sr0.3MnO3 [41]
ut as an illustration of which also exhibit the qualitative form of
he differential cross section as discussed in connection with Fig. 1,
ig. 10 shows some s- and p- polarization SWARPES results for a
rTiO3/La0.7Sr0.3MnO3 multilayer over a window of about 6◦ × 6◦,

nd for X-ray incidence angles corresponding to two  different pos-
tions of the standing wave relative to the SrTiO3/La0.7Sr0.3MnO3
nterface, as well as for normal emission well away from Bragg
eflection [42]. In Fig. 10(a) is a reference spectrum indicating
g

ior of the LSMO layer and the other the STO/LSMO interface. (c) The kx-ky SWARPES
 on the differential cross sections in Fig. 1. Experimental data are from SLS, ADDRESS

several bands of energy that are associated with valence states of
different character, and which are discussed in detail by Gray et al.
[1,41]. Here, we  will focus on the band of energy with strong Mn
3d eg character closest to the Fermi level. In Fig. 10(b), the two
positions of the SW,  are qualitatively indicated, and in Fig. 10(c)
the ARPES results for this band, as resolved in kx–ky, are shown.
Note the reduced intensity in the nodal plane for s polarization,
as expected from the cross sections of Fig. 1, as well as the lack of
left-right symmetry for p polarization and normal emission due to
the canting of the emission direction relative to the polarization (cf.
Fig. 1(a)). Such effects, including asymmetries in the data, will arise
in many current experimental ARPES geometries, again reinforcing
the conclusion that an accurate allowance for these fundamental
cross section effects, or more accurate calculations of them includ-
ing photoelectron diffraction and/or k conservation plus matrix
elements is important for future studies.

As a further illustration of X-ray optical effects, we show some
preliminary soft X-ray data for a SrTiO3/GdTiO3 (STO/GTO) multi-
layer in Fig. 11 [30]. The STO/GTO interface is known from work
by Stemmer et al. [43] to exhibit a two-dimensional electron gas
(2DEG) for certain thicknesses of GTO sandwiched between STO.
So a key question is whether the 2DEG can clearly be seen in soft
X-ray ARPES using SW excitation. Fig. 11(a) shows the multilayer
sample we  have studied, carrying out rocking curve measurements
to vary the SW position. Fig. 11(b) indicates the electronic structure
of bulk GTO, which, via the canted octahedra in its crystal structure

exhibits an upper and lower Hubbard band (UHB and LHB), with
the lower filled and expected to be seen in photoemission. Fig. 11(c)
shows ARPES data at a Ti 2p-3d resonant energy of ∼465 eV, and we
see two  features near EF, one at about 0.7 eV binding energy that
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Fig. 11. Experimental results from a combined standing-wave and resonant photoemission study of a SrTiO3/GdTiO3 (STO/GTO) multilayer. (a) The sample configuration,
with  the Ti and Gd resonance energies used indicated. (b) The electronic structure of bulk GdTiO3, including a section of the crystal structure indicating the tilted TiO6

octahedra that lead to the filled lower Hubbard band (LHB) shown. (c) Ti 2p-resonant ARPES over two  features near the Fermi level, as binned in five separate regions A
t cludin
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o  E. (d) Gd 3d-resonant standing-wave photoemission at 1187 eV (cf. Fig. 7(c)), in
alence-level intensity over region A, derived by peak fitting. From this the LHB and
ata  are from the ALS, Beamline 7.0.1 and SLS, ADDRESS [From ref. 30].

an readily be identified as the LHB, and one at about 0.2 eV and
xtending to EF that we  tentatively identify as the 2DEG. These fea-
ures are only seen clearly on resonance and so both clearly have a
trong Ti 3d makeup; they also have very similar dispersion curves,
uggesting strong admixing in character that is confirmed by LDA
alculations by Van de Walle et al. [30]. But is the 2DEG really at
he interface, or can it be at the surface of the sample, arising in
he final STO layer, as has been observed in low-energy VUV ARPES
44]? This is easily resolved by measuring rocking curves with an
ncidence energy of 1187 eV just above the Gd M5 edge that X-ray
ptical calculations tell us should result in a SW position centered
n the interface, via the technique that has been introduced in Fig. 7.
ig. 11(d) shows these rocking curve results, and by comparing
heoretical and experimental core-level curves from elements in
ifferent layers with the curves from what we assign to the 2DEG
tate, we can very clearly see that this state is at the buried STO/GTO
nterface. Note in particular that the 2DEG rocking curve is very dif-

erent from that of C 1s (a surface impurity on top of the last STO
ayer) and from that of Gd 4f that arises over the bulk of the GTO
ayer. Thus, we can conclude that the 2DEG is localized at the buried
nterface and not at the surface, as seen previously with VUV ARPES
g rocking curves for the Gd 4f, Sr 3d, and C 1s (surface impurity) core levels, and
 (region A) in STO near the STO/GTO interface are clearly identified. Experimental

[44], and is also primarily located in the STO. These results thus
constitute an illustrative example of what can be done for other
systems by mixing different resonant effects: standard resonant
photoemission to enhance a given atom’s contributions to ARPES,
tuning to a resonant energy to maximize reflectivity and thus SW
effects, and tuning above or below a given resonance to move the
position of the SW more dramatically.

5. Standing-wave photoemission: application to the study
of solid-gas and solid-liquid interface reactions at ambient
pressures

Our group has also recently begun to pursue the possibility of
using SW ambient pressure photoemission (SWAPPS) to directly
study the sub-nm interface region near a solid/gas or solid/liquid
interface [45]. This region is critical to any surface reaction, catalytic

reaction, or electrochemical process, and so is of high importance in
many areas of environmental and energy research. For example, the
electrochemical double-layer has been studied for over 100 years,
and is not yet understood [46,47].
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Fig. 12. First experimental results for standing-wave ambient pressure photoemission (SWAPPS) from an Fe2O3 film grown on a Si/Mo multilayer mirror whose surface
was  exposed to CsOH, NaOH, and water vapor at 400 mTorr and 2.5 ◦C. The SW is moved through the surface by scanning the incidence angle through the 1st order Bragg
condition (cf. Fig. 6). (a) The sample configuration. (b) A typical O 1s spectrum, with four distinct chemical species unambiguously identified. (c) The variation of the O 1s
intensities of the four species, with all showing strong and distinct variations as the standing wave moves by half of a cycle through the interface. (d) A comparison of the
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ocking  curves of Cs and Na, indicating a shift of ∼0.04◦ near the Bragg angle and di
or  a �z  = 1 Å-thick delta layer as a function of its position from the Fe2O3 surface, c
rom  ALS, Beamline 11.0.2 [From ref. 45].

We  have very recently obtained the first SWAPPS data for water
eacting with NaOH and CsOH on the surface of a thin film of Fe2O3
rown on a Si/Mo multilayer mirror, at a pressure and temperature

or which the surface can be considered to be “wet”, with a thin
lm of “liquid-like” water about 10 Å in thickness on the surface
45]. Fig. 12(a) shows the sample configuration, and 12(b) a typi-
al O 1s spectrum with four distinct chemical components clearly
t behavior in the wings of the curves. (e) Theoretical calculations of rocking curves
red to that expected from O 1s in Fe2O3 as a fixed reference. Experimental data are

resolvable, including water in the gas phase above the sample. For
the pressure of 400 mTorr and temperature of 2.5 ◦C we  have used,
the adsorbed water layer is found to be about 8 Å  thick by ana-

lyzing relative core peak intensities using the SESSA program [48].
In Fig. 12(c), it is remarkable that all four components show the
effects of the SW scanning through the surface, including even the
gas-phase water, and that they each have distinct shapes. Fig. 12(d)
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Fig. 13. (a) The normal emission experimental geometry for simulating photoelectron holography in Cl 1s emission from chlorobenzene. (b) The calculated photoelectron
diffraction pattern = hologram using a three-atom cluster of Cl emitter and C2 and C6 scatterers, as in ref. 65, which is in excellent agreement with these prior calculations.
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ote  the two dominant forward scattering peaks, with their overlapping 1st, 2nd, 3
ith  significant differences seen, including the much less visible forward scattering

adius  of 21.11 Å-1 in the kx-ky plane. The color bar indicates the relative amplitude

ow compares the rocking curves for Cs 4d and Na 2p intensities,
nd we find a small but reliable shift of 0.4◦ in the steeply sloping
egions of the two curves near the Bragg angle of the multilayer, but
lso a different shape in the wings away from these regions, with Cs
aving higher intensity both below and above the Bragg angle. To
rovide some insight into the depth resolution of these measure-
ents, Fig. 12(e) presents some model calculations of the shapes

f rocking curves for a “delta layer” of 1 Å thickness that could be
epresent either Cs or Na emission, as a function of distance above
he Fe2O3 surface. These indicate that a 0.4◦ shift at the maximum
lope region can be associated with a 2 Å difference in position, but
ore so that the behavior in the wings of the rocking curve are also

ery sensitive to vertical position, showing even larger changes in
ngular width on the low-angle side of the rocking curve. Thus, we
an tentatively conclude that Cs is on average about 2 Å  farther from
he Fe2O3 surface, and probably also has a broader distribution in z,
lthough a more detailed analysis incorporating some assumed dis-
ributions in depth (e.g. rectangular or Gaussian) for both Cs and Na
ill be necessary to be fully quantitative, and this is in progress [45].

These results thus point to the use of such SWAPPS measure-
ents for studying the interface region of surface reactions in a
uch more precise and both element- and chemical state- resolved
ay than has previously been possible, with a broad range of appli-

ations including catalysis, as well as energy and environmental
esearch.

. Photoelectron holography: making molecular movies

ith free-electron laser excitation

As a final future perspective related to structure, photoelectron
olography is discussed in the article by Matsushita in this issue,
h and 5th order diffraction rings. (c) As (b), but for the full seven-atom cluster, and
s seen in (b). (d) As (c) but over a full hemisphere of detection, corresponding to a

e relative amplitudes of the hologram H
(�k

)
. [From ref. 49].

and we will here only briefly point out one future possibility for it,
with some theoretical simulations to assess feasibility and optimal
experimental parameters [49]. Photoelectron holography (PH) was
originally developed in the surface science community for study-
ing near-surface atomic structure. It was  first suggested by Szöke
[50] and more concretely realized by Barton [51] that a core-level
photoelectron diffraction (PD) pattern could be considered to be
a hologram which could in turn be mathematically inverted to
produce an image of the atoms around the emitter. Barton [52]
extended this idea into a more powerful multi-energy formulation
that reduces image distortions and artifacts, including twin images.
There have by now been a number of papers discussing the unique
merits and limitations of PH compared to other atomic structure
methods, including various refinements in the imaging algorithms
to further improve structural accuracy [53–61]. Somewhat later, it
was also realized that PD effects are present in the angular distribu-
tions in core-level photoemission from free molecules [62,63] and
that the multiple-scattering theoretical methodologies developed
for studies of surface species could be used with small modifications
to describe such data [63,64].

Most recently, with the development of several free-electron
laser facilities in the world with unprecedented brightness and
pulse widths in the femtosecond regime, it has been pointed out by
Krasniqi et al. [65] that PH has the potential for producing real-time
“movies” of atomic motion in molecular dissociations and reac-
tions, e.g. as initiated by some sort of pump pulse. These authors
have also presented theoretical calculations of single-energy PD

patterns and atomic holographic images for a test-case molecule
(chlorobenzene) as excited by a hard X-ray so as to produce pho-
toelectrons at ∼1700 eV in a feasible experimental geometry and
with two different radiation polarizations. In a recent paper from
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ig. 14. Holographic images through the two  high-symmetry planes x-z and y-z of
bout  300 eV and different orders of scattering: (a) single energy of 300 eV, 1st or
nergies  over 150–478 eV, up to 2nd-order scattering; (d) ten energies over 150–47

ur group, the prior work by Krasniqi et al. has been extended so as
o explore improving the quality of the reconstructed image of the

olecular structure in two ways: by exploring the choice of out-
oing photoelectron kinetic energy and by asking whether single
r multiple photoelectron kinetic energies should be employed to
ptimize the image quality [49]. It is important to note however,
hat going to lower-energy photoelectrons to reduce the degree of
orward scattering and enhance the degree of back scattering, and
sing multiple energies to reduce twin images and reduce image
rtifacts, have both been found to be more beneficial in several prior
H studies of solids and surfaces [52,53,58–60].

As in the prior study [65], the emitter was the chlorine atom in
he chlorobenzene molecule. The excitation is assumed to be from
he Cl 1s level core. This level has a binding energy of 2822 eV, such
hat, with the photon energy of 4522 eV used in the previous study,
he kinetic energy will be a relatively high 1700 eV. In addition,
ecause of the dipole selection rule in the photoelectric effect, the
mitted photoelectrons will be p waves whose intensity maxima
re oriented along the linear polarization vector of the incoming
ight. Thus, there will be a nodal plane perpendicular to this vec-
or, as shown in Fig. 13(a), with non-zero photoelectron intensity
irectly in this plane only being possible via elastic scattering from
ther atoms in the molecule. In the previous study, the theoretical
imulations considered only three atoms in the cluster, as shown
n Fig. 13(a): the emitter chlorine atom at the origin (0, 0, 0), carbon
tom 2, and carbon atom 6. We  have thus explored the degree to
hich other scatterers in the molecule may  be important in such
H imaging. For example, a very simple argument suggests that a
ore realistic treatment should include carbon atom 1 because it

s closest to the emitter, and for the polarization direction shown
lso maximally in the lobe of the p wave emitted from Cl. Thus,
lorobenzene molecule based on photoelectrons of low kinetic energy centered on
attering only, (b) ten energies over 150–478 eV, 1st order scattering only; (c) ten
up to 3rd-order scattering [From ref. 49].

this carbon atom should scatter photoelectrons more strongly than
carbon atoms 2 and 6. In fact, Figs. 13(b) and (c) show the differ-
ence between including only two  scatterers and the full molecule
on the section of the hologram that was  used in the prior paper,
and the differences are enormous. With two  scatterers at 1700 eV,
not surprisingly the two  forward scatterers with their overlapping
interference fringes are clearly seen. But with all scatterers, includ-
ing the emitter for multiple scattering, the hologram is much more
complex. The full hemisphere hologram at 1700 eV with all atoms is
shown in Fig. 13(d), with Fig. 13(c) representing the central section
of this.

Calculations of the diffraction pattern in the normal detection
geometry shown in Fig. 13(a) were carried out over a full hemi-
sphere of detection range using the EDAC online program [39].
The holographic image functions U

(�r
)

were derived with software
developed by Thevuthasan, Len, et al. [66] which is in turn based

on the Barton algorithm of U
(�r

)
=

∣∣
∣∣
∫∫∫

H
(�k

)
e

[
−i�k·�r+ikr

]
d3k

∣∣
∣∣ ,

with H
(�k

)
the usual normalized hologram obtained from H

(
k̂
)

=
(I − Io)/

√
Io, where I is the intensity with all diffraction effects

included, and I0 is the intensity of Cl 1s with no scatterers present.
No corrections for scattering factor amplitudes or phase shifts were
made. And no vibrational attenuation was  included, through a rigid
atom model. Thus, more accurate and realistic images with reduced
effects of multiple scattering could no doubt be obtained in the
future with allowance for these effects. Two  energy regimes were
considered, one with a fairly high kinetic energy of 1700 eV, and one

with a lower energy of 300 eV, with the latter expected to reduce
deleterious forward scattering effects. Specifically, single-energy
images at 1700 eV and 300 eV were obtained, and multi-energy
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C.S. Fadley, S. Nemšák / Journal of Electron Spect

mages with 10 energies over 1443–1977 eV and approximately
entered on 1700 eV and over 150–478 eV and centered approx-
mately on 300 eV were studied. The effects of multiple scattering
p to third order were also investigated.

As expected, the lower energy images were of better quality
han those at higher energy due to forward scattering effects [49].
lso, multi-energy images were not surprisingly better than those
ased on a single energy. We  thus only show a sequence of images
rom single and multiple low-energy holograms in Fig. 14: (a) single
nergy of 300 eV, (b) multiple low energies with first-order scatter-
ng only, (c) multiple low energies up to second-order scattering,
nd (d) multiple low energies up to third-order scattering. In (a)
or a single energy, reasonable imaging in the two relevant high
ymmetry planes of the molecule is found, but of course with an
dentical twin image for negative z. Atom C4, farthest from the emit-
er, is also rather weak for this case. For multiple energies with
ingle scattering, the imaging is much improved, including atom
4. Interestingly, multiple energies with both second-order and
hird-order scattering yield better images, including atom C4. Using

ultiple energies is clearly a desirable thing to do, although imag-
ng should be possible to some degree, perhaps in proof of principle
xperiments, with only a single energy. And to be sure, in all images
here are atom-image peak shifts from the ideal geometry, with
hese being of the order of 0.1–0.3 Å, in the z direction [49], but we
an nonetheless conclude that it should be possible to follow atomic
ynamics, for example, in dissociation after some kind of pump
ulse so as to generate true molecular movies. This thus represents
nother exciting future perspective for photoemission.

. Concluding remarks

We  have thus pointed out several new dimensions of photo-
mission that are promising for future studies of both condensed
hases and free molecules. Specifically, large-angle datasets
equire more accurate consideration of both atomic differential
ross sections and the basic theory of photoemission, particularly
or ARPES measurements. Going to higher excitation energies in the

ulti-keV regime opens up new possibilities for studying bulk elec-
ronic structure in complex materials, as well as the buried layers
nd interfaces that are critical to the properties of many nanoscale
ystems, e.g. in catalysis, spintronics, photovoltaics and electro-
hemistry. ARPES has recently been extended into the multi-keV
ange, thus providing a new tool for studying the bulk electronic
tructure of complex materials. Standing-wave, total reflection, and
esonance effects can also be used in several ways to enhance depth
nd orbital sensitivity (see also ref. 1), with a novel area of applica-
ion being in photoemission at high ambient pressure, and the latter
romising new insight into the solid/liquid interface. Finally, photo-
lectron holography from free molecules shows promise in future
ump-probe studies of providing the means for taking molecu-

ar movies of atomic motion and yielding unprecedented detail of
olecular dynamics. We  have illustrated these new dimensions
ith applications to a magnetic semiconductor, multilayer struc-

ures of complex metal oxides, a thin water solution on a metal
xide surface, and a halo-substituted benzene molecule.
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