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A Laser-ARPES View of the 2D Electron Systems at
LaAlO;/SrTiO; and Al/SrTiO; Interfaces

Siobhan McKeown Walker, Margherita Boselli, Emanuel A. Martinez, Stefano Gariglio,

Flavio Y. Bruno,* and Felix Baumberger

The electronic structure of the two-dimensional electron system (2DES) found
at the Al/SrTiO; (Al/STO) and LaAlO;/SrTiO; (LAO/STO) interfaces is meas-
ured by means of laser angle resolved photoemission spectroscopy, taking
advantage of the large photoelectron escape depth at low photon energy to
probe these buried interfaces. The possibility of tuning the electronic density in
in Al/STO by varying the Al layer thickness is demonstrated, and it is shown
that the electronic structure evolution is well described by self-consistent
tight binding supercell calculations, but differs qualitatively from a rigid band
shift model. It is shown that both 2DES are strongly coupled to longitudinal
optical phonons, in agreement with previous reports of a polaronic ground
state in similar STO based 2DESs. Tuning the electronic density in Al/STO
to match that of LAO/STO and comparing both systems, it is estimated that
the intrinsic LAO/STO 2DES has a bare band width of =60 meV and a carrier

density of =6 X 10" cm~2.

1. Introduction

The varied electronic phases found in complex oxides have
led to a large effort toward exploiting these properties in func-
tional devices, initiating the field of oxide electronics.l"¥ One
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notable example of such rich behavior is
found in the two-dimensional electron
system (2DES) formed at the interface
between the band insulators LaAlO; (LAO)
and SrTiO; (STO).B! Many interesting
physical phenomena have been observed
this oxide-based 2DES, including
superconductivity,® an intriguing mag-
netic response,>® and an unconventional
Rashba effect.”! Different devices based
on this system have been demonstrated, at
first by writing structures with the tip of
an atomic force microscope to circumvent
the inherent difficulties associated with
the lithographic patterning of oxides.!l
While these where finally overcome and
the efficient fabrication of field effect tran-
sistors with electron beam lithography was
demonstrated,™ the high growth temper-
atures of the order of =700 °C needed to
achieve a high mobility 2DES in LAO/STO still pose a challenge
for device fabrication.!”! The demonstration that a 2DES can be
formed by depositing an Al layer at room temperature onto the
surface of STO has opened new perspectives for implementing
STO-based 2DESs in devices.’l The recent observation of a
very large spin-to-charge conversion effect in a device based
on an Al/STO 2DES highlights the potential of this system for
oxide electronics. The same work also suggests that the com-
plex band structure of the 2DES is of utmost importance for its
properties and for device performance.

The electronic structure of the 2DES confined at the bare sur-
face of STO is, by now, well studied by angle-resolved photoemis-
sion spectroscopy (ARPES) in the most common crystallographic
orientations.'>2%l This 2DES is formed by the introduction of
oxygen vacancies that are created in the bare surface by irradia-
tion with high-energy photons under UHV conditions.?!! The
same mechanism allows for the stabilization of surface 2DES in
other oxides like KTaO;, SnO,, and Ti0,,?*" and is different to
the creation of metallic STO surface layers by Ar ion bombard-
ment.”28] The deposition of aluminum on the bare surface of
STO in UHV creates a 2DES in a similar fashion. In this case,
oxygen vacancies are created due to an efficient redox reaction,
with the Al film pumping oxygen from the substrate, while it oxi-
dizes into insulating AlO,.%1 As only very small amounts of Al
are needed to induce this Al/STO 2DES, it is also accessible to
surface-sensitive ARPES measurements. As expected, the elec-
tronic structure of the 2DES obtained by either method is similar
as both systems appear due to the presence of oxygen vacancies
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at the surface of STO. Note, however, that this mechanism differs
from the electronic reconstruction proposed as the origin of the
2DES at the LAO/STO interface which does not require the pres-
ence of oxygen vacancies at the interface.?>

A direct measurement of the electronic structure by ARPES
of the LAO/STO interfacial 2DES is desirable but the inherent
surface sensitivity of the technique makes the measurement
of the system buried below =15 A of insulating LAO chal-
lenging. Attempts using both soft X-rays and conventional VUV
ARPES have revealed an electronic structure qualitatively sim-
ilar to that of the bare surface 2DES, but with a much broader
linewidth.3234 However, the large density and high occupied
band width reported in some of these studies,32% as well as
the observation by ARPES of occupied states for a LAO layer
thickness far below the critical value of four unit cells,? are
hard to reconcile with electronic transport measurements. This
highlights the possibility that oxygen vacancies induced by the
photons used to probe the system may also act as an extrinsic
source of charge for the LAO/STO interface,?**" as they do for
the bare STO surface.>?!I Thus, to obtain a clear picture of the
intrinsic LAO/STO system by ARPES, it would be beneficial
to probe the system at low photon energy, where light-induced
oxygen vacancy formation is suppressed.’?!l The reduced photo-
electron kinetic energy at low photon energies also increases
the probing depth in ARPES, which facilitates studies of
buried interfaces. Furthermore, for a direct comparison of the
LAO/STO and Al/STO interface 2DES, it would be desirable to
tune the electronic density in the latter system to match the car-
rier density at the LAO/STO interface.

Here, we present a laser-ARPES study of the electronic struc-
ture of the 2DESs at the Al/STO and LAO/STO interfaces. We
find that their band structure, as well as the nature of electron
phonon coupling at low density, is qualitatively similar to the sur-
face 2DES studied previously in synchrotron-based VUV-ARPES
experiments. We demonstrate control of the electron density of
the Al/STO system by varying the thickness of the Al layer, and
directly observing the changes of the Luttinger volume of the
Al/STO 2DES. From a comparison with tight-binding supercell
calculations, we deduce that the density observed in our experi-
ments on Al/STO ranges from 6 x 10 to 3 x 10" cm™2, which is
close to the highest density that can be achieved on the bare STO
surface 2DES and approaches half an electron per unit cell.'>?’]
Relating these observations with our ARPES measurements of
the electronic structure of the 2DES found at the LAO/STO inter-
face we found an intrinsic electron density of =6 x 10¥® cm™, in
fair agreement with transport experiments. Finally, we show that
the evolution of the band structure with density deviates strongly
from a rigid band shift but is well captured by tight binding
supercell calculations. This study paves the way for relating dif-
ferent transport phenomena to the electronic structure.

2. Results

We have deposited Al in the thickness range of 0-2 A on top
of TiO,-terminated (001)-STO substrates. After Al deposition, all
Al/STO samples were transferred under vacuum conditions to
the ARPES analysis chamber, that is, Al/STO samples were not
exposed to air prior to the measurements. Here, we will focus
on samples with Al layers deposited by thermal evaporation, as
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these samples show the best data quality. We have, however, veri-
fied that the 2DES can also be stabilized by room-temperature
sputter deposition of Al (see the Supporting Information), a
widely used method in device fabrication. The LAO/STO het-
erostructures studied in our work consist of 4 u.c. of LaAlOs
deposited by pulsed laser deposition on top of a TiO,-terminated
(001)-STO substrate. Details of growth conditions can be found
elsewhere.B3% The LAO/STO samples were exposed to air before
measurement and no further step was taken to clean the surface.

Band structure calculations were performed with BinPo, a new
open-source code,*”! developed following eatlier work.3® All car-
rier densities quoted in this work are obtained from the Luttinger
volume of the first 4 light and 4 heavy subbands of these calcula-
tions. We find that this represents around 98% of the total charge
density of the 2DES in the calculations, whereas the carrier den-
sity of the first light and heavy subband quoted in refs. [21,39]
represents typically 65% of the total charge. Further details on
sample growth, ARPES measurements, and calculations are
given in the Experimental Section and Supporting Information.

In Figure 1, we show the ARPES Fermi surfaces and energy—
momentum dispersion of the 2DESs at Al/STO interfaces. All
Fermi surfaces in Figure la—e are formed by multiple concen-
tric circles which is characteristic for quantum confined bands
of d,, orbital character at the (001) surface.’! Performing a sys-
tematic experiment on a single substrate where the Al coverage
is gradually increased we find that the Fermi surface volume,
and thus the density of the 2DES, increases as the Al layer thick-
ness is incremented. This is in agreement with the proposed
mechanism whereby Al pumps oxygen from the STO surface
to create an Al oxide over layer leaving behind oxygen vacancies
and excess itinerant electrons.®l The discrepancy with previous
ARPES work, where increasing the Al layer thickness from 2 to
6 A did not increase the density of the 2DES, can be explained by
considering that the mechanism may saturate at a given thick-
ness.3% Indeed, we find that further deposition of Al on the
sample shown in Figure le does not result in an increase of the
Fermi surface area. Comparison with ref. [13] and with our sput-
tered films with calibrated deposition rate (see the Supporting
Information) suggests that the Al thickness at which the Al/STO
2DEG density saturates in our data is =2 A. The carrier density
of 3 x 10" cm™ found in this case is close to the value of half
an electron per unit cell found at the GdTiO;/STO interface,*!
and is similar to the value at which the density of the bare sur-
face and Al/STO 2DESs is known to saturate, as observed pre-
viously by synchrotron-ARPES.['*?1l We note that differences in
the reactivity of the bare STO surface arising from slightly dif-
ferent recipes for the surface preparation may lead to differences
in the relationship between the Aluminium overlayer thickness
and the density of mobile carriers observed.?#424I Therefore,
to avoid ambiguities, we choose to discuss the Al/STO system in
terms of a quantity that we observe directly in our ARPES data,
namely the Fermi wave vector kg 1; of the first light subband and
the electronic density derived from this value.

In Figure 1j, for k, > 0, we display synchrotron data taken
with light at 52 eV on a 2DES induced by UV light irradia-
tion on a cleaved STO crystal, which has approximately the
same carrier density as the Al/STO interface shown for k, < 0
in the same panel. We find that the heavy d,. ,, states are pre-
sent in the synchrotron data, but not in the laser-ARPES data.
Synchrotron measurements on Al/STO have however reported
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Figure 1. a—e) ARPES Fermi surface of the 2D electron system stabilized at the Al/SrTiOs interface for increasing Al thickness. These plots are obtained
by summing two measurements with s and p polarization, respectively, and integrating the spectra within an energy window of £5 meV around Eg.
f~j) Energy-momentum dispersion measured along the [100] high symmetry direction (k, = 0). The right half of panel (j) shows synchrotron data
acquired in the second Brillouin zone with a photon energy of 52 eV on a bare STO surface cleaved in UHV. All other data on Al/STO were acquired in
the first Brillouin zone with hv =6 eV. k—o) Self-consistent tight binding supercell calculation of the electronic band structure. The electronic densities
are from first to last column: 6, 10, 14, 17, and 31 (10 cm™2). The horizontal blue arrows indicate Ak , at Er extracted from each of these calculations.

the presence of the d,. , states in Al/STO thanks to the more
favourable photon energies and geometries available in those
experiments.!®! Thus, we interpret the absence of the cigar
shaped Fermi surfaces of the d,,, subbands in Figure 1 as a
matrix element effect rather than an intrinsic property of the
2DES band structure. On the other hand, our laser ARPES data
has a narrower linewidth than the best data from synchrotron
experiments. This is due, in part, to the superior spectral reso-
lution of our laser-ARPES setup but may also have a contribu-
tion from the improved homogeneity of the surfaces studied
here and/or the relatively small laser spot size compared to
synchrotron sources, which reduces averaging over regions of
differing density.”) The improved linewidth of our laser ARPES
data reveals kinks due to electron phonon coupling in all three
visible d,, subbands of the most heavily doped Al/STO system,
consistent with an earlier report by King et al.’! Despite the
marked improvement in spectral linewidth we cannot resolve
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the unconventional Rashba spin splitting of these states,>*

which has been predicted by a multitude of theoretical
studies,®’] and whose existence is supported by several experi-
ments."™¥l However, the line width of the data in Figure 1j of
0.018 A~1/20 meV constrains the upper limit of the unconven-
tional Rashba splitting expected at the avoided crossings of sub-
bands to =15 meV.

The band bottom of the quantum confined d,, states is
obscured in our data due to the node in the matrix elements
of t,, orbitals at k, = k, = 0 in this experimental geometry. We
thus deduce the band width of the Al/STO 2DES by compar-
ison with our calculations shown in Figure lk—o. From this
we find that the bare band width of the lowest density 2DES
is =60 meV rising to 300 meV for the highest density 2DES.
We note that the calculation does not include correlation effects
and thus gives an upper limit of the quasiparticle band width.[’)
Calculating the carrier density for each data set from the Fermi
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Figure 2. a) Tight-binding supercell calculation of the 2DES band structure for a carrier density of 3.1 x 10" cm™2. Dashed horizontal lines indicate the
chemical potential in a rigid band shift scenario for the densities studied in our experiment: Lines labeled #5, #4, #3, #2, and #1 correspond to densi-
ties of 31,17, 14, 10, and 6 (x10"> cm2), respectively. The red arrows in (a) indicate the splitting Ak; , = kgy; — kg, between the first and second light
subband. b) Comparison of Ak, from the rigid band shift model (red) with experiment (gray) and our tight-binding supercell calculations (blue). The
rigid band shift model results in values of Ak, , that decrease with increasing density. However, both the experimentally observed values of Ak ; and
those extracted from the calculations in Figure 1, increase as the 2DES density increases. Note that the rigid band shift model also results in a different
relation of the Fermi wave vector k(3 and density. Thus, kg |y in (a) does not match the experimental value for a given density.

surface area of the first 4 subbands in our calculations, we
obtain values ranging from 5.9 x 10" to 3.1 x 10" cm™2.

The data in Figure 1 show that kg, varies by more than a
factor of 2 from =0.085 to =0.21 A~! with increasing Al coverage.
At the same time, the splitting Ak;, = kg 11 — kg1, between the
first and second light subband at the Fermi level increases by
about the same factor. This allows for a powerful test of the
rigid band shift model commonly used in the literature for the
LAO/STO 2DES. To demonstrate this, we start from the highest
density tight-binding supercell calculation shown in Figure 1o
and rigidly shift the chemical potential to match the five dif-
ferent carrier densities determined from our data in Figure 1
to simulate different densities (see Figure 2a). The values of
Ak, found in this way are indicated by red arrows in Figure 2a
and shown as red squares in Figure 2b together with the
experimentally observed values of Ak;, at the Fermi level (gray
circles). This shows immediately that the trend of Ak, as a
function of density in such a rigid band shift model, is opposite
to the trend observed in experiment. This behavior of the rigid
band shift model is primarily a consequence of the constant
(i-e., momentum independent) subband splitting in energy and
does not depend on the details of the calculations. We thus con-
clude that the rigid band shift rule of thumb used to rationalize
some experiments is not representative of the band structure of
Al/STO 2DESs with different Al coverage.

In contrast to the rigid band shift model, Ak;, extracted at
the Fermi level from our tight-binding supercell calculations
for different surface potentials shown in Figure 1, accurately
reproduce the experimental trend of Ak;, at the Fermi level.
These values are indicated in blue triangles in Figure 2b and
blue arrows in Figure lk—o. This suggests that the calculations
will also provide a superior description of other band structure
properties such as the unconventional spin—orbit splitting, the
subband splitting's and the orbital polarization. Here, we note
in particular that our calculations predict that charge carriers
with both heavy and light effective mass in d, s, and d,,, bands,
respectively, are always present in the range of densities studied
here.[®]
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Figure 3a shows the energy—momentum dispersion of the
2DES found at the LAO/STO interface measured by laser-
ARPES. It is remarkable that even with the electronic system
buried below 15 A of insulating LAO, the large photoelectron
escape depth at this energy allows us to probe interfacial con-
ducting systems. A qualitative comparison with the measure-
ments on Al/STO shown in Figure 1 reveals that the electronic
structure features are well defined in energy but much broader
in momentum than anticipated considering the resolution of
this experiment. As a result, we cannot identify the distinct sub-
bands that are expected to arise due to quantum confinement.
This is also apparent in the Fermi surface measurements in
Figure 3b which show a single circular blob, instead of mul-
tiple concentric contours. Similarly to the case of Al/STO, in
Figure 3a we observe that the photoemission intensity is sup-
pressed at k, = 0, although this matrix element effect appears
less pronounced in our data from LAO/STO.

In Figure 3c, we compare momentum distribution curves
(MDCs) for LAO/STO (green dots) and Al/STO at a density
of 5.9 x 108 cm™ (blue dots). The MDCs are obtained by inte-
grating the intensity in equivalent areas of the dispersion plots
as shown by a black box in Figures 1f and 3a. The most striking
differences between the MDCs from the two systems is that
the sharp peaks originating from the first light subband in the
Al/STO data, are not observed in the LAO/STO data measured
with the same instrument resolution. In the inset of Figure 3c
we show that such a peak can be fitted with a Lorentzian of full
width half maximum (FWHM) of =0.02 A™', which is narrow in
comparison with published ARPES data, but still broader than
expected from transport data of STO-based 2DEGs. LAO/STO
samples grown under the conditions used here have a typical
low temperature mobility of 4 = 300 cm? V! s7! corresponding
to an intrinsic linewidth of the order of =0.003 A~} which is
even smaller than the linewidth we observe on Al/STO. It is
thus unlikely that the experimental linewidth in the LAO/STO
data reflects intrinsic properties of our samples. Empirically, we
find that a convolution of the Al/STO MDC with a Gaussian of
FWHM 0.08 A" (shown by the solid blue line in Figure 3c) is
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Figure 3. a) Energy-momentum dispersion along the [100] high symmetry direction (k, = 0 plane) of the 2DES stabilized at the LAO/STO interface.
b) ARPES Fermi surface of the same electronic system. ¢) Momentum distribution curves integrated over £2 meV around E —Ex=5 meV [black rectangle
in (a)] for LAO/STO (green dots) and Al/STO (blue dots). The blue solid line shows the Al/STO MDC convolved with a Gaussian with a FWHM of 0.08 A7
The inset shows a Lorentzian peak fit of the first subband giving a FWHM of 0.02 A" d) Angle-integrated energy distribution curves (EDCs) for
LAO/STO (green), Al/STO (blue), and simulated spectral function (orange). The arrows indicate the energies of longitudinal optical phonon modes

LO,, LO;, and LO, of 33, 59, and 99 meV in bulk STO.[647]

remarkably similar to the MDC for LAO/STO. The momentum-
integrated EDCs from both systems shown in Figure 3d, on the
other hand, are comparable, and no additional energy broad-
ening is observed in LAO/STO. This suggests that both elec-
tronic systems have a similar electronic density, and that there
is a source of additional extrinsic momentum-broadening for
the spectra of LAO/STO. Such extrinsic effects can include sig-
nificant inelastic scattering of photoelectrons in the LAO over-
layer, or the deflection of photoelectrons in vacuum by charge
accumulated in the insulating LAO. The strong resemblance of
the EDCs in the two systems indicating that there is no dra-
matic energy broadening in the case of LAO/STO, together
with the less marked suppression of intensity at k, = 0 in
LAO/STO, favors the latter scenario.

A comparison of the momentum-integrated simulated spec-
tral function (see the Supporting Information) and energy dis-
tribution curves (EDCs) measured for both systems is shown
in Figure 3d. Both experimental EDCs present a similar struc-
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ture consisting of a coherent quasiparticle peak and a main
phonon satellite at approximately 100 meV forming the char-
acteristic peak-dip-hump line shape of electrons coupled to
bosonic modes. The simulated spectral function shown in
orange only displays the quasiparticle peak since coupling to
phonons is not taken into account in the model. Satellite peaks
at =100 meV have been reported before for 2DESs at the bare
STO surface and at LAO/STO interfaces and were attributed
to a polaronic ground state arising from long-range coupling
to the longitudinal optical phonon mode LO,.%*#] Here, we
also identify less intense peaks at ~60 meV and a faint feature
at =35 meV in the EDCs presented in Figure 3d which have
not previously been resolved in ARPES data. These energies
match the zone-center frequencies of the LO; and LO, branch
of bulk STO and their lower intensity is consistent with the
smaller coupling constant of these modes predicted theoreti-
cally.#6#7:50] Inelastic spectral features at these energies were
also reported from tunneling experiments on LAO/STO.PU
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Despite qualitative similarities between the data presented in
Figure 3d and our previous work,[% attempts to use the same
Franck-Condon model to describe the EDCs in the present case
were not satisfactory. This is primarily due to the low weight
of the one-phonon satellites, which is hard to reconcile with
the substantial weight in the high-energy tail of the spectra
observed in our experiments. In addition, we find that the
phonon satellite peaks are strongly asymmetric, which has not
been reported in refs. [39,48,49] but is predicted in theoretical
work.[52!

In our earlier synchrotron work on the STO surface 2DES,
we found that the Frohlich type electron—phonon interaction
is strongly suppressed at increased carrier densities where
electronic screening becomes important.?¥) Comparing the
spectra in Figure 3d with data from that study for the same
Fermi wave vector of kg5 = 0.085 A7! and thus the same car-
rier density, we notice a slightly higher coherent spectral weight
in the new laser-ARPES data. This suggests a certain photon
energy dependence of the spectral weight, which has been pro-
posed to indicate a final state contribution to the weight of the
phonon satellites.>3] We note, however, that a recent analysis of
phonon satellites in FeSe/STO over a wide photon energy range
found that such final states effects are negligible at slightly
higher photon energies.® We thus conclude that a quantita-
tive understanding of the spectral function in STO-based 2DES
and related systems will require further theoretical and experi-
mental work.

3. Conclusion

Our work demonstrates that the carrier density of the
Al/STO 2DES—which is well suited for device integration—
can be varied over a large range by controlling the Al overlayer
thickness. Importantly, we find that the electronic structure
measured by laser-ARPES has a nontrivial density depend-
ence, which is well reproduced by tight-binding supercell cal-
culations but differs qualitatively from a simple rigid band
shift model. Furthermore, we find that spectra of LAO/STO
measured under the same conditions show strong similarities
with the data from Al/STO, including the appearance of mul-
tiple phonon replica peaks of comparable relative intensity.
We thus conclude that the intrinsic electronic structure and
many-body interactions in LAO/STO are very similar to the
Al/STO interface at the lowest density studied here. This sug-
gests that our band structure calculations, which quantitatively
reproduce important features of the experimentally observed
Al/STO band dispersion, can also provide useful insights into the
LAO/STO interfacial band structure. For example, for the 2DES
at the LAO/STO interface investigated here, we estimate an
upper limit of the band width of 60 meV with only =20 meV
splitting between the d,, and d,; ., states and a carrier density
of =6 x 108 cm™2. This density is slightly higher than the value
found in Hall-effect transport measurements performed on
LAO/STO samples grown in the same conditions suggesting
that not all subbands contribute equally to transport. The den-
sity estimated here also differs from ARPES data on LAO/STO
measured at higher photon energy, which were likely affected
much more strongly by photogenerated oxygen vacancies.l3%33!
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We also note that our calculations predict that charge carriers
with both heavy and light effective mass in d,,,, and d,, bands,
respectively, are always present in the range of densities studied
here. This is fully consistent with the direct observation in syn-
chrotron data of heavy states in the STO surface 2DES down
to a density =6 x 1083 cm=2.l More generally, this work shows
that the density dependence (and thus gating dependence) of
the band structure cannot be approximated by a rigid band shift
picture. It would be interesting to quantitatively compare mag-
neto-transport data or the inverse Edelstein effect signal from
spin charge conversion experiments with predictions based on
self-consistent calculations such as these, to see if they might
reproduce experimental observations more rigorously than the
rigid band shift approach.

4. Experimental Section

Al/SrTiO3 Samples: Al was deposited on top of TiO,-terminated
(001)-STO substrates supplied by Crystec GmbH, Berlin, Germany.
Prior to deposition, the substrates were in situ annealed for 30 min at
a temperature of =750 °C in a vacuum better than =5 x 107 mbar to
improve surface cleanliness. The Al was deposited from independently
calibrated sources in two different forms: under UHV by thermal
evaporation, and by sputter deposition in a custom-built high-vacuum
sputtering chamber, the details of which are described elsewhere.>]
After Al deposition, all Al/STO samples were immediately transferred
in situ to the ARPES analysis chamber. Here, this paper focuses on
samples with Al layers deposited by thermal evaporation, as these
samples show the best data quality. It was, however, verified that the
2DES can also be stabilized by room temperature sputter deposition
of Al (see the Supporting Information), a widely used method in device
fabrication.[']

LaAlO;/SrTiO; Samples: The LAO/STO heterostructures studied
in this work consist of 4 u.c. of LaAlO; deposited by pulsed laser
deposition on top of a TiO,-terminated (001)-STO substrate supplied
by Crystec GmbH, Berlin, Germany. Details of growth conditions can be
found elsewhere.’¥l The LAO/STO samples were exposed to air before
measurement and no further step was taken to clean the surface. No
dependence of the observed band structure on the time of exposure to
the laser light was observed in LAO/STO or Al/STO, confirming that
no free charges are doped into the system during the measurement
process.

ARPES Measurements: Laser-ARPES experiments were performed
with a frequency converted diode laser (LEOS Solutions) providing
continuous-wave radiation with 206 nm wavelength (hv = 6.01 eV)
focused to a spot of =10 um diameter on the sample surface and an MB
Scientific electron spectrometer with a scanning lens system permitting
the acquisition of 2D k-space maps without rotating the sample. The
measurement temperature was 5 K and the energy and momentum
resolutions were 5 meV and 0.003 A, respectively. The Fermi surface
measurements presented in Figure Ta—e were obtained by summing two
measurements with s and p polarized light, respectively.

Band Structure Calculations: Electronic structure calculations were
performed with BinPo, a new open-source code.”) In brief, earlier work
was followed in refs. [9,38] and start from a bulk density functional theory
(DFT) calculation including spin—orbit coupling that was downfolded
on Wannier orbitals to obtain an effective tight-binding Hamiltonian.
This Hamiltonian was then diagonalized in a large supercell in the
presence of a band bending potential. A self-consistent cycle was used
to simultaneously satisfy the Schédinger and Poisson equations. The
surface potential was chosen in the calculation to reproduce the Fermi
wave vector kg of the first light subband measured in the experiments,
see the Supporting Information for a complete list of the parameters used
in the calculation. All carrier densities quoted in this work were obtained
from the Luttinger volume of the first 4 light and 4 heavy subbands of

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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these calculations. It was found that this represents around 98% of
the total charge density of the 2DES in the calculations whereas the
carrier density of the first light and heavy subband quoted in refs. [18,39]
represents typically 65% of the total charge.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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