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Over the past decade, standing-wave photoemission (SW-XPS) has evolved into a powerful and versatile
non-destructive technique for probing element-specific electronic, magnetic, and structural properties
of buried layers and interfaces with sub-nanometer depth resolution. In this article, [ will discuss several
promising future directions in this emergent field stemming from experimental and theoretical studies
wherein SW-XPS is combined with other X-ray techniques, such as magnetic circular dichroism (MCD),
hard X-ray photoemission spectroscopy (HAXPES), angle-resolved photoemission (ARPES), and photoe-
mission microscopy (PEEM), adding extra dimensions to the measurement and thus widening the scope of
scientific and technological questions accessible via the use of standing waves. I will further discuss exam-
ples of recently developed methods for X-ray standing-wave data analysis, which yield layer-resolved
matrix-element-weighted densities of states at interfaces as well as Angstrom-level changes in period-
icity of synthetic superlattices. Finally, I will explore the possibility of localizing the standing waves near
the surface and within a buried layer by the use of aperiodic superlattices, total reflection, and X-ray
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1. Introduction

X-ray photoelectron spectroscopy (XPS) is a powerful and well-
established experimental technique for probing the electronic
structure and chemical composition of matter. The key physical
phenomenon behind photoemission, the photoelectric effect, was
first understood and explained by Einstein in 1905, which earned
him a Nobel Prize in Physics in 1921 [1]. It was not until the late
1950s, however, that the true potential of this effect was discov-
ered by Kai Siegbahn who utilized photoemission for studying the
composition and electronic properties of solids, which resulted in
another Nobel Prize in 1981 [2].

Over the next five decades since the first experiments in Upp-
sala [3,4], the field of photoemission has undergone tremendous
advances both in the realms of powerful new instrumentation
and advanced theoretical machinery for interpreting and mod-
eling experimental results. Perhaps one of the most important
leaps forward happened with the advent of synchrotron light
sources, allowing continuous tuning of the excitation energy
over the range of hundreds of eV in the soft X-ray regime and
several keV in the hard X-ray regime [5]. This advance has
stimulated development of new experimental X-ray techniques,
which add new dimensions to the traditional photoemission
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spectroscopy. Among such techniques are photoelectron
microscopy (PEEM) for spatially resolved element-specific
nanoscale imaging [6-8], angle-resolved photoelectron spec-
troscopy (ARPES) for momentum-resolved valence electronic
structure band-mapping [9,10], and X-ray photoelectron diffrac-
tion (XPD) and holography for element-specific surface structure
determination [11,12]. All of the above-mentioned techniques
take full advantage of extremely useful features of synchrotron
radiation such as variable polarization - which allows probing of
element-specific ferro- and antiferromagnetic structure [13-15]
and orbital polarization [16,17] via X-ray magnetic circular and
linear dichroism (XMCD and XMLD) - as well as the ability to tune
the photon energy to core-level resonances in order to enhance
the signal from a specific element [18,19].

Despite its tremendous success as a powerful and versatile
characterization technique, photoemission has earned the repu-
tation of being an inherently surface-sensitive probe due to the
short inelastic mean-free paths (IMFP) of photoelectrons in solids.
The widely used TPP-2 M formula, which yields estimated values
of effective attenuation lengths for most solids with reasonable
accuracy, predicts typical IMFPs of 3-25A for the photoemitted
electrons with kinetic energies between 50 and 1500 eV (standard
soft X-ray XPS regime) [20,21]. Motivated by this shortcoming,
and enabled by the development of third-generation synchrotron
undulators [22], high-resolution hard X-ray monochromators
[23] and high-throughput electron analyzers tuned specifi-
cally for highly energetic photoelectrons [24], synchrotron-based
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photoemission leaped into the hard X-ray regime (2-15keV)
taking advantage of roughly a 4-20 fold increase of the aver-
age probing depth [25]. Since the seminal experiments in
the mid-2000s [26], hard X-ray photoemission (HAXPES) has
firmly planted its roots at several synchrotron facilities around
the world [27] and researchers have successfully combined
HAXPES with photoelectron microscopy (HAXPEEM) [28], angle-
resolved photoemission (HARPES) [29,30], and magnetic circular
dichroism [31].

Yet, even at higher photon energies, the photoemission signal
originating closer to the surface will always dominate over the sig-
nal originating from below according to I(Z) = Ipexp[— z/ Asinf1g4],
where z is the depth, A is the IMFP, and 67, is the electron takeoff
angle relative to the surface [32]. Such constraint makes it diffi-
cult or, most of the time, impossible to use conventional soft- and
hard X-ray photoemission for extracting electronic structure infor-
mation from the layers and/or interfaces that are buried within a
multilayer film structure or a device, particularly if the overlayers
have a similar atomic composition as the buried layer/interface of
interest. This limitation can, however, be circumvented by tailor-
ing the intensity profile of the electromagnetic field of the incident
X-ray radiation inside the sample in such a way as to highlight
the regions of the sample which are buried beneath the surface
while suppressing photoemission from the overlayer. Such control-
lable depth selectivity in an experiment can be accomplished by
the technique called standing-wave photoemission spectroscopy
(SW-XPS).

In this article, I will briefly overview some of the early seminal
work with SW-XPS, as pioneered by Yang and Fadley in the early
2000s [33-35], but then mainly focus on the latest state-of-the-
art experimental and theoretical studies wherein standing-wave
excitation is utilized to add depth-selectivity to well-established
photoemission techniques, such as MCD, HAXPES, ARPES and PEEM.
I will also discuss some of the more exotic X-ray optical effects, such
as standing-wave localization and waveguides, that can be used in
future studies to further enhance or suppress photoemission from
specific layers within the sample.

2. Standing-wave photoemission

The field of standing-wave spectroscopy emerged with pio-
neering studies by Boris Batterman, who in 1964 first observed
the formation of X-ray standing wave within a Ge crystal due to
the Bragg reflection from the crystal planes [36]. It was further-
more reported that the resultant X-ray standing wave could be
translated in the direction perpendicular to the diffracting crys-
tal planes by changing the X-ray incidence angle through the
Bragg condition. By doing so, and by simultaneously observing
modulations in the intensities of core-level fluorescent X-rays
as the standing wave swept through the crystal, one could
accurately extract the positions of atoms near the surface of
the sample. Following these early studies, standing wave spec-
troscopy has been applied extensively to investigate both the
bulk crystal structure [37] as well as surface phenomena, such
as reconstruction [38], formation of surface monolayers [39], and
adsorbates [40].

All of the above-mentioned standing-wave experiments were
naturally carried out in hard X-ray regime, which is well-suited
for such crystallographic studies due to the sub-nanometer wave-
lengths. However, beginning with the works by Yang and Fadley
[33-35]and by Kim and Kortright [41] a new type of depth-resolved
photoemission technique was developed in which a standing wave
was generated by a synthetic multilayer mirror with a periodicity
on the order of several nanometers, thus allowing extending the
standing-wave method into the soft X-ray regime.

As the first application of the soft X-ray standing-wave photoe-
mission spectroscopy for the investigation of electronic structure
of buried interfaces, Yang et al. used 750eV soft X-ray radia-
tion incident on a [B4C(22.5A)/W(17.1A)]40 periodic multilayer
acting as a standing-wave generator [33]. The core-level pho-
toelectron intensities of each element in the sample, including
surface contaminant overlayers, were observed as a function
of the incidence angle and therefore as a function of the ver-
tical position of the standing wave within the sample. The
resultant rocking-curve spectra were fitted using a specially
written general-purpose program for calculating photoelectron,
Auger electron, and X-ray emission intensities in the pres-
ence of all relevant X-ray optical effects, including excitation
with standing-waves, absorption and multiple reflections at all
interfaces, and total reflection at grazing incidence, as well as
differential photoelectric subshell cross-sections, photoelectron
inelastic mean-free paths, and refraction and internal reflection
of the exiting photoelectron by the surface barrier. This pro-
gram, termed YXRO for “Yang X-ray Optics”, has recently been
made available for general use [42] and has been thoroughly
discussed in an extensive paper by Yang et al., which outlines
all the theoretical components of the X-ray optical methodol-
ogy [43]. Best fits to the experimental rocking curves for B, C, W
and O core-level peaks yielded an Angstrom-resolution element-
resolved compositional depth profile of the sample, including
thicknesses of all layers, chemical interdiffusion between them,
and depth-resolved changes in the chemical state of C at the
surface [33]. Thus, in this first proof-of-principle study, SW-XPS
provided complete depth- and element-specific picture of a mul-
tilayer sample including chemical interdiffusion at the buried
interface.

The only other technique capable of competing with SW-XPS,
both in terms of depth resolution and element specificity, is cross-
sectional scanning transmission electron microscopy (STEM) with
electron energy loss spectroscopy (EELS) [44]. However, in con-
trast with SW-XPS, STEM-EELS does not easily allow access to
various core-levels for the same element and cannot readily see
element-specific magnetization - a powerful capability demon-
strated in the second SW-XPS study in 2002 [35]. In addition to
this, unlike STEM, SW-XPS is a non-destructive technique and does
not require any sample preparation if carried out in the soft X-
ray regime or at higher photon energies. Later in this article I
will give an example of using STEM-EELS to confirm the results
of a SW-XPS study and provide useful complimentary informa-
tion about local roughness and chemical interdiffusion at a buried
interface.

The standing-wave technique has several important limitations.
In order to maximize the amplitude of the standing wave, a sample
has to be grown as, or on top of, a synthetic superlattice. In case
of the polycrystalline films this can be easily achieved by deposit-
ing a heterostructure of interest on top of the Mo/Si multilayer
mirrors, which are now becoming ubiquitous in EUV lithogra-
phy applications. For single-crystalline epitaxial systems, however,
preparation of a high-quality sample which is optimal for SW-XPS
can be difficult and in some cases impossible. For such systems the
major challenge lies in growing a binary epitaxial superlattice con-
sisting of tens of periods (repetitions) while preserving quality and
uniformity of the individual layers and interfaces. In cases of het-
erojunctions for which synthesis of such high-quality superlattices
proves to be challenging, a better-behaved epitaxial multilayer
system could sometimes be used as a substrate for the bilayer
of interest. In such cases, however, lattice mismatch between
the multilayer substrate and the bottom layer may become a
restricting factor. In the future studies, use of epitaxial seed layers
and/or buffer layers may remedy this limitation for some epitaxial
systems.
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3. Probing magnetic properties at the buried interface with
SW-MCD

In their first SW-XPS study Yang et al. suggested that the
standing-wave technique could be utilized in conjunction with
X-ray magnetic circular dichroism (SW-MCD) for depth-selective
and element-specific determination of magnetic properties at
buried interfaces [33,34]. Since then, several such studies have
been carried out for heterojunctions of scientific and technological
significance such as the Fe/Cr interface that exhibits giant mag-
netoresistance effect [35,45] and CoFeB/CoFe interface, which is
of key significance for the magnetic tunnel junction (MTJ) struc-
tures [46]. These studies were vital for the development of the
SW-MCD methodology and were the first examples of the utiliza-
tion of the “SWedge” approach, wherein the bottom layer of the
heterojunction is grown on top of the standing-wave generating
multilayer mirror in a shape of a wedge with varying thickness.
The SWedge allows one to scan the standing wave through the
buried layers and interfaces without changing the X-ray incidence
angle and/or photon energy but rather by moving the sample lat-
erally along the x-direction. This method has an advantage over
the “rocking-curve” technique used in the first SW study because it
allows one to perform the experiment without deviating from the
Bragg condition (hvpragg, Opragg) SO that maximum standing-wave
intensity and a nearly identical phase of the wave with respect to
the multilayer is always maintained [43]. In addition to using the
SWedge method for scanning the standing-wave vertically across
the buried interface between CoFeB and CoFe, the 2006 study [35]
also demonstrated extension of the standing-wave photoemission
beyond core-level spectroscopy and to the investigation of depth-
selective valence-band electronic structure.

The latest SW-XPS and XW-MCD study by Yang et al. [47] uti-
lized all of these methods to probe the electronic and magnetic
properties of MgO/Fe interface, which is ubiquitous in the field of
spintronics as one of the key building blocks for MT]Js used in hard

drive read heads and magnetic random access memory (MRAM).
It was well known from theoretical calculations [48,49], as well
as experimental studies [50,51], that a crystalline insulating MgO
barrier enhances the tunneling magnetoresistance ratio (TMR) in
an MT] by selectively transmitting one spin orientation while fil-
tering out the other due to specific wave function symmetries.
However, the exact chemical, electronic, and magnetic structure of
the MgO/Fe interface remained under debate. In particular, several
questions critical to the device performance remained unanswered,
such as (1) how the valence-band electronic structure and the insu-
lating bandgap of MgO is changed by being in contact with the
Fe layer, (2) whether Fe changes its chemical state/oxidizes at the
interface with MgO, and (3) how the Fe magnetization decays in
the interfacial region.

In order to address these questions, a heterojunction con-
sisting of 10A of MgO on top of the Fe wedge with thickness
varying continuously from 0 to 200A along the sample plane
was grown on top of an 80-period [Si/MoSi;|gg multilayer mir-
ror with the periodicity of 39.82 A. The Fe layer was magnetized
during growth with a small magnetic field (~300 G) applied along
the transverse direction to the wedge corresponding to the easy
axis. The sample was capped with a 12 A layer of Al,O3 to pro-
tect the hydrophilic MgO layer against moisture contamination
due to the exposure to ambient air. Measurements were car-
ried out at the elliptically polarized undulator Beamline 4.0.2
at the Advanced Light Source (LBNL) with the photon energy
fixed at 900eV, which is well away from any absorption reso-
nances, and by using p-polarized X-rays for all the wedge scans
and circularly polarized light for the Fe SW-MCD scans. Finally,
a strong X-ray standing wave was set-up within the sample by
tuning into the 1st order Bragg condition for the [Si/MoSi]gg
multilayer, which occurs at the X-ray grazing incidence angle
of Opragg =10.2° at the photon energy of hvgage =900eV. Sample
structure and measurement geometry are schematically summa-
rized in Fig. 1(a).
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Fig. 1. (a) Schematic diagram of the sample, with the Fe in a wedge layer, and including the geometry of the exciting X-ray beam and outgoing photoelectrons. (b) 2D plots
of the wedge scans of photoelectron spectra for Al 2p (left panel), Fe 3p and Mg 2p (middle panel), and the valence bands (right panel). (c) Fe 2p MCD signal derived from
the photoemission intensity measurements taken in a wedge scan and with circularly polarized X-rays. (d) Final results for the concentration profile in the sample, including
interdiffusion at all interface (left panel), and the atom-specific Fe magnetization across the Fe/MgO interface (right panel). (e) Layer-specific MEW-DOS for Al,03, MgO,
Fe/MgO interface, and Fe wedge layers extracted from the valence-band standing-wave data. Dotted curves represent the calculated MEW-DOS that do not take into account

the interdiffused layer separately.
Source: From Ref. [47].
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Fig. 2. (a) Schematics of the experimental geometry and the investigated multilayer structure consisting of 48 and 120 STO/LSMO bilayers grown epitaxially on a single-
crystal STO substrate. (b) The best fits between the experimental and calculated rocking curves at 833.2 eV and 5956.4 eV for Sr 3p3), and Mn 3p core-level peaks. (c) Model of
the sample which self-consistently describes the behavior of the rocking curves for every constituent element in the structure for both soft and hard X-ray regimes. (d)A 1A
smooth bottom-to-top thickness gradient for the LSMO and STO layers in the superlattice, resulting from the rocking-curve analysis, and confirmed by a direct measurement

using high-resolution cross-sectional STEM shown in (e).
Source: From Refs. [53,58].

Experimental SWedge scans of the photoemission spectra for
Al 2p, Fe 3p, Mg 2p and the valence-band region are shown in
Fig. 1(b) and exhibit strong (40-60%) modulations in intensity along
the z position (lateral wedge scan direction) on the sample. Ampli-
tude of the SW modulation provides a good quantitative measure
of the depth-selective enhancement of the photoemission signal
within the sample. Strikingly, even through visual comparison of
the SW peak positions in the three panels of Fig. 1(b) one can
easily identify the Fe-derived states in the valence-band manifold
(right panel), by comparing their positions to the positions of the
Fe core-level peaks in the middle panel. This remarkable observa-
tion suggests that SW-XPS can be used to extract depth-resolved
matrix-element-weighted densities of states (MEW-DOS).

In addition to the core-level and valence-band SWedge scans
showninFig. 1(b), Fe 2p photoemission MCD spectra were recorded
for every z position along the wedge using circularly polarized
X-rays, providing depth-resolved information about the local mag-
netic moment on the Fe atoms (see Fig. 1(c)).

Experimental SWedge scans shown in Fig. 1(b) and (c) were fit-
ted to the X-ray optical theory using the YXRO program [42,43],
with the final best fits yielding the chemical and magnetic profiles
of the MgO/Fe interface, as shown in Fig. 1(d). Thicknesses of the
MgO (9 A)and Al, 05 (14 A) layers were found to be close to nominal
(10A and 12 A respectively). However, the Fe/MgO and MgO/Al,05
interfaces were found to be linearly interdiffused over total lengths
of 8 Aand 4 A, respectively. Best theoretical fit of the experimental
MCD data further revealed that over the depth of the 8 A interfa-
cial layer between Fe and MgO the magnetization decays with a
Gaussian profile with a half-width of 2.6 A, suggesting presence of
a 2-3 A thick magnetically dead layer at the top of the interface.
Layer-resolved decomposition of the valence-band spectra shown
in Fig. 1(e) confirmed that the dead layer has the MEW-DOS sim-
ilar to that of FeO, which is metallic yet non-magnetic. Finally,

layer-resolved MEW-DOS of MgO showed remarkable differences
when calculated with and without the interdiffusion region (red
solid and dashed spectra in Fig. 1(e)), suggesting that interdiffu-
sion at the interface effectively lowers the tunneling barrier for the
injected Fe spins from ~3.5eV to ~1.3 eV, consistent with the [-V
tunneling transport measurements [52].

The MgO/Fe study by Yang et al. [47] established a powerful
recipe for a “complete” depth-resolved standing-wave photoemis-
sion experiment, including Angstrom-resolution determination of
element-specific chemical and magnetic profile of a buried inter-
face and the adjacent layers, and extraction of layer-resolved
MEW-DOS never-before accessible via experimental techniques.
Future works will likely extend this methodology to layer-selective
spatially- and momentum-resolved studies of the valence-band
structure, with some of these studies already starting to be carried
out at synchrotron facilities around the world. In addition to this,
new efficient spin-resolved photoemission techniques promise to
play an important part in the future studies of spintronic materials
and interfaces, and could be readily combined with the standing-
wave approach. This development could be particularly useful for
systems such as topological insulators, in which spin-resolved elec-
tronic structure exhibits significant variation between the interface
and the bulk.

4. Probing electronic structure at the buried interface with
resonant SW-XPS and SW-HAXPES

In another recent standing-wave photoemission study of the
Lag 7Srg3Mn03/SrTiO3 (LSMO/STO) MT]J interface Gray et al. have
introduced two important advances to the standing-wave method-
ology that will undoubtedly be used in the future studies: (1) tuning
the photon energy of the soft X-rays to the core-level resonance
of one of the elements in the multilayer (La 3d3, in this case)
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Fig.3. (a) Simulated intensity of the X-ray standing-wave electric field (E2) inside the sample as a function of depth and grazing incidence angle. The line cuts indicate that, for
incidence angles <12.4°, the standing wave field highlights the bulk or center of the LSMO layer, but for angles >12.9° the interface regions of the LSMO layer are emphasized.
The best fits of the experimental rocking-curves (top panel) for the Ti 2p3;, and Mn 3p core-level peaks confirm the results of the simulation. (b) Angle-resolved (ky, ky)
SWARPES intensity maps of the Mn 3d e; and Mn 3d ty states obtained in the bulk-LSMO-sensitive and interface-LSMO-sensitive experimental geometries. Differences
between the bulk- and interface-sensitive electronic structure are shown in the bottom panels.

Source: From Ref. [58].

in order to enhance the optical contrast between the alternating
layers at that photon energy, thus maximizing the reflectivity and
the standing-wave amplitude, and (2) combining soft X-ray stand-
ing wave photoemission (SW-XPS) with hard X-ray standing-wave
photoemission (SW-HAXPES) with multi-keV excitation in order
to enhance the probing depth by the virtue of increasing the IMFPs
of photoemitted electrons [53]. It should be noted that around the
same time, Doring et al. successfully applied SW-HAXPES to the
investigation of buried interface between MgO and Fe [54].

The properties of the LSMO/STO/LSMO MT]J have been a subject
of many detailed studies due to the recent theoretical prediction
of the 100% TMR effect in this complex oxide heterojunction [55].
To date, however, maximum TMR effect realized in such MJT has
been on the order of 80% [56] with a general consensus that such
poor performance is due to highly ocalized electronic-structural
phenomena at the LSMO/STO interface, the exact physical origin of
which remain under debate [57]. In order to address this important
technological problem epitaxial superlattice samples consisting of
48 and 120 bilayers of LSMO and STO, each nominally four unit cells
thick (~15.5A), were fabricated on single-crystal STO substrates
and investigated with both soft- and hard X-ray standing-wave
photoemission (see Fig. 2(a)). Due to the constraints of the complex
oxide epitaxy, the possibility of growing a SWedge-type sample
was excluded. Therefore, the standing wave was moved verti-
cally through the interfaces by varying the incidence angle around
the superlattice Bragg condition (rocking-curve method) between
12.8° and 15.0° for the soft X-rays and between 1.79° and 1.97°
for the hard X-rays. All the soft X-ray photoemission measure-
ments were carried out at Beamline 7.0.1 of the Advanced Light
Source (LBNL) at the photon energy of the La 3d3p, absorption
resonance (833.2 eV) in order to maximize the standing-wave con-
trast and with an overall energy resolution of ~300 eV. Hard X-ray
measurements, on the other hand, were carried out at Beamline

BL15XU of SPring-8 (Sayo, Japan) at the photon energy of 5956.4 eV,
a choice yielding optimum energy resolution (~230meV) and
that is well away from any of the absorption edges in LSMO
or STO.

Rocking curves for Sr 3p3,, which is an electronic orbital for an
element specific to the STO layer, and for Mn 3p, which in turn is
specific only to the LSMO layer, and the best resulting fits to the X-
ray optical calculations are shown in Fig. 2(b) for both soft and hard
X-ray regimes (see ref. [53] for RCs of the remaining elements in the
LSMO/STO junction: Ti 2p3, O 1s, La 4ds),, La 3ds),, and C 1s from
the carbon-containing surface adsorbate layer). The final chemical
profile of the LSMO/STO junction resulting from the simultaneous
and self-consistent fitting of the rocking curves for every con-
stituent element is shown in Fig. 2(c) and reveals ~4 A of chemical
interdiffusion between the LSMO and STO layers and altered optical
constants of the LSMO layer at the interface with STO, consistent
with the change in the Mn bonding at the interface. Furthermore,
accurate fitting of the anomalously high relative amplitudes of the
Kiessig fringes on both sides of the Bragg peak is only possible by
assuming a 1A smooth bottom-to-top thickness gradient for the
LSMO and STO layers in the superlattice, as shown in Fig. 2(d), a
result which was later confirmed by a direct measurement using
high-resolution cross-sectional STEM with both high-angle annu-
lar dark field (HAADF) and electron energy loss spectroscopy (EELS)
(seeFig.2(e)and [58]), and consistent with a slow decay of the laser
intensity during the 6-or-more-hour-long pulsed laser deposition
growth process. Thus, this study has demonstrated that in addi-
tion to determining chemical profile at a buried interface, resonant
SW-XPS and SW-HAXPES can also be utilized for the investigation
of Angstrom-level changes in periodicity of superlattices over the
depths of >1000 A - a distance which is ~10-20 times longer than
the characteristic IMFPs for photoelectrons in STO or LSMO in the
hard X-ray regime [20,21].

(2014), http://dx.doi.org/10.1016/j.elspec.2014.05.004
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5. Probing momentum-resolved electronic structure at a
buried interface with SWARPES

Finally, arguably the most sophisticated application of the
standing-wave spectroscopy to date has been recently realized by
combining SW-XPS with ARPES to devise a depth-selective tech-
nique for probing the k-resolved electronic structure of buried
layers and interfaces - SWARPES [58]. The first proof-of-principle
SWARPES study was carried out by Gray et al. on a LSMO/STO
superlattice similar to the one discussed above, and was feasi-
ble due to the fact that with a detailed knowledge of the sample
configuration and X-ray optical constants of the constituent lay-
ers, the electric-field intensity (E2) profile of the standing wave
inside the superlattice can be accurately modeled as a function
of depth and incidence angle, as shown in Fig. 3(a). Thereupon,
by fixing the X-ray incidence angle at the well-defined values
determined by such simulations and confirmed by core-level
rocking-curve measurements, one could accurately localize the
standing-wave maxima either at the center (“bulk”) region of
the buried LSMO layer, or at the interface between LSMO and
STO, as shown in the line-cuts in Fig. 3(a). Momentum-resolved
ARPES measurements were then carried out in these two exper-
imental geometries, yielding depth-selective three-dimensional
photoelectron dispersions Eg(kx,ky,(k;)) with k, implicitly known
but not directly measured. Constant-binding-energy “slices” of
the (Eg,kx.ky) momentum space taken at the binding energies of
the Mn 3d ez and tp, valence states (ca. —1.0eV and —2.4eV,
respectively) are shown in Fig. 3(b) for the bulk-sensitive and
interface-sensitive experimental geometries, and exhibit markedly
different momentum dispersions. Finally, the bulk-minus-interface
(kx.ky) maps shown in the bottom row of Fig. 3(b) indicate clear
depth-dependent differences in electronic dispersion, suggesting a
change in the Mn chemical state at the LSMO/STO interface.

SWARPES thus represents a powerful new technique for
studying k-resolved valence-band electronic structure with true
depth-selectivity [58]. Furthermore, since such depth-selectivity
is achieved solely with X-ray optical effects within a multilayer
sample, SWARPES measurements can therefore be readily carried
out at any soft X-ray photoemission beamline equipped with a 2D

photoelectron detector and a goniometer capable of rotating the
sample around the polar axes. Thus, it is suggested that SWARPES
method should be of broad application in the future depth-resolved
studies of emergent phenomena at buried interfaces.

6. Adding depth resolution to photoemission microscopy
with standing-wave excitation (SW-PEEM)

Addition of depth resolution to an existing technique which
probes electronic structure in momentum-space (ARPES) prompts
a question of whether the standing-wave method could be
applied to a real-space microscopic imaging technique, such as
photoemission microscopy (PEEM) [6-8]. PEEM has been used
extensively in the past decade to investigate element-specific phys-
ical, chemical, and magnetic properties of surfaces by imaging
the sample via photoexcitation of low-energy secondary electrons
and/or core-level photoelectrons. However, prior to the advent
of the standing-wave photoemission, PEEM has been inherently
a lateral two-dimensional imaging technique. The possibility of
extending the dimensionality of PEEM by adding depth resolu-
tion via standing-wave excitation has been recently demonstrated
by Kronast et al. using the SWedge method [59]. In this proof-of-
principle study, a narrow Ag wedge covered by a Au/Co bilayer
and grown on top of a (Si/Mo)so multilayer mirror was imaged
via element-specific core-level excitations from Ag 3d and C 1s
subshells (see Fig. 4(a)). The need to scan the sample laterally
along the wedge direction is eliminated since the resulting image
is already inherently two-dimensional. Thus, core-level photoelec-
tron intensities at the various lateral positions along the wedge
direction originate from different depths below the surface, pro-
viding element-specific depth-resolved information which can be
accessed by analyzing corresponding regions of interest in the
image (see Fig. 4(b) and (c)). It is noteworthy that the vertical reso-
lution in such SW-PEEM images approaches ~3-4 A (about 1/10 of
the SW period) and is thus almost two orders of magnitude better
than the currently achievable lateral resolution of PEEM.

In the latest SW-PEEM study, as a prelude to future nanodevice
imaging applications Gray et al. investigated a square lateral array
of circular magnetic Co microdots patterned on top of the (Si/Mo)49

-’ TOP CLUSTER
P

. "BL1 BL2 BL3 BL4

1.2

1.1 lEl\.

’\\/
0.9 \/
0.8

-200 -100 0 100 200 300
Depth into the Sample (A)

EX(z)

Q
=
@
3

LSMO
LSMO
LSMO

o =|o
2 3le
» 4o

sTO

o
e
@

1.25 + (b) :-- AT
(a) ! i
T |
8 MLs STO (31.02A) " 1.00 : i
X
8 MLs LSMO (31.24A %6 : 1
7 MLs STO (27.14A) }x12 L= ML
7 MLs LSMO (27.36A) 0.75 4
STO Substrate E
o~
11}
0.50
hv =5930 eV
Oine = 1.12°
0.25 -
Vacuum | Sample
0.00
-500 0

T 1 T
500 1000 1500 2000

Depth into the Sample-z (A)

Fig. 6. (a) Schematic diagram of an aperiodic LSMO/STO multilayer structure which could be used for confining the standing wave within a sample. (b) Calculated X-ray
electric-field intensity (E?) versus sample depth for such aperiodic multilayer (at hv=5930¢€V, and ¢, = 1.12°). At each cluster boundary the phase of the standing wave is
always either delayed or advanced by 1, as shown in the inset depicting the top bilayer cluster.

Source: From Ref. [43].
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SW-generator multilayer and capped with a thin Al layer to pre-
vent Co oxidation [60]. As a technical improvement upon the first
study, vertical movement of the standing-wave through the struc-
ture was accomplished by means of varying the photon energy,
which eliminated the need to grow the layer of interest in a shape of
a wedge, thus opening the door for future three-dimensional mea-
surements of more technologically relevant patterned structures
and interfaces between epitaxial layers.

Results of the study are summarized in Fig. 5, including element-
specific images of the sample obtained by core-level photoelectron
imaging (Fig. 5(a)), experimental and calculated best-fit rocking
curves of Al 2p, Si 2p, C 1s and Co 3p core-level photoemission
intensities as a function of photon energy (Fig. 5(b)), and the resul-
tant model of the structure’s chemical profile (Fig. 5(c)). Excellent
agreement between the experimental results and the calculations
suggests that the photon-energy-scanning approach has a far-
reaching potential for future Angstrom-resolution depth-selective
imaging studies of nanostructures. Finally, as an exciting possibil-
ity for the future, carrying out SW-PEEM experiments with varying
circular and linear X-ray polarizations should introduce magnetic
sensitivity into the technique, thus resulting in a new way of study-
ing interface magnetism in spintronic devices.

7. Standing-wave localization, total reflection and
waveguide effects

Looking ahead to future standing-wave photoemission studies,
one can ask if there are ways to further localize and tailor the inten-
sity of the X-ray electric field within a sample, thus achieving even
more enhanced depth control. Several possible techniques for such
standing-wave “focusing” have been recently proposed in a theo-
retical study by Yang et al. [43] and are summarized below.

One possible way of confining the standing wave within a
sample is accomplished by the use of aperiodic multilayers con-
sisting of two (or more) types of periodic superlattice clusters. An
example of one such aperiodic structure, which is by no means
unique, is depicted in Fig. 6(a). The proposed multilayer con-
sists of two alternating superlattice clusters — (LSMO/STO) x 4 and
(LSMO/STO) x 12, wherein each individual layer consists of 8 and
7 unit cells respectively. Standing-waves generated by these two
intermixed clusters interfere within the total multilayer, creating
a beat profile which is confined within the sample, as shown in
Fig. 6(b) for the 5930eV X-rays incident on the sample at 1.12°
angle. As a result, the layer nearest to the surface exhibits the
highest standing-wave modulation, while immediately above the

(2014), http://dx.doi.org/10.1016/j.elspec.2014.05.004
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surface the standing-wave is almost non-existent. Such dramatic
attenuation of the standing-wave intensity above the sample sur-
face could potentially be useful for photoemission experiments
probing solid-liquid and solid-gas interfaces.

Other methods take advantage of a rich variety of X-ray opti-
cal phenomena emerging in the region between the Bragg angle
and the region of total external reflection. For example, an effective
way of enhancing the surface sensitivity in a hard X-ray standing-
wave photoemission experiment could be achieved by going to low
grazing incidence angles, as realized in prior GIXPS/TRXPS studies
[61,62]. An example of such near-surface enhancement is shown
in Fig. 7, for a multilayer structure specifically designed for the
studies of the interface phenomena in an exchange-bias junction
Co/FeF, (Fig. 7(a))[63]. As evident from the simulations in Fig. 7(b),
for grazing incidence angles below 0.3° core-level photoemission
intensities from the elements that comprise the deeper-lying lay-
ers, such as MgF, and FeF,, are significantly reduced compared
to those from the layers which are closer to the surface (Co and
Al). Simulation of the electric-field intensity as a function of depth
shown in Fig. 7(c) illustrates that at such low incidence angles (0.3°
and lower) there is, in fact, very little E-field penetration below
the surface of the sample, and thus most of the photoemission
originates from the top Al and Co layers.

An even more striking effect is observed at the incidence angle of
0.375°, whereat a strong spike in the photoemission intensity from
Mg 1s subshell is observed (see Fig. 7(b)). Such enhancement of
photoemission from the MgF, layer can be explained by examining
the E-field intensity profile inside the sample, as simulated in the
plot shown in Fig. 7(d). Due to its low optical density, the MgF, layer
acts as a waveguide, enhancing the E-field intensity within itself via
multiple scattering of the X-rays from the top and bottom interfaces
with the adjacent FeF, and AlAs layers which are more optically
dense. Such waveguide effect has been recently observed experi-
mentally in a hard X-ray fluorescence study of a Si/W/Si film struc-
ture, and was shown to provide a very effective method for E-field
confinement with an enhanced sensitivity to the buried layer [64].

8. Concluding remarks

The ever-growing demand for miniaturization and increased
speeds of next-generation electronic devices has taken experimen-
tal condensed matter physics to the quantum frontier in which
emergent phenomena at the nanoscale require a clear differen-
tiation between surface, bulk and interface properties. Thus, for
many technologically promising novel materials, such as topo-
logical insulators, strongly correlated oxides and ferromagnetic
semiconductors, electronic structure exhibits dramatic variation as
a function of depth and proximity to other materials. Therefore,
novel depth-resolved characterization techniques are required to
disentangle these rich electronic behaviors, including magnetism
and spin. Motivated by these challenges, in this article I have
discussed several possible future directions in the field of photoe-
mission, wherein powerful and well-established state-of-the-art
spectroscopic and microscopic techniques, such as MCD, HAX-
PES, ARPES and PEEM, are combined with X-ray standing-wave
excitation in order to achieve sub-nanometer-resolution depth-
selectivity in the measurement. The future undoubtedly holds
many more exciting developments in the field of standing-wave
photoemission, with the imminent advances in the instrumenta-
tion and data analysis techniques leading to the addition of new
dimensions, such as time and spin.
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