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Probing bulk electronic structure with hard X-ray
angle-resolved photoemission

A. X. Gray"?*, C. Papp"?3, S. Ueda?, B. Balke"?, Y. Yamashita®, L. Plucinski®, J. Minar’, J. Braun’,
E.R. Ylvisaker', C. M. Schneider®, W. E. Pickett', H. Ebert’, K. Kobayashi* and C. S. Fadley"?

Traditional ultraviolet/soft X-ray angle-resolved photoemission spectroscopy (ARPES) may in some cases be too strongly
influenced by surface effects to be a useful probe of bulk electronic structure. Going to hard X-ray photon energies and thus
larger electron inelastic mean-free paths should provide a more accurate picture of bulk electronic structure. We present
experimental data for hard X-ray ARPES (HARPES) at energies of 3.2 and 6.0 keV. The systems discussed are W, as a model
transition-metal system to illustrate basic principles, and GaAs, as a technologically-relevant material to illustrate the potential
broad applicability of this new technique. We have investigated the effects of photon wave vector on wave vector conservation,
and assessed methods for the removal of phonon-associated smearing of features and photoelectron diffraction effects. The
experimental results are compared to free-electron final-state model calculations and to more precise one-step photoemission

theory including matrix element effects.

(ARPES) to determine the electronic structure of materials is a

much-used technique with many successes'=. The electronic
structure of a host of materials of fundamental interest, from
prototypical transition metals such as W (refs 4-6), to more
complex and technologically relevant substances, such as future
semiconductors or topological compounds”?, or strongly correlated
materials>®, have been successfully studied in the past. However, the
inherent surface sensitivity of conventional ARPES, due to the low
inelastic mean-free paths (IMFPs) of the photoemitted electrons,
with kinetic energies usually ranging between about 20 and 150 eV,
can lead to spectra that are strongly influenced by surface effects.
This can of course be of great advantage in the description of new
materials and their surfaces. Conversely, this surface sensitivity can
become a major disadvantage if the bulk properties of the materials
studied are of particular interest or significantly different from the
surface properties, or if it is difficult to prepare a sufficiently good
surface for standard ARPES measurements.

This surface sensitivity has led recently to several studies in
which ARPES has been carried out with photon energies up to
the 1keV range'®". These studies for a variety of systems, but
especially for several strongly correlated materials, have shown the
advantage of probing more deeply below the surface. One can thus
also immediately ask whether going further into the multi-keV hard
X-ray regime might also be possible and useful in this regard'*'>.

The recent advent of new high-energy third-generation syn-
chrotron facilities and the development of new high-energy electron
analysers make it possible to attempt such novel angle-resolved
experiments in the hard X-ray regime. The overall energy reso-
lutions (down to ~50 meV), as well as the angular resolutions of
these newly developed facilities (down to ~0.2°-0.3°), in principle
make it possible to meaningfully study dispersive energy bands at

_|_he use of angle-resolved photoemission spectroscopy

up to, for example, 3-6keV excitation energies, and with wave
vector resolutions of 0.1-0.2A~!. Going to multi-keV energies
increases the inelastic mean-free path of the electrons roughly as
[kinetic energy]®”® (refs 16-18), and thus by a factor of about
10-20 from typical ARPES studies, going from about 5A to
about 50-100 A, thereby markedly enhancing the bulk sensitivity
of the measurement, and also in principle permitting the study
of deeply buried layers.

However, a few additional considerations are involved in
measuring and interpreting such hard X-ray angle-resolved
photoemission (HARPES) data'®. First, it is well known that
the creation and annihilation of phonons in the photoexcitation
process can smear out the specification of k;, the initial-state
wave vector®1°. An approximate way of estimating the effect
of this is to calculate a photoemission Debye—Waller factor from
W(T) = exp[—(1/3)gme?(U*(T))], where g is the magnitude of
the bulk reciprocal lattice vector involved in the direct transitions
at a given photon energy and (U?*(T)) is the three-dimensional
mean-squared vibrational displacement®!*!°, With W(T) = 90%,
one is in the k-resolving or ultraviolet photoelectron spectroscopy
(UPS) limit. With W(T) < 10%, one is in the density-of-states
or X-ray photoelectron spectroscopy (XPS) limit. In addition,
deviations from the dipole approximation for excitation lead to
the inclusion of the photon momentum in the simplest form of the
wave vector conservation equation:

ki = [ke— Kk, ] — ke (1)

where k; is the initial-state wave vector in the reduced Brillouin
zone (BZ), k¢ is the final-state wave vector inside the crystal,
after allowing for the crossing of the inner potential, and kj,
is the wave vector of the photon®"'*. As k¢ is a much longer
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vector in HARPES, with |k o [kinetic energy]'/?, the angular
precision in setting up and interpreting an experiment becomes
more critical, as we discuss below. Recoil effects due to momentum
conservation will also induce a broadening and shifting of spectral
features in energy®®, even if these were negligible for the systems
studied here; the recoil shifts are estimated to be 18 meV for W
and 23meV for GaAs. Finally, as in all ARPES measurements,
the relative intensities of various features will depend on the
specific matrix elements involved, with these in turn depending
roughly on the weighted atomic cross-sections contributing to
each band, as well as on the overall symmetry of the experimental
geometry. Cross-section arguments, for example, imply that d- and
f -character will be strongly suppressed as the energy is increased,
with s- and p-character gaining in importance!>!>. Although the
latter are more important in general with respect to transport
properties, learning something about the former thus has to be
more indirect, through d- and f -hybridization with s- and p-states?.

As a first system to be studied using HARPES, we choose single-
crystal W with the (110) orientation, which is well-understood
from the theoretical and experimental points of view, thus allowing
for an easy comparison to earlier results*®1>1%2122 Furthermore,
W is well-suited to such high-energy experiments because of its
high Debye temperature and high atomic weight, leading to high
Debye-Waller factors with cryogenic cooling®. For 6 keV excitation
of the valence electrons of W, this factor is about 0.45 at 30K, and
about 0.09 at 300 K, so measuring at these two temperatures spans a
range from about 45% direct transitions (roughly halfway between
UPS and XPS limits) to about 9% direct transitions (essentially in
the XPS limit). We can also estimate the average probing depth in
our experiment using optical properties or the widely-used TPP-2M
formula'®'8, which yields an IMFP of 56-61 A for the W valence
electrons at the photon energy of 6 keV which we will use. These
values are about 13 times larger than the IMFP for 100 eV-electrons
and about 42 times larger than that for 20 eV-electrons. They also
correspond to an average emission depth that is 18-19 W unit cells,
using a = 3.16 A as the unit-cell dimension. Thus, we expect to
probe bulk properties much more clearly at 6 keV than is possible
with the typical energies of previous ARPES experiments.

The second system we have investigated using HARPES is the
semiconductor GaAs in the (001) orientation, a material that is
widely used in solar cells, light-emitting diodes and laser diodes,
and, owing to its high electron mobility, finds a multitude of
applications in fast-switching electronic devices. GaAs may also
have future applications in high-efficiency solar-cell technology and
spintronic devices?**?%. The lower Debye temperature and effective
atomic mass of GaAs suggests working at lower photon energies.
Our measurements were thus performed on GaAs with an excitation
energy of 3.2keV, at which the relevant Debye—Waller factors are
0.31 at 20K and 0.01 at 300 K. At this photon energy, the inelastic
mean-free path for GaAs valence electrons is predicted by TPP-2M
to be 57 A, and recently measured to be about 32 A(ref. 29), values
which are expected to be about 11 times larger than the value at
100 eV, and about 38 times larger than the value at 20 eV. Thus,
at 3.2keV, and using a = 5.65 A as the lattice constant for GaAs,
we should have the ability to probe, on average, 6-10 unit cells
into the sample, and our measurements should again become more
truly bulk-sensitive. All of our measurements were carried out at the
SPring-8 facility in Japan; further experimental details are contained
in the Methods section below.

Figure 1 shows HARPES spectra of W(110) taken at a photon
energy of 5,956eV, together with corresponding theoretical
calculations. These data represent single detector images spanning
approximately 12°, as indicated in Fig. le. Differences between the
measurements shown in Fig. 1a at room temperature and Fig. 1b
at 30K clearly illustrate the strong effect of temperature. The
spectra in Fig. 1a show a clear, but non-dispersive, modulation in
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angle of energy-distribution curves that are found to be essentially
identical in form and very similar to the total density of states
(DOS) for W (see for example ref. 21); these modulations can be
attributed to core-like X-ray photoelectron diffraction (XPD; ref. 30
and references therein), whereas the spectra at lower temperature
(Fig. 1b) already show clear signs of the dispersive W bands.
However, the low-temperature HARPES image still contains a
component modulated in energy by the DOS, as derived from
the angular average of the room-temperature data in Fig. la and
shown as the yellow curve on the same figure, and by XPD
in angle, as derived from the energy-averaged grey contour in
Fig. 1a. By applying a two-step normalization procedure to the low-
temperature data in Fig. 1b using the averaged room-temperature
contours, in which there is first a division by the yellow curve
and then by the grey curve (A. Bostwick and E. Rotenberg, private
communication) we can correct in some way for both DOS- and
XPD-like effects in the data, and indeed the dispersing bands are
much more clearly seen in the corrected Fig. 1c. Such a procedure
results in minor shifts of the features in energy and momentum,
with the magnitude of these shifts increasing as the derivative of the
normalization profiles.

The dispersive valence-band features in Fig. 1c are repeated
about three times over the entire detector image. This quasi-
periodicity can be understood with the help of an extended-zone
scheme, as shown in Fig. 1f, where all vectors are shown to scale.
The extended-zone scheme permits an easily visualizable analysis of
the data using a free-electron final-state model and the basic wave
vector conservation theory given by equation (1). For W, the prim-
itive cell dimension is given by 27t/a = 1.988 A~'. The magnitude
of the final-state photoelectron wave vector inside the crystal, after
allowing for an inner potential of 15 eV for W, a work function of
4.5 eV, and an average valence binding energy of about 4 eV, is given
by [kel(A!) = 0.512E}, , (eV) = 39.53 AT = (19.88)27/a, where
Epi;i is the average kinetic energy inside the surface relative to the
valence band minimum. The magnitude of the photon momentum
can be calculated using |k, |(A™!) = 0.000507 hv(eV) =3.01 =
(1.51)2:/a. With the 90° angle between photon incidence and
electron emission, the magnitude of the final-state photoelectron
wave vector as adjusted for the photon momentum is thus given by

[k—ky,| = (39.5324+3.01%)% =39.64 A"
14.10v/2(2%t/a) = 19.94(27t/a)

Figure 1f now shows the vectors involved in an extended zone
picture, with the sector of the red circle corresponding to the
arc traversed by [k; —k;,], and thus also by k; in the reduced
BZ. Also indicated is the single g-vector involved in our data,
which has a magnitude of 14«/5(23'5/(1) =19.80(2m/a), leading to
a measurement that passes virtually through the N point of the BZ.
Furthermore, the large diameter of [k;—kj, ] implies that scanning
the angle near normal should essentially move the sampling point
along a nearly straight line, thus sampling repeated N-I'-N regions.
This repeated pattern is, in fact, seen in the experiment, with a
repeat distance of about 4.1°, which is very close to the 4.21° N-I'-N
angular distance expected from the extended-zone picture.

Also shown in Fig. 1c as green curves are the results of theoretical
calculations based on a simple model which couples the W band
structure (as calculated with the Wien2k program®) with free-
electron final-states using equation (1), and there is in general very
good agreement with experiment as to the features and bands
expected, although of course there is no information in these
curves as to relative intensities, as no allowance is made for matrix
elements. Of note is that experiment shows more structure than
the free-electron final-state theory over about 1-2 eV in binding
energy (for example feature labelled 4), but this could be the result
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Figure 1| Hard X-ray angle-resolved photoemission (HARPES) measurements and theory for W(110) at a photon energy of 5,956 eV. a, Room
temperature HARPES measurement from W(110). The spectra are dominated by modulations due to the DOS in energy (yellow curve) and XPD effects in
angle (grey curve). Dispersive features are not observed owing to the low fraction of direct transitions at room temperature in this hard X-ray regime. The
Debye-Waller factor here is only 0.09. b, The same measurement as in a, but at 30 K. Phonon effects are suppressed at low temperature and dispersive
features are now apparent. The Debye-Waller factor here is 0.45. ¢, Data from b, normalized by means of a 2-step process so as to remove the DOS and
XPD effects (yellow and grey curves in a), thus enhancing dispersive valence-band features. The solid curves superimposed on the experimental data are
the results of band-structure-to-free-electron final-state model calculations. Some prominent features 1-4 are labelled. A sample misalignment of 0.5°
toward [001] was used in the free-electron final-state calculation, as the value which produces the best fit between the experiment and theory. d, One-step
photoemission calculations of the HARPES spectra taking into account matrix-element effects. Corresponding features 1'-4" are labelled. e, The
experimental geometry relative to the first BZ. f, An extended BZ picture of the HARPES measurement for W.

of experimental k smearing due to inelastic scattering and finite  low-energy ARPES, for HARPES even a small sample tilt (0.5°-1.0°)
angular resolution, which allows more initial states to contribute  results in a significant impact on the spectra, with these at
than are allowed in the free-electron or one-step models (see least qualitatively predicting effects in the direction observed
Supplementary Discussion). (see Supplementary Discussion). Such misalignment was in fact
Finally, in Fig. 1d we show the results of much more accurate allowed for in the free-electron final-state calculation (Fig. 1c) by
one-step theory based on a local density approximation (LDA) introducing the tilt angle of 0.5° toward the [001] direction, the
layer-KKR (Korringa—Kohn-Rostoker) approach with a time-  value which produces the best fit between the experiment and
reversed LEED (low-energy electron diffraction) final-state’® over  theory. Allowing for such a tilt in the one-step theory is at present
the same range in angle (see Supplementary Discussion). The prohibitively difficult from a computational point of view (see
resemblance of the data in Fig. 1c to the one-step theory in Fig. 1d ~ Supplementary Discussion).
is indeed remarkable, with features labelled 1, 2, and 3, and the These first HARPES measurements on a prototypical transition
weaker 4 in experiment being correctly modelled by features 1’,2',3"  metal thus provide a clear picture of the possibilities and challenges
and 4’ in theory. The effect of the photon momentum kj,, is of HARPES. There is a need for cryogenic cooling and appropriate
to shift [ke — ky, ] relative to k¢ by 4.35°, which by coincidence  data treatment, including some kind of correction for both phonon-
moves it almost exactly the N-'-N distance of 4.21° (see extended =~ produced DOS-like features and XPD-like features. Using these
zone image in Fig. 1f). results from W as a measure for the feasibility of HARPES
Other minor discrepancies observed between the experimental —measurements in general, we would conclude as a first conservative
band structure and the theoretical calculations can easily arise estimate that a Debye—Waller factor of about 0.45 or greater is
owing to a slightly misaligned sample. For our geometry, this required to obtain a sufficient fraction of direct transitions.
misalignment or tilt is defined as the deviation of the electron Measurements were also performed on a semi-insulating GaAs
analyser lens axis from the [110] direction. Unlike in conventional ~ (001) sample, cut from a liquid-encapsulated Czochralski grown
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Figure 2 | HARPES measurements and theory for GaAs(001) at a photon energy of 3,238 eV. a, Room temperature measurement from GaAs(001), with a
Debye-Waller factor 0.01 and average curves representing DOS and XPD again shown. b, The same measurement as in a, but at 20 K, with a Debye-Waller
factor of 0.31. ¢, Same measurement, corrected so as to remove the DOS and XPD effects. The solid curves superposed on the experimental data are the
results of the free-electron final-state calculations. Prominent features 1-3 are labelled. d, One-step photoemission calculations of the HARPES spectra,
taking into account matrix-element effects, with corresponding features 1'-3' labelled. The theoretical results in both € and d are calculated for the ideal
geometry, with no tilt included. e, The experimental geometry relative to the first BZ. f, An extended BZ picture of the HARPES measurement for GaAs.

GaAs wafer that was lightly p-doped with As anti-site defects to
pin the Fermi level approximately in the middle of the band gap
(see details in Supplementary Discussion). GaAs has a lower average
atomic mass and Debye temperature than W, and thus smaller
photoemission Debye—Waller factors, so it was studied with a
photon energy of 3,238 eV and sample temperatures of 20 K and
300K; the results are summarized in Fig. 2 in the same format
as Fig. 1. Under these conditions, the Debye—Waller factors are
smaller, 0.31 for 20K and 0.01 for 300K, so we expect DOS-
and XPD-like effects to be stronger in the raw data, even at low
temperature. Nonetheless, the raw low-temperature data in Fig. 2b
clearly show dispersing bands over about 0-8 eV binding energy,
and they are even clearer in the raw data than those for W, with
a Debye—Waller factor of 0.45, indicating a potentially beneficial
material dependence in phonon broadening that requires a better
theoretical explanation. These features are also seen in the data in
Fig. 2c that have had the two-step DOS + XPD correction applied
to them; here, these corrections are not as critical, and may even
suppress some features. Again, in Fig. 2c the positions of the allowed
direct transitions based on the free-electron model are shown,
and there is in general very good agreement, with the exception
of the band labelled 3 at about 12 eV binding energy, to which
we return below. Figure 2d further shows the results of one-step
theoretical calculations, and there is again very good agreement with
experiment in Fig. 2b,c. However, one discrepancy worth discussing
concerns the separations between bands 1 and 2 and 1’ and 2/,

which are less than those in the experiment for both types of
theoretical modelling. This disagreement could be due to a small
tilt of the sample from the ideal geometry, as well as additional k
smearing due to inelastic scattering and finite angular resolution, or
many-electron effects not included in either theoretical treatment
(see Supplementary Discussion).

It is worth noting here that some band bending near the surface
of this sample might be present, but from the semi-insulating nature
of the sample and the low carrier concentrations, we expect this
to extend much deeper than the IMFP for photoelectrons in GaAs
(see Supplementary Discussion). Thus, beyond some rigid shift of
features that we do not expect to be greater than 0.5eV, band
bending should not affect our results.

In the extended-zone picture of the GaAs data, the reciprocal-
space picture is slightly more complicated than that for W, owing to
the different stacking of the BZs (Fig. 2f). This drawing again allows
us to estimate the locus of points probed in the BZ. Here, |ki—k;, |
is 13.13 (4m/a), leading to a g vector of 13 (4m/a), and again a
central k; point close to the I" point. The angular distance between
the two spectral features in Fig. 2a,b is 6.2°, which corresponds to
twice the distance from I" to K to X in the extended-zone scheme.
Good agreement between the experimental data and earlier linear
muffin-tin orbital-type band-structure calculations also confirms
the region in the BZ being sampled in this HARPES experiment™.

The only significant difference between theory and experiment
lies in the lack of dispersion of the band at 12 eV. Band structure
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Figure 3 | First-principles local density calculations of the GaAs band structure. GaAs band structure projected onto the As (a) and Ga (b) atomic orbital
makeup, with curve widths indicating the relative strengths of each contribution, together with corresponding charge density contours at various symmetry

points for the lowest two bands.

calculations show a dispersion of about 2 eV (see Figs 2¢ and 3),
but the measurement only has a variation with angle in intensity
in this region, suggesting more core-like XPD behaviour. In fact,
the XPD profile for room-temperature XPS shown in Fig. 2a is very
close to that observed for this band in Fig. 2b. A likely explanation
for this behaviour is a strong spatial localization of this particular
band on As over the entire BZ, as shown in Fig. 3 through projected
band structures illustrating the atomic orbital makeup of each band
for both As and Ga, as well as total charge density contours for
this band and the one just above it. These results indicate that the
electrons in the band at 12 eV behave more like localized core states,
which should have stronger electron—phonon coupling and thus
converge to a DOS/XPD type of behaviour more quickly than the
bands above them, which are much more delocalized.

We have demonstrated that angle-resolved photoemission is
possible with high-energy X-rays in the multi-keV regime, thus
allowing for more bulk-sensitive electronic structure determina-
tions. Insight into the relevant physics is provided by both simple
free-electron final-state modelling together with ground-state band
structures, and state-of-the-art one-step photoemission theory in-
cluding matrix elements. These first-time measurements thus open
new possibilities in the field of materials science because of the
unique advantages of bulk-sensitivity, and of using samples ‘as
prepared’ because of the low surface sensitivity. In addition to this,
this new technique opens the possibility of mapping the entire BZ,
either by rotating the spectrometer with respect to the sample so
as to acquire several segments of the [k —kj,] arc at one photon
energy and then mapping these into a single BZ (see Figs 1f and
2f), or more simply by varying the photon energy with a fixed
spectrometer orientation. Studies of buried layers in multilayer
structures should also be possible, for example if a metallic layer
is situated underneath an insulator such that the metallic bands
can be seen through the insulator bandgap. Of course, the energy
resolutions in HARPES, which were here about 250 meV, but in
the future clearly can go to 50 meV, if not smaller, will not reach
the 1 meV or smaller of conventional ARPES. Also, recoil effects
will be more pronounced for materials containing lighter atoms.
Resolution in k¢, and thus also k;, will ultimately be limited by the
lens characteristics, but as a smaller angular range is needed to span
the Brillouin zone (BZ) in one direction in HARPES (for example,
only 4.1° for W(110) at 6 keV and 6.2° for GaAs(001) at 3.2keV),
a smaller cone angle could be used in HARPES, with this making it
easier for the electron optics to achieve higher angular resolution.

We also expect that the theoretical treatment of phonon effects will
improve, and it is clear from our results that the simple approach
of using a Debye—Waller factor to estimate the degree of phonon
involvement has limitations, with GaAs being more amenable to
study than might be expected on this basis. Such improved theory
should also lead to better data-correction procedures, and the
analysis of the direct-transition aspects will thus become more
quantitative. We thus anticipate widespread use of HARPES in the
future, with many materials being amenable to study in the 1-3 keV
regime", and better theory and data-analysis procedures likely to
push this to energies as high as 5-10 keV.

Methods

Our HARPES experiments were carried out at the synchrotron radiation facility
SPring-8 in Hyogo, Japan, using undulator beamline BL15XU (ref. 34). The samples
of W and GaAs were highly polished, but not subjected to any special cleaning.
The photoemitted electrons were detected and analysed for their kinetic energy
using a VG Scienta R4000 hemispherical analyser, set in angle-resolving mode. The
overall energy resolution (monochromator plus analyser) was set to 250 meV, as
verified by measuring the spectra of the Au valence band at the Fermi level. The
angular resolution in one direction of the two-dimensional detector image is about
0.25°-0.30°, as judged by an extensive set of ray tracings (B. Wannberg, private
communication). The X-ray incidence angle, as measured from the sample surface,
was fixed at 2° for W and 1° for GaAs. The angle between the electron spectrometer
lens axis and photon propagation was fixed at 90°, resulting in electron take-off
angles of 88° for W and 89° for GaAs, as measured from the sample surface. The
geometries are illustrated in Figs 1f and 2f. The photons were p-polarized, that is,
the electric field vector was in the plane of incidence and always pointing in the
direction of the electron detector. The sample manipulator allowed the sample to
be cooled by liquid helium down to 20-30 K. For both samples, measurements
were made at room temperature and 20-30 K.
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