\

\/
W
>

%.
S, - 240
Nn&gnplulad®:

'l

\\
N
/]

412
A
ull";

ILIMUIVLAULFNY IO
lassns madszendltussBulasasanlunisiinm

AU AN LA am”a@gm”uga Fwsu LTl uiaSasBLannIafing

ﬂqﬂl%&i

Tae We. 3. 199605 8w

Gau 3 fasalasims
6/2558



Ty Lau7i RSA5680052

Aa o P 6
I1EITWID ﬂﬁ%ﬂﬂﬁﬁdyim

lasamy miﬂizqﬂ@ﬂﬁmﬁjﬂmmaulumsﬁnm
FUUAN LA aafi’a@ﬁuga fwsu LTl uiaSasdLannsafing

qﬁﬂ,mi

r;faﬁ]”ﬂ NEL @7, 239609 UNEWD
INA F1VVITINFNF F1BNITINYIFNRAS

VRN ﬂmﬂiuiaﬁqim%'

aﬁuagﬂ@ﬂﬁ']ﬁm’mﬂamuaﬁuagumﬁfﬁﬂ LR

VAN ﬂmﬂiuiaﬁqim%'

@nurulunonuiidure it ani. wazumIneavinalulaigu’d
lisdudasiumeianaly)



UnAALa

WALAINTT : RSA5680052

n:l. U a = A A > og: o (%
solasans : mydszgndlfusidulasaranlunsdnmandfniasyasagiugad iy
lﬂum%aaﬁﬂmaﬁﬂﬁﬂqﬂlm

2aWNIVY : WAL A3, 1IN I1FUT FINA F1VITARNT F1UNITINBNEANT

a s =1 =
u%wuﬂywaﬂLwﬂIuIayqiuWi
E-mail Address : worawat@g.sut.ac.th
szazaItasinis : 2 1

s A o =2 wn A \ o & ° [ A
luiﬂioﬂWiuLwaLmﬂﬁmaauum‘nLLﬂaﬂI%umaaaa@]‘mugammﬂﬂmmaa
didnnvefindpalniiu anzddvldldlelominninefiaussdulasasaudi g lasaniz
wnafialwladfrtuainlasaladluunuusnuozifoyu (ARPES) wuuusnupzadu (SR-
PES) WAz WUULBNUEZING (XPS) umasavialassaisdidnniaiindananslusesngy
wang laun 1. lanzeanloauazlanzuraladlug 2. ssdsznavlauauassd
1 A A s 6 Aa 6 Aa o a
Tugruusnitioanulanzaan kranazlavzusalad luaameiduawlatdunies
Lﬁmﬁ'ﬂmaa%”wﬁl,ﬁﬂmaﬁm?maoSLﬁﬂmauﬁgﬂﬂ'@ag}"luaaoﬁ@ FIUBUATINUINRNLIA
] ai 1 Al £3 a U dll A& ai L 1 naé’ gl/
maamawvlwslunaummzmvl,@Luaamﬂmauwgﬂmagiuaaww Tulassnyih
A lainmialassanediannsefinduaslanzusalad lud 2 vila launA MoS, and
WSe, uazlanzaanbog 1 aia lauwn SrTi0; §1%TU MoS, nuamIsanuIdlnailuns
sivtuazaendazlasnmiuninmg lnunsduusznirituazaauuazdnil Wse,

a o o A & &K A € & ) Aa
amzArprIuInnlaludeanfsNangvaIns i lssuasaduluwlassaiisazaauni
ANBUTAENNT FINTU SITIO; Anzddn Idlauauuaasuniugusastoyanmnasas

o ai ai > > dl [ n' J & a i ai
LRZNNIANI LA LINU LD UNRINWA RSN AN N UTITNANINNFNUAVDIRT N

' @ ' P— 2 P fa & A €
uwandanuluudazilaasvesdidnavendsanazdslomilugniniidnniaiinduuy
g lugun 2 MAsIny avdsznavlanannasd ameAsaaIauNanuisadlanan
aaua lagusalaglmasnsaniadaudislawd lasameAtanwuinlasssnediannsaingn
[ o =< e \ P A o 2 1a &

0 lenaasnIgNtanITUaaUdasBlanaTanna LazsIlIUanfIUSI e IAIT UM

1 vl v
pISTTLRRE leandae

AAAN : Lanzean baa, LansuTalad lud, SrTiOs, MoS,, WSe,, lavauassd, lasiainsg

A& a 6 a aa %
NIBLANNTARNE, tnanalwladdasis



Abstract

Project Code : RSA5680052

Project Title : Synchrotron-Radiation-Utilized Studies of Advanced Materials for
Applications in New-Generation Electronics

Investigator : Asst. Prof. Dr. Worawat Meevasana, School of Physics, Institute of
Science, Suranaree University of Technology

E-mail Address : worawat@g.sut.ac.th

Project Period: 2 years

In this project, to gain better understanding of novel electronic properties of
potential materials for new-generation electronics, we utilize the synchrotron radiation
techniques including angle-resolved photoemission spectroscopy (ARPES), x-ray
photoemission spectroscopy (XPS) and spin-resolved spectroscopy (SR-PES) in
studying the electronic structures of two groups of materials: 1) transition-metal oxides
and chalcogenides and 2) carbon-based materials (mainly diamondoid).

Firstly, regarding the transition-metal oxides and chalcogenides, we focus on the
electronic structures of electrons which are confined in two dimensions. In this confined
state, novel properties, not available in bulk form, present themselves and sometimes
can be useful for electronic applications. In this project, we measured the electronic
structure of two metal-dichalcogenides (MoS, and WSe,) and one metal oxide (SrTiOs3).
For MoS,, we find a new methodology in creating freestanding monolayer by potassium
interaction and for WSe,, we have a better understanding of the spin-polarized nature in
a symmetric crystal. For SrTiO3, based on experimental data and calculation, we
propose a model about orbitally-enhanced spin-orbit splitting which may be useful for
spintronic devices. Secondly, regarding the carbon-based materials (mainly
diamondoid), we successfully prepare thin films of diamondoids using chemical-vapor-
deposition method. From their measured electronic structure, we observe the electron

emitting nature and are able to characterize the carbon-bonding types of the films.

Keywords : Transition-metal oxide, transition-metal dichalcogenide, SrTiO;, MoS,,

WSe,, diamondoid, electronic structure, photoemission spectroscopy
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ABSTRACT: Several transition-metal dichalcogenides exhibit a
striking crossover from indirect to direct band gap semi- o
conductors as they are thinned down to a single monolayer.
Here, we demonstrate how an electronic structure characteristic

=l AE ~1.86 eV
of the isolated monolayer can be created at the surface of a bulk E‘ﬁl ¢
MoS, crystal. This is achieved by intercalating potassium in the =
interlayer van der Waals gap, expanding its size while =2

simultaneously doping electrons into the conduction band.

-~

Our angle-resolved photoemission measurements reveal result- 3

: 2 9\_:.
Brillouin zone, providing the first momentum-resolved measure- 15 o0 ,05 o0 @

ing electron pockets centered at the K and K’ points of the
k (A)

ments of how the conduction band dispersions evolve to yield an
approximately direct band gap of ~1.8 eV in quasi-freestanding
monolayer MoS,. As well as validating previous theoretical proposals, this establishes a novel methodology for manipulating
electronic structure in transition-metal dichalcogenides, opening a new route for the generation of large-area quasi-freestanding
monolayers for future fundamental study and use in practical applications.

KEYWORDS: Molybdenum disulfide (MoS,), transition metal dichalcogenides (TMD), layered semiconductor, electronic structure,
angle-resolved photoemission, van der Waals expansion

be controlled optically,'”'" opening the door to a new

generation of tunable valleytronic devices, while ultrathin

wo-dimensional semiconductors fabricated from ultrathin

transition-metal dichalcogenides (TMDs) hold enormous
potential for novel optoelectronic device applications.'
Exploiting weak van der Waals (vdW) interactions between
neighboring chalcogen planes,” flakes of single (one
chalcogen—metal—chalcogen unit, Figure la) or few-layer
TMDs such as MoS, can be mechanically exfoliated, just as
for isolating single monolayers of graphene.*” The resulting
quantum confinement and (for an individual monolayer) loss
of inversion symmetry drives a dramatic reconstruction of the
electronic structure, mediating a crossover from an indirect to a
direct band gap®” and strongly entangling the spin and valley
degrees of freedom in this system.”® The valley polarization can

MoS, has already been demonstrated as both an attractive
channel'* and barrier™ layer for atomic-scale transistors.
Despite this progress, the momentum-resolved electronic
structure of atomically thin TMDs remains almost completely
unexplored in experiment to date, hampered by the small lateral
dimensions of typical exfoliated flakes. While a recent spatial-
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Figure 1. (a) Honeycomb structure of MoS,, composed of stacked S—Mo—S units. (b) The resulting three-dimensional Brillouin zone and its
projection onto the hexagonal surface Brillouin zone. (c,d) Valence band electronic structure measured along the ['—K direction for the pristine-
cleaved surface and a potassium-dosed surface, respectively. The conduction band dispersions shown in panel (c) reproduce our bulk calculations
from Figure 3(a), following an energy shift to correct the bulk band gap error in DFT. These indicate an indirect band gap, with the conduction-band
minimum located at %. Following potassium dosing, an electron pocket is found at K, shown magnified in (e). (f) Equivalent Fermi surface pockets
are found at each K and K’ point of the surface Brillouin zone with weak additional spectral weight indicating the presence of a secondary (higher)
band minimum along the I'—K line at the position of the global conduction-band minimum in bulk; the integration window of the map is set to be
50 meV around the Fermi energy. The K-centered Fermi pockets are nondispersive in k,, as shown by photon-energy independence of their
extracted Fermi wavevectors (g), measured from a different sample with lower potassium coverage, and therefore smaller kg, than in (d—f).

imaging angle-resolved photoemission (ARPES) study was able
to map the occupied valence band dispersions of micrometer-
scale flakes of monolayer MoS,'* the key question of the
conduction band dispersions and their momentum-space
locations remained inaccessible. Furthermore, the experimental
resolution was not sufficient to discern subtle but important
details of its electronic structure such as spin—orbit splittings.

To aid such fundamental studies, as well as for ultimate
applications of these compounds, new schemes are required to
synthesize large-area monolayer TMDs. Motivated by recent
progress on the creation of quasi-freestanding epitaxial
monolayers of graphene at the surface of SiC(0001)" and
metallic substrates,'® and the new insights gained from their
spectroscopic study,'” here we report the first characterization
of the electronic structure of a quasi-freestanding monolayer of
MoS,. This is created at the surface of bulk MoS, by
intercalating potassium into the interlayer vdW gap. Simulta-
neously, this dopes electrons into the conduction band. Our
subsequent ARPES measurements reveal electron Fermi surface
pockets formed from conduction bands with their minima
located at the K and K’ points of the Brillouin zone. This is in
agreement with theoretical expectations for an isolated
monolayer, but in contrast to the bulk electronic structure,
and permits the first direct measurement of the conduction
band dispersions of monolayer-like MoS,, revealing an
unexpectedly large effective mass. These findings are of key
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importance for understanding both electrical transport and
optical transitions in monolayer MoS,, as well as establishing a
new route for the creation of large-area supported monolayers
of TMDs.

Single crystals of 2H-MoS, were grown using the flux
method and cleaved in ultrahigh vacuum at a pressure better
than 4 X 107" Torr to reveal a pristine (0001) surface. Their
electronic structure was measured using ARPES, performed at
beamline 10.0.1 of the Advanced Light Source, U.S.A., using
photon energies between 40 and 65 eV and a Scienta R4000
hemispherical electron analyzer. The energy and angular
resolutions were set at 10—20 meV and 0.3° respectively,
and the sample temperature was maintained at 20 K throughout
the experiment. Measurements were performed immediately
after the cleave, as well as following the deposition of potassium
on to the sample surface from a properly outgassed SAES getter
source. Density functional theory (DFT) calculations were
performed using the VASP code,'® employing the Perdew,
Burke, and Erzenhoff (PBE)" exchange-correlation function
implemented within the projector augmented wave method.*’
The cutoft energy was set at 600 eV and a I'-centered 24 X 24
X 5 Monkhorst-Pack k-mesh was used for the Brillouin zone
integrations. van der Waals corrections to the dispersions were
included within the DFT + D2 approach of Grimme.”!

The electronic structure measured along the [—K direction
of the surface Brillouin zone is shown for the pristine cleaved

dx.doi.org/10.1021/nl4042824 | Nano Lett. 2014, 14, 1312-1316
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sample in Figure 1c. As expected for semiconducting MoS,, the
chemical potential lies within the band gap, and there is no
spectral weight at the Fermi level. We observe a clear splitting
in energy of the valence bands at the K point of ~170 + 12
meV (see Supporting Information for more detail), a direct
signature of both interlayer interactions and spin—orbit
coupling in this compound. This is in quantitative agreement
with both quasiparticle self-consistent GW (QSGW) calcu-
lations®* and the energy splitting of so-called A and B exciton
peaks in optical spectroscopy from bulk MoS,.>* After
depositing potassium at the surface, the valence bands move
to higher binding energy, consistent with electron transfer from
potassium to the MoS,, corroborating recent reports from
transport of efficient n-type doping by potassium deposition on
few-layer TMDs.”* We find sufficient electron donation to
move the Fermi level into the conduction band (Figure 1d,e).
The resulting Fermi surface comprises circular electron pockets
at each K (K') point of the Brillouin zone as well as weak
spectral weight associated with secondary band minima
approximately midway along the T'—K (I'—K’) directions
(denoted here as X). Strikingly, these measurements reveal that
the conduction band minima (CBM) are located at the K (K')
points of the Brillouin zone. This is not the case for the bulk
electronic structure where the CBM are known to lie at X
(Figure 1c), that is, away from high symmetry points,>**~*” but
is representative of theoretical expectations for monolayer
MoS,,>%*® a point we return to below.

From fitting the peak positions extracted from momentum
distribution curves (MDCs) to a parabolic effective mass
model, we estimate the effective mass of the lowest electron
pocket as 0.67 + 0.08m,. This relatively high value, larger than
predicted by QSGW calculations,”> may help explain the
modest mobilities that have been achieved to date in monolayer
Mo, transistors.”” Within experimental error, we find that this
band does not disperse as we vary the photon energy between
40 and 65 eV (Figure 1g), a change of wavevector along the
surface normal, k,, by approximately 1.5 Brillouin zones. This
indicates that the electron pockets formed are two-dimensional.
Moreover, while weak spectral weight can be seen right at the
Fermi level at £ (evident in the Fermi surface map of Figure 1f
and in the data of Figure 1d when plotted with enhanced color
contrast, as shown in Figure S2), these remain well above the K
band minimum for all values of k,. This confirms that the CBM
remains at K throughout the Brillouin zone, consistent with the
expected electronic structure of monolayer MoS,. We estimate
the surface charge density from the Luttinger area of these
measured, two-dimensional, Fermi surface pockets at K (K') as
np = gki/2m = 3.8 £ 0.6 X 10" cm™, where g, = 2 is the
valley multiplicity and kp = 0.11 + 0.01 A™" the measured Fermi
wavevector, corresponding to ~0.03 + 0.005 electrons per
surface unit cell.

Although the valence band has weak spectral weight at the
zone center due to suppressed transition matrix elements,*® we
can still estimate from the energy-distribution curves (EDC) of
our ARPES data that the onset of the valence band at the I’
point lies no higher than S0—100 meV above that at the K
point (see Supporting Information for more detail), indicating
an approximately direct nature of the band gap here, as for
isolated monolayer MoS,.*” The direct band gap at the K point
extracted from the peak-to-peak conduction/valence band
separation in EDCs is 1.86 + 0.02 eV, as shown in Figure 1d
and in excellent agreement with the direct band gap of
monolayer MoS, of 1.88 eV estimated from photoluminescence
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by Mak et al.” From EDC fits to our measured dispersions (see
Figure 3f), we extract an effective mass for the highest valence
band states at K to be 0.6 + 0.08m,. This is very similar to the
conduction band effective mass at K discussed above, leading to
a large joint density of states for optical transitions between the
band edges. This is likely important to aid understanding and
optimizing the high sensitivity of atomically thin MoS, based
photodetectors,® as well as enabling the efficient optical
generation of valley-polarized carrier populations in monolayer
MoS, "' key to proposed optoelectronic and valleytronic
applications of this material.

Together, these findings strongly support that the electronic
structure we are probing here is characteristic of monolayer
rather than bulk MoS,. To uncover the origins of this we
combine chemical analysis from X-ray photoemission spectros-
copy (XPS) with DFT calculations, as shown in Figure 2. A
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Figure 2. (a) XPS spectra of MoS, taken before and after potassium
evaporation. (b) Magnified view of the potassium K 3p core-level
photoemission. Measurements are presented for a pristine cleaved
sample (blue line), immediately following potassium evaporation for
900 s (red line), and for the same sample after a further 10 min waiting
time (black line). (c) Formation energies for placing a monolayer of
potassium on-top of bulk MoS, [adsorption, (d)] or intercalated
within the first vdW gap [intercalation, (e)], as derived from supercell
DEFT calculations.

wide binding energy range from 0 to 40 eV includes the MoS,
valence bands and shallow core levels of molybdenum (Mo 4p,
Ep ~ 35—40 eV) and potassium (K 3p, E; ~ 18—21 eV). For
the freshly cleaved sample, there is no potassium signal as
expected, and sharp valence band and Mo 4p features are
observed. With evaporation of potassium, these shift to higher
binding energy, a result of the electron doping, and a clear K 3p
peak emerges. From the relative intensity of the Mo and K core
levels, we estimate the surface coverage of potassium to be 0.06
atoms per unit cell of MoS,. Intriguingly, over a time scale of
~10 min, the intensity of this potassium core-level peak is
strongly diminished, and we additionally observe a partial shift
of spectral weight from both the K 3p and Mo 4p peaks to
higher binding energy, indicating a change in the local

dx.doi.org/10.1021/nl4042824 | Nano Lett. 2014, 14, 1312-1316
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environment of the potassium atoms. Desorption seems
unlikely at the deposition and measurement temperature of
20 K, and the conduction band is degenerately doped after this
transition. Therefore, we attribute these changes in the XPS
spectra to the intercalation of potassium into the vdW gap
between neighboring MoS, units. This is fully supported by our
DFT calculations (Figure 2c), which reveal a significantly lower
formation energy for potassium to be intercalated in the first
vdW gap (Figure 2e) rather than to be adsorbed on the surface
(Figure 2d).

Intercalating potassium into this vdW gap would be expected
to increase the interlayer spacing, and we propose that this
drives a crossover from a bulk- to monolayer-like electronic
structure in our samples.32 Our DFT calculations (Figure 3)
reveal just such a transition with increasing c/a ratio (ie,
expansion of the vdW gap) of a bulk MoS, unit cell. These
calculations neglect spin—orbit interactions, allowing us to
monitor the energy splitting of the valence band maxima at K as
a metric of the strength of interlayer interactions in the material
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Figure 3. (a—d) DFT band structure calculations for MoS, with
different interlayer spacings, indicated by the ratio between out-of-
plane and in-plane lattice constants (c/a). (e) Energy splitting of the
valence band maxima at K. In the absence of spin—orbit interactions,
these are indicative of the relative strength of interlayer interactions.
(f) Comparison between our measured ARPES data, extracted
dispersions from fitting EDCs, and the theoretical calculations for ¢/
a = 4.893, showing good agreement. The total magnitude of the
energy gap, underestimated due to the standard LDA band gap error,
is adjusted to better match our experimental valence band dispersions.
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(summarized in Figure 3e). With increasing c/a ratio, this
splitting is reduced to near zero, indicating a negligible coupling
between neighboring MoS, units along the z axis for ¢/a ratios
above ~4.9 (vdW gaps larger than 4.69 A). The effects of this
are much more dramatic close to I and ¥, where the electronic
states have significant S 2p character in contrast to the almost
completely Mo d-derived character of the K-point states.
Consequently, the interlayer interaction in bulk is significantly
stronger, leading to much larger energy splittings.”> The
weakening of the interlayer coupling by the vdW gap expansion
here drives a large reduction of these energy splittings,
eventually resulting in an inversion of the ordering of band
extrema at K and along the 'K line.

Thus, for sufficient increase in interlayer spacing, each MoS,
unit effectively becomes an isolated monolayer. We find good
agreement between our theoretical and experimental dis-
persions here for an increase in the c/a ratio of ~25%. While
large, we note that vdW gaps expanded as much as 30% have
been reported in bulk potassium-intercalated MoS,.>* A similar
increase of the first vdW gap below the surface therefore seems
reasonable here, leading to an isolated quasi-freestanding
monolayer at the surface of a bulk MoS, crystal. Our work
also suggests that superconductivity in alkali metal-doped
MoS,** with similar vdW gap sizes as for the surface here
emerges from an electronic structure characteristic of a series of
stacked monolayers rather than bulklike MoS,. This will likely
be key to understanding a putative unconventional dome of
superconductivity formed from both electrically gated and
intercalated MoS, samples.*®

Finally, we note that even for the monolayer-like electronic
structure we observe here, we still find a splitting in the valence
bands at the K-point (Figure 1d) of 176 + 12 meV (see
Supporting Information for more detail). This is comparable to
both monolayer electronic structure calculations®*® and
exciton peak splittings in photoluminescence from monolayer
MoS,,° which suggest splittings around 150 meV. The
persistent splitting observed here, even with small interlayer
interactions, reflects a significant influence of spin—orbit
coupling on the monolayer-like electronic structure, not
considered in our DFT calculations above, but permitted by
the broken inversion symmetry of the surface monolayer. This
confirms the strong potential of MoS, and related compounds
for spintronic applications.36 Moreover, it suggests that the
prospects for valleytronics offered by monolayer MoS,* "'
should also be realized in the quasi-freestanding monolayer
created here. Unlike mechanical exfoliation, however, our
methodology allows the possibility to continuously tune the
electronic structure from bulklike to monolayer-like by
controlling the vdW gap expansion by intercalating different
quantities of potassium or atoms of different sizes. Moreover, it
raises the prospect to reversibly drive this crossover in TMDs
by sequential intercalation and deintercalation, as has recently
been achieved for graphene.’” Together, our work establishes
intercalation at the surface of bulk TMDs as an efficient route
to generate large-area quasi-freestanding monolayers for use in
advanced fundamental study and potential practical applications
of MoS, and other atomic-scale transition-metal dichalcoge-
nides.

B ASSOCIATED CONTENT

© Supporting Information
Descriptions of the suppression of spectral intensity close to the
zone center and the extraction of splitting in energy are
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Direct observation of spin-polarized bulk bands in
an inversion-symmetric semiconductor

J. M. Riley', F. Mazzola?, M. Dendzik3, M. Michiardi3, T. Takayama*>, L. Bawden', C. Granergad?,
M. Leandersson®, T. Balasubramanian®, M. Hoesch’, T. K. Kim’, H. Takagi*>, W. Meevasana®®,
Ph. Hofmann3, M. S. Bahramy'®", J. W. Wells? and P. D. C. King'*

Methods to generate spin-polarized electronic states in non-
magnetic solids are strongly desired to enable all-electrical
manipulation of electron spins for new quantum devices'. This
is generally accepted to require breaking global structural
inversion symmetry'>. In contrast, here we report the ob-
servation from spin- and angle-resolved photoemission spec-
troscopy of spin-polarized bulk states in the centrosymmetric
transition-metal dichalcogenide WSe,. Mediated by a lack
of inversion symmetry in constituent structural units of the
bulk crystal where the electronic states are localized®, we
show how spin splittings up to ~0.5eV result, with a spin
texture that is strongly modulated in both real and momentum
space. Through this, our study provides direct experimental
evidence for a putative locking of the spin with the layer
and valley pseudospins in transition-metal dichalcogenides’®,
of key importance for using these compounds in proposed
valleytronic devices.

The powerful combination of inversion symmetry
[E(k,?) =E(—k,1)] with time-reversal symmetry [E(k,1) =E(—k,|)]
ensures that electronic states of non-magnetic centrosymmetric
materials must be doubly spin-degenerate. If inversion symmetry
is broken, however, relativistic spin-orbit interactions can induce
a momentum-dependent spin splitting via an effective magnetic
field imposed by spatially-varying potentials. If the resulting
spin polarizations can be controllably created and manipulated,
they hold enormous promise to enable a range of new quantum
technologies. These include routes towards electrical control of
spin precession for spin-based electronics"’, new ways to engineer
topological states'®'" and possible hosts of Majorana fermions for
use in quantum computation®. There are two generally accepted
methods for stabilizing spin-polarized states without magnetism,
both exploiting breaking of global inversion symmetry. Structural
inversion asymmetry can be created in a centrosymmetric host by
imposing an electrostatic potential gradient, for example within an
asymmetric quantum well, leading to Rashba-split'? states localized
at surfaces or interfaces'¢. Alternatively, a lack of global inversion
symmetry in the unit cell can mediate spin splitting of the bulk
electronic states, either through a Dresselhaus-type interaction',
or a recently discovered bulk form of the Rashba effect*'®.

Here, we present direct experimental evidence that 2H-WSe,,
a material which retains bulk inversion symmetry, nonetheless
exhibits a large spin polarization of its bulk electronic states.
This layered compound is composed of stacked Se-W-Se planes
(Fig. 1a), each of which contains an in-plane net dipole moment
which is proposed to lead to a strong spin-valley coupling for
an isolated monolayer'. The bulk unit cell contains two such
monolayers, stacked in a staggered AB’ configuration, restoring
inversion symmetry and necessitating spin degeneracy of the bulk
electronic states. Nevertheless, combining spin- and angle-resolved
photoemission spectroscopy (ARPES) with electronic structure
calculations, we observe a large layer- and momentum-dependent
spin polarization of these bulk bands.

We first summarize the bulk electronic structure of WSe, (Fig. 1).
The material is known to be a semiconductor, consistent with our
experimental observations, where we find the Fermi level located
within the bandgap. We find the band extrema of the valence bands
at I’ and K to be almost degeneratezz, but here can resolve that
the valence band maximum is located at the bulk I" point, with
significant dispersion of these zone-centre states along the surface
normal (k,) direction (Fig. 1c,e). Our measured band dispersions are
in excellent agreement with those calculated from density functional
theory (DFT; see also Supplementary Fig. 1), confirming that we
are probing the bulk electronic states of WSe,. The broad total
bandwidth of more than 4 eV of the cosine-like upper valence bands
along I'-A reflects the spatially extended nature of W 54 and Se 5p
orbitals from which these states predominantly derive.

As well as these dispersive states we find a series of quasi-
two-dimensional states, predominantly of planar d,._., d,, and
Pxyy orbital character. The small overlap of these orbitals along
the z direction, combined with suppressed interlayer hopping due
to spin-orbit coupling’, results in minimal dispersion along k,,
while their extended nature in-plane ensures significant dispersion
throughout the surface Brillouin zone (Fig. 1d). The lowest binding
energy two-dimensional states form a pair of hole-like bands
centred at the Brillouin zone corners, contributing concentric,
approximately circular pockets near the band top. These become
trigonally warped as they grow in size with increasing binding
energy, eventually merging with the zone-centre bands to form
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Figure 1| Bulk electronic structure of WSe,. a, Side and top views of the bulk crystal structure of WSe,. The unit cell contains two Se-W-Se units in which
there is a net in-plane dipole pointing to the right and left, respectively. b, Corresponding bulk and surface Brillouin zone. ¢,d, ARPES measurements
(hv=125eV, T=30K) of the electronic structure along the K’-T'-K direction (¢) and isoenergy contours throughout the surface Brillouin zone (d) reveal
sharply-defined bands (for example, the upper valence bands at K) with significant in-plane dispersion, indicative of two-dimensional electronic states. We
also observe broader ‘filled-in" pockets of spectral weight characteristic of three-dimensional states, where the finite k, resolution of ARPES leads to
broadening. e, We directly confirm this absence or presence, respectively, of significant k, dispersion from photon-energy-dependent ARPES
measurements (Methods and Supplementary Fig. 1). Our measured electronic structure is in excellent agreement with that calculated from density
functional theory (solid lines in ¢,e), confirming that we are probing the bulk electronic states of WSes.

bone-shaped pockets centred at M. The large splitting of ~0.5eV
of the top of these bands at K signifies the strong atomic spin-
orbit interaction in this compound, which is further reflected by
our observation of hybridization gaps, for example between two-
and three-dimensional states along the I'-A line (Fig. le). Despite
such strong spin-orbit coupling, we stress that all states remain spin-
degenerate in our calculations, as expected from the bulk inversion
symmetry of the crystal.

Intriguingly, however, our spin-resolved photoemission
measurements reveal a strong spin polarization of the upper pair
of valence band states at the K point of the Brillouin zone (Fig. 2).
The measured polarization is entirely out of the surface plane
within experimental error, with up (down) orientation for the
upper (lower) valence band, respectively. From fitting the measured
energy distribution curves (EDCs, described in Methods), we
estimate the magnitude of the spin polarization to exceed 90%,
suggestive of an almost fully spin-polarized band. Moreover,
the signs of all polarizations are reversed at the K’ = —K point,
confirming that time-reversal symmetry remains unbroken, and
thus there is no net magnetic moment. This indicates a non-
magnetic origin of the observed spin polarization, seemingly at
odds with the centrosymmetric nature of the bulk crystal structure
(Fig. 1a). We attribute this to the local inversion asymmetry of
individual WSe, layers, leading to spin-polarized states whose
texture is strongly modulated in both real and momentum space
despite the global inversion symmetry of the unit cell. For these
quasi-two-dimensional bands around K, our calculations reveal
that the electronic wavefunctions are almost completely localized
on individual Se-W-Se layers of the bulk crystal. This is consistent
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with a spin-orbit-mediated suppression of interlayer hopping
predicted at the K point for bilayer WSe,, which was proposed to
lead to a strong coupling of the real spin with the layer pseudospin’.
Such spin-layer locking was subsequently attributed as the origin of
characteristic circularly and linearly polarized photoluminescence
from bilayer WSe, (ref. 8).

As in the bilayer, with the electronic wavefunctions localized on
a single Se-W-Se layer (half of the unit cell) of the bulk crystal
around K, the Dg, symmetry of the crystal is effectively reduced to
D3y, allowing a net dipole moment within the ab-plane (Fig. 1a). A
recent theory has established the general grounds by which such
a lack of inversion symmetry of the crystal site point group can
lead to a macroscopic spin polarization, driven by the local nature
of spin-orbit coupling’. Indeed, our calculated bulk wavefunctions
projected onto either WSe, layer of the unit cell are almost fully
spin polarized for the topmost two valence bands at K (Fig. 2g). The
180° rotation of neighbouring layers in AB-stacked WSe,, however,
ensures that the sign of the spin polarization is opposite between
adjacent layers (Fig. 2h). This leads to a strong spin-layer locking”®,
with an overall spin degeneracy of the bulk electronic structure
as required for a centrosymmetric material. Photoemission, being
extremely surface sensitive, can be expected to predominantly probe
the top layer of this material. We thus attribute the strong measured
spin polarization we observe here to be a direct observation of a
layer-localized spin-polarization of bulk electronic states in WSe,.

This is further supported by our photon-energy-dependent
measurements (Fig. 2i), which show how the measured
photoelectron spin polarization at K can be tuned nearly to
zero. Our model calculations (see also Supplementary Fig. 3 and
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Figure 2 | Observation of spin-polarized bulk bands in an inversion-symmetric host. a,b, Energy distribution curves (in arbitrary units (a.u.)) from
spin-resolved ARPES measurements (hv =25 eV, T=300K) at the K point measured by the out-of-plane (/1) (a) and in-plane () (b) detectors in the
Mott scattering chamber (corresponding measurements correcting for the finite Mott-detector efficiencies are shown in Supplementary Fig. 2). ¢, The
extracted polarizations show a strong out-of-plane spin polarization, opposite for the two valence band peaks. d-f, Plots as for a-c, but for the K point,
showing that the signs of all components are reversed. g, Our projection of the calculated bulk band structure onto the first layer of the unit cell reveals a
strong spin polarization of electronic bands localized on this layer (for example, at K), whose sign is reversed in the second layer of the unit cell, as shown in
h. i, Measured spin polarization at K exhibiting a strong photon energy dependence. Error bars reflect an approximate estimate of the uncertainty in
extracting the polarization from the experimental measurements, incorporating statistical errors in peak fitting, systematic errors and uncertainty in
sample alignment. Our model calculations (solid line, see Supplementary Information) reveal how the photon energy-dependent modulations of the
measured spin polarization result from interference between outgoing photoelectrons originating from the different layers of the crystal.
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Figure 3 | Evolution of spin texture along K'-T-K. a, Dispersion measured by ARPES (hv=125eV, T=30K) along the K’-T"-K direction. b-e, Energy
distribution curves (EDCs; in arbitrary units (a.u.)) measured using spin-resolved photoemission (hv =25¢€V, T=300 K) and corresponding extracted spin
polarizations, measured at the locations labelled by the corresponding vertical lines in a. f, The out-of-plane (P ) and in-plane (P)) spin polarizations
determined from fitting these and additional EDCs (hv=25eV, T=80 K (squares and vertical diamonds, respectively) and T=300 K (circles and
horizontal diamonds, respectively)) reveal some canting of the spin into the surface plane away from the K points, and a total suppression of the measured
spin polarization around the zone centre. Error bars reflect an approximate estimate of the uncertainty in extracting the polarization from the experimental

measurements, incorporating statistical errors in peak fitting, systematic errors and uncertainty in sample alignment. The lines in f are provided as guides
to the eye.

associated discussion) show how this arises as a result of the

interference™** of spin-up and spin-down polarized photoelectrons
emitted from different layers of the material. This strongly supports
our conclusions of a huge momentum-dependent spin splitting of
up to ~0.5eV for bulk states localized in a constituent layer of the
unit cell in WSe,, with a spin orientation that is directly tied to

NATURE PHYSICS | VOL 10 | NOVEMBER 2014 | www.nature.com/naturephysics

the layer pseudospin. We note that the size of this observed spin
splitting greatly exceeds spin-orbit-mediated splittings typically
observed so far, even in surface Rashba systems with strong local
in-plane field gradients'**. This is because, here, the energy of
the spin splitting at the band extrema is directly set by the atomic
spin-orbit coupling strength’.
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Figure 4 | Momentum-dependent suppression of layer-resolved spin polarization. a, Momentum dependence of the out-of-plane spin polarization of the
top two valence bands throughout the Brillouin zone, calculated for the k, =0 plane and projected onto the first Se-W-Se layer of the unit cell. White
regions indicate suppression of the layer-resolved spin-polarization. b-d, At the M point, our ARPES measurements (hv=125eV, T=30K) (b) and
corresponding spin polarization determined from spin-ARPES (hv =25¢€V, T=300 K) along the coloured momentum (c) and energy (d) distribution
curves show how this occurs through the crossing of strongly spin-polarized bands. e, In contrast, towards the zone centre, our orbitally projected band
structure calculations reveal how this is correlated with the emergence of significant out-of-plane orbital character of the electronic states.

Figure 3 reveals how the underlying spin-polarized states evolve
along the K-T'-K' direction. We find a marked suppression of
the out-of-plane spin polarization approximately half way along
this line, with negligible polarization observed around the zone
centre. This is reproduced by our ab initio calculations (Fig. 4a),
and can be understood by considering the orbital character of the
underlying states (Fig. 4e). Close to K, the electronic states are
derived mostly from d,, and d,>_,» orbitals. There is thus significant
orbital overlap within the surface plane, which, together with the
net in-plane dipole, favours strong out-of-plane spin polarization®.
Around T', however, the orbital character becomes dominantly
d.»/p.-like, causing this component to be strongly suppressed, as
found experimentally, while also driving the observed increase in
dimensionality of the electronic states. Intriguingly, we also find a
small in-plane spin component emerges along K'~-I"-K, which again
switches sign either side of . This component would not naively be
expected given the symmetry of the Se-W-Se layer, which has no net
dipolar field along the out-of-plane direction, as we have confirmed
by explicit slab calculations for an ideal bulk-like termination. The
emergence of this component therefore reflects further complexity
beyond that considered in our theoretical approach, such as small
surface relaxations leading to a non-negligible contribution of the
dipole out of the surface plane. We stress, however, that this has only
a small effect and the predominant contributions to the strong out-
of-plane spin polarizations observed here are intrinsic to the bulk
electric structure.

We also find a suppression of this out-of-plane spin polarization
along the entire M-T direction. Unlike at the zone centre, however,
this cannot be attributed to a change in orbital character: the
electronic states close to M are predominantly derived from planar
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orbitals, similar to around K, and we accordingly find strong
layer-resolved spin polarizations of the underlying bands close
to M (Fig. 4). Rather, the suppression of spin polarization along
M-T is mediated by the degeneracy of two oppositely polarized
bands within a single layer. At the M point itself, this is a natural
consequence of time-reversal symmetry, as M is a time-reversal
invariant momentum. Along the M-T line, such degeneracies are
enforced by the combination of time-reversal with the rotational Dy,
symmetry of a single monolayer within the unit cell, ensuring that
the out-of-plane component of the spin must have opposite sign in
neighbouring sextants of the Brillouin zone.

Together, our calculations and experiment thus point to
an extremely rich real- and momentum-space-dependent spin
texture of bulk transition-metal dichalcogenides. They provide
a direct demonstration of a pronounced coupling between the
spin, valley and layer degrees of freedom, of key importance
to widespread proposals to use these materials in exotic devices
exploiting the valley pseudospin”®'*'*_ More generally, our
experimental measurement of spin-polarized bulk electronic states
in a centrosymmetric material opens a wealth of new opportunities
for creating, probing and controlling spin and valley polarization in
bulk solids via local inversion asymmetry.

Methods

ARPES. ARPES measurements were performed at the 105 beamline of Diamond
Light Source, UK, and spin-ARPES measurements at the I3 beamline of MAX-III
synchrotron, Sweden®. Single-crystal samples of WSe,, grown by the chemical
vapour transport method, were cleaved in situ and measured at temperatures
ranging from 30 to 300 K. Measurements were performed using p-polarized
synchrotron light from 20 to 130 eV (ARPES) and from 20 to 40 eV
(spin-ARPES), and employing Scienta R4000 hemispherical electron analysers.
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For the spin-ARPES measurements, a mini-Mott detector scheme was used,
permitting simultaneous detection of the out-of-plane and one in-plane (along
the analyser slit direction) component of the photoelectron spin®. A Sherman
function of $=0.17 was used to generate the measured spin polarizations®

(Ii+ - I:)
ST A4I)
where P; is the photoelectron spin polarization measured along the out-of-plane,
i=1, or in-plane, i=||, direction, and I;* is the measured intensity on the
individual detectors in the Mott scattering chamber, corrected by a relative
detector efficiency calibration. To extract numerical values of the polarization, we
fitted the measured EDCs to two Lorentzian peaks and a Shirley background,
convolved with a Gaussian function to account for the instrumental resolution,
with the corresponding Lorentzian peak areas used to derive the measured spin
polarization. We also applied a geometrical correction to account for the finite
angle between the sample and the electron spectrometer, and the corresponding
influence of this on the spin polarization measured in the reference frame of the
spectrometer. To determine the k, dispersion from photon-energy-dependent
ARPES, we employed a free electron final state model

k., =1/2m,/*(V, +E, cos’ §)"/?

where 6 is the in-plane emission angle and Vj, is the inner potential. Our photon
energy range covers more than six complete Brillouin zones along k., and we find
best agreement taking an inner potential of 13 eV and a c-axis lattice constant

of 13.45A.

Calculations. Electronic structure calculations were performed within the
context of density functional theory (DFT) using the modified Becke-Johnson
exchange potential and Perdew-Burke-Ernzerhof correlation functional as
implemented in the WIEN2K programme®'. Relativistic effects, including
spin-orbit coupling, were fully included. The Brillouin zone was sampled by a
12x12x6 k-mesh. For the orbital and layer projection calculation, a tight binding
Hamiltonian for the bulk band structure was constructed by downfolding the
DFT results using maximally localized Wannier functions®**, employing W 5d
and 5s orbitals and Se 5p and 5s orbitals as a basis.
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Two-dimensional electron gases (2DEGs) in SrTiOs have become model systems for
engineering emergent behaviour in complex transition metal oxides. Understanding the
collective interactions that enable this, however, has thus far proved elusive. Here we
demonstrate that angle-resolved photoemission can directly image the quasiparticle
dynamics of the d-electron subband ladder of this complex-oxide 2DEG. Combined with
realistic tight-binding supercell calculations, we uncover how guantum confinement and
inversion symmetry breaking collectively tune the delicate interplay of charge, spin, orbital
and lattice degrees of freedom in this system. We reveal how they lead to pronounced orbital
ordering, mediate an orbitally enhanced Rashba splitting with complex subband-dependent
spin-orbital textures and markedly change the character of electron-phonon coupling,
co-operatively shaping the low-energy electronic structure of the 2DEG. Our results allow for
a unified understanding of spectroscopic and transport measurements across different
classes of SrTiOs-based 2DEGs, and yield new microscopic insights on their functional
properties.
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insulator, hosts varied bulk properties including quantum

paraelectricity, dilute doping-induced superconductivity
and high thermoelectric coefficients. These reflect a subtle
competition between interactions of the underlying quantum
many-body system. Intriguingly, thermodynamic and transport
measurements' ¢ indicate that the balance of these interactions
can be tuned to engineer striking emergent properties when
quantum confinement and doping are combined to create a two-
dimensional electron gas (2DEG)V>7. A diverse and attractive
array of properties have been uncovered to date in this system,
including gate-tuned superconductivity>*®, its coexistence
with ferromagnetism™>® and enhanced Seebeck coefficients’,
establishing SrTiO;-based 2DEGs as a model platform for use
in future multifunctional electronic devices'.

They are most commonly realised at a polar interface to
another band insulator LaAlOs;, creating a narrow conducting
channel that resides solely within the SrTiO; (ref. 10). Similar
2DEGs can also be created by interfacing SrTiO; to a wide array
of other band or Mott insulators including NdAIO; (ref. 11),
LaTiO; (ref. 12) and GdTiO; (ref. 13), by chemical doping
of electrons into narrow SrTiO; channels!*!®, analogous
to J-doping of semiconductors such as Si, and by field-effect
doping in a transistor-style configuration®. Moreover, the recent
discovery of a 2DEG formed at the free surface of a bulk SrTiO;
crystal opens new avenues for its advanced spectroscopic
investigation”*1°.

Exploiting this, here we present unified angle-resolved
photoemission (ARPES) measurements and tight-binding super-
cell calculations revealing new richness of the electronic structure
of this model oxide 2DEG. We show how a pronounced orbital
ordering mediates an unconventional spin splitting, giving rise to
strongly anisotropic and subband-dependent canted spin-orbital
textures. The orbitally enhanced Rashba effect explains the
pronounced spin splittings previously inferred from magneto-
transport in this system, while simultaneously revealing a
breakdown of the conventional picture used to describe these.
We uncover how this complex ladder of subband states are
further renormalized by many-body interactions. This reconciles

The ubiquitous perovskite oxide SrTiO;, a wide-gap band

a b
d,y,-derived subbands

(out of plane orbitals)

previous discrepancies between effective masses estimated from
ARPES and quantum oscillations, unifying the properties of
surface and interface SrTiO; 2DEGs, and reveals a strikingly
different nature of electron-phonon coupling compared with
bulk SrTiO;.

Results
Orbital ordering. Figure 1 summarizes the generic electronic
structure of SrTiO; 2DEGs, as revealed by ARPES from a
SrTiO5(100) surface with saturated band bending’. Consistent
with grevious reports from both surface and interface
2DEGs”!¢1% we find a broad bandwidth that extends up to
~ 250 meV below the Fermi level. Here we can resolve a ladder of
at least three light subband states that contribute concentric
circular Fermi surface sheets, co-existing with just a single heavy
electron band (m* =14 £ 3m,) that has a much shallower binding
energy of <50meV and gives rise to elliptical Fermi surfaces
oriented along <{10>. From this Fermi surface topology together
with the polarization dependence of our measured intensities
(Supplementary Fig. 2), we assign not only the lowest!® but rather
the whole ladder of observed light states as having dominantly d,,
orbital character, while the heavy states derive from d..,,. orbitals.
This immediately indicates a strong breaking of the t,, orbital
degeneracy that is present in the bulk electronic structure of
SrTiO; (ref. 20), driving a pronounced orbital ordering with a
n(dsy) = 1(dyyye)
n(dyy) + n(dsype) *
derived from our experimentally resolved Fermi surface areas.
This is a direct consequence of the real-space anisotropy of the
orbital wavefunctions combined with inversion symmetry break-
ing by the electrostatic potential that defines the 2DEG by
creating a steep asymmetric quantum well along the z direction
(Fig. 1c). As shown by our self-consistent tight-binding supercell
calculations (Fig. 1b, see Methods), the resulting quantized
subbands that derive from planar d,, orbitals have wavefunctions
reminiscent of the envelope functions of a semiconductor
quantum well, except that in SrTiO; they are much more
localized in real space, almost to within a single unit cell for the
lowest subband state. In contrast, the potential variation acts as a

polarization P = which exceeds 30%, a lower limit
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Figure 1 | Orbital ordering of a 2D electron gas in SrTiOs. (a) E versus k dispersion from ARPES (hv =50 eV, measured along the [10] direction), revealing
a multi-orbital subband structure comprising co-existing ladders of light and massive d-electron subband states. The respective circular and faint
elliptical Fermi surface pockets (measured with hv=51eV and the polarization along [111) are shown in the inset. For the dispersion plot, a normalization
(division by the average MDC) has been applied to better reveal the massive band, as shown in Supplementary Fig. 1. (b) This electronic structure

is well described by a self-consistent tight-binding supercell calculation. The spatial dependence of the subband wavefunctions along the confinement
direction, W(2), reveal a pronounced real-space orbital ordering, a direct consequence of near-surface band bending (c).
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much weaker perturbation on the out-of-plane d.,,, orbitals,
which have much larger hopping amplitudes along the
z direction. The resulting subbands sit close to the top of the
potential well, leading to wavefunctions that penetrate much
deeper into the bulk. This disparate spatial extent of the subband
states is consistent with their relative spectral weight in our
surface-sensitive ARPES measurements.

Unconventional Rashba spin splitting. The same breaking of
inversion symmetry that drives this orbital ordering can addi-
tionally lift the spin de%eneracy through a Bychkov-Rashba-type
spin-orbit interaction?!~23, Focussing near the band bottom of
the lowest d,, band (Fig. 2ab), we indeed find a small
characteristic splitting between the calculated energy of spin-up
and spin-down states, 6E=2ak), with a Rashba parameter,
% =0.003eVA. The non-negligible splitting found here, despite
the modest spin-orbit interaction in 3d transition metals, is
indicative of the very strong electric field gradient of the confining
potential. From our self-consistent band-bending potential
calculation (Fig. 1c), we estimate that this exceeds
2x 108V m~! within the first two unit cells where the lowest
subband state is confined. For the more delocalized second d,,
subband, whose wavefunction extends into regions of shallower
band bending, we find a slightly smaller Rashba parameter
o =0.0014 eVA, confirming that the strength of this spin splitting
is controlled by the confining electric field. This should therefore

be directly tuneable by electrical gating, suggesting a potential
route towards spintronic control in oxides.

Unlike typical Rashba systems such as the Au(111) surface,
however, here the interplay between orbital ordering and spin-
orbit coupling leads to a significantly richer spin structure
of the 2DEG states. Close to the crossings of the light d,,
and heavy d,,,, subbands, the spin splitting increases by
approximately an order of magnitude, concomitant with a
strong mixing of their orbital character (Fig. 2a-c). This
rationalizes an increased spin splitting reported from transport
when the d,.,,. subbands become populated in electrically gated
SrTiO5/LaAlQ; interface 2DEGs?4. Moreover, the crossover from
k-linear to strongly enhanced spin splitting that we find here
readily explains the approximately k> dependence of the splitting
that has been reported?®>. Our layer-projected calculations
indicate that the subband wavefunctions become more
delocalized in the z direction close to these band crossings, a
natural consequence of the stronger overlap of neighbouring
dyz1y- orbitals along z (Supplementary Fig. 3). This delocalization
would naively be expected to reduce the strength of the Rashba
effect. In contrast, its significant enhancement here points to a
dominant role of inter-orbital hopping in driving such
surprisingly large spin splittings. Similar enhancements have
recently also been observed in other calculations, mainly based
on model 3-band Hamiltonians?®~28, which are qualitatively
entirely consistent with our results. Our calculations demonstrate
how this is a direct consequence of orbital ordering in the
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Figure 2 | Orbitally enhanced spin splitting. (a) Orbitally resolved electronic structure of the 2DEG along the [10] direction. Magnified views reveal a
weak Rashba-type spin splitting around the band bottom, which becomes enhanced by approximately an order of magnitude at the crossings of

the light and heavy subband states where the orbital character becomes strongly mixed, as quantified in (b) for the lowest subbands. (¢) The calculated
Fermi surface shows how similar orbital mixing and pronounced spin splittings occur at the crossings of circular d,,- and elliptical d,,,,,-derived

Fermi surface sheets. This gives rise to an exotic anisotropic and subband-specific coupled spin-orbital texture of the 2DEG, as evident from the magnitude
(left) and direction (right) of the (d) spin, SAM and (e) orbital, OAM, angular momenta of the four largest Fermi surface sheets. The magnitude of
the SAM (OAM) is represented on a false colour scale in units of fi/2 (), respectively, and is shown for additional Fermi surfaces in Supplementary Fig. 4.
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real experimentally confirmed multi-subband structure of the
StTiO; 2DEG.

Moreover, as shown in Fig. 2d,e, they reveal an exotic coupled
spin-orbital texture of the resulting 2DEG Fermi surfaces. While
an approximately perpendicular spin-momentum locking ensures
tangential spin winding around the circular d,, sections of Fermi
surface, it leads to spins aligned almost perpendicular to the
Fermi surface for large sections of the extremely anisotropic d,,
(dy) sheets. Around the crossings of d,, and d,.,. states, the
spins of neighbouring Fermi surfaces align (anti-)parallel with a
[IDITD11>11> ordering, ensuring maximal hybridization gaps
are opened. At the same time, rather than being quenched to zero
as might have naively been expected, we find a finite orbital
angular momentum (OAM, L) emerges. This is relatively small
(<0.05h) for the isolated d,, and d..;,, sections of Fermi surface
(Fig. 2e and Supplementary Fig. 3), but grows as large as 0.7h
around the band crossings. Moreover, we find that the OAM is
oriented either parallel or antiparallel to the corresponding spin
angular momentum (SAM, S), and so this increase in OAM
maximally enhances L-S, by a factor of ~14, at and in the
vicinity of the hybridization gaps, comparable to the correspond-
ing increase in spin splitting (Fig. 2b).

This therefore provides a natural basis to understand the large
spin splittings inferred from magnetotransport?®=3!, despite the
small atomic spin—orbit interaction of SrTiOs;, in terms of an
orbital Rashba effect?®33. For isolated d,, sections of Fermi
surface, we find that the OAM of the inner and outer spin-split
branches have the same helicity, consistent with a weak spin-
orbit coupling limit®3. For the dyzy. sections of Fermi surface,
however, the inner and outer branches have opposite OAM,
reflecting additional richness as compared with model systems
such as noble metal surface states>>. This causes mixed helicities
of the OAM around the inner branch of each Fermi surface sheet,
as compared with a complete 27 winding for the outer branches
(see arrows in Supplementary Fig. 4). Importantly, we find that
the dominant inter-band interactions cause the winding direction
of both the OAM and SAM of the outer d,,-derived Fermi

surfaces to abruptly switch sign across the hybridization gaps. For
several inner Fermi surfaces whose orbital character is strongly
mixed, continuously evolving between d,,- and d,.,,.-like around
the Fermi surface (Fig. 2c), this leads to strongly frustrated spin
and orbital textures, rapidly canting from tangential to radial
alignment as a function of Fermi surface angle (Fig. 2d,e). This is
quite distinct from the functional form of conventional Rashba
splitting?! and provides strong constraints for the influence of
spin splitting on magnetism>* and superconductivity>.

Many-body interactions. In Fig. 3, we further uncover a pro-
nounced role of electron-phonon interactions on this complex
hierarchy of electronic states. Unlike in bulk-doped SrTiOs,
where the Fermi energy is typically only a few meV and the
electron-phonon interaction is thus non-retarded, the occupied
widths of different subbands of the 2DEG range from almost zero
up to values greater than the highest phonon frequency of
~100meV. This is an unusual situation, neither described by
the adiabatic (hwp<<Eg) nor the anti-adiabatic (hwp>> Ep)
approximation, and points to a complex influence of electron—
phonon coupling in this system. We extract the corresponding
self-energy, X, _ ,n(0) =X'(w) +iZ"(w), from our ARPES mea-
surements of the lowest subband along the [11] direction (see
methods), where we resolve an isolated band all the way up to Eg.
The slope of X’ at the Fermi level yields an electron-phonon
coupling strength of A=0.7(1), while its broad maximum
between ~20—60meV is indicative of coupling to multiple
modes. Indeed, the experimentally determined self-energy is in
excellent agreement with a calculation within Eliashberg theory
that assumes a coupling function o>F(w) proportional to the
entire phonon densi? of states associated with the motion of
oxygen and Ti ions*® and includes the realistic 2DEG electron
density of states from our tight-binding calculation.

Together with a moderate correlation-induced mass enhance-
ment of =& 1.4 that we estimate from a Kramers-Kronig
transform of a Fermi-liquid contribution to the imaginary part

809 o exp. el—ph.+el—el o%%;é’z@ = j
© exp. el—ph. S '
= -~ 2Del-el s S \
i — El-ph. (full ph. DOS) N Q%a% H
E 40— Fronich model LB
Al
|
B 0 3
) . -
I w
w * exp. el.-ph. T
a 30— el-ph. (tull ph. DOS) w

— Fréhlich model (— /4)

S
[}
£ 154
[ N
[0 1 "R W vl +
-0.3 -0.2-0.1 0.0 0.1 0.2 03 -0.3 -0.2 -0.1 0.0
K, (A—l) E-E. (eV) Ky (A—l)

Figure 3 | Quasiparticle dynamics of the subband states. (a) ARPES measurements along the [11] direction (hv =51eV), together with the peak positions
of fits to MDCs and EDCs (black dots) and a cosine ‘bare band' dispersion (blue line). The data reveal pronounced signatures of electron-phonon
coupling. Particularly apparent is a low-energy kink in the dispersion at w=~30 meV, shown magnified inset. (b) Real, X', and imaginary, X", parts of the
extracted self-energy. The open blue symbols show X’ before subtraction of an electron-electron scattering contribution to the total measured imaginary
part of the self-energy, approximated here by the expression X", _ (w) = fw?(1 + 0.53In(w/Ep)) for a 2D Fermi liquid (dashed line, f=15eV ",
Er=0.25€eV). The solid lines are calculated electron-phonon self energies with the Eliashberg function proportional to the full phonon density of states
(red/blue) or for coupling to three LO phonons (black), which dominate the interaction in lightly doped bulk SrTiOs. (¢, left) Calculated electron-phonon
spectral function, A(k,w), along the [10] direction (see Methods). This reveals complete bandwidth renormalization of the heavy states (particularly
apparent when A(k,w) is projected only onto d,, orbitals as shown in the right inset), and kinks in the light d,, subband dispersions at their crossings
with this renormalized heavy state (left inset), both in good agreement with our experimental measurements, shown in the right half using curvature

analysis?® of the raw data.
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of the self-energy, our analysis suggests an overall mass
enhancement arising from many-body interactions of
m*[Mpang = 2.1, close to the values deduced for lightly doped
bulk SrTiO; from measurements of the electronic specific heat®”
and optical spectroscopy>®. The nature of the electron-phonon
coupling, however, is very different. In lightly doped bulk SrTiO;,
it is dominated by long-range coupling to longitudinal optical
(LO) phonons as described by the Frohlich model®$3°. This
model predicts much weaker coupling to low-energy modes
than observed here, but a significantly stronger coupling to the
highest LO phonon at 100 meV, as evident from a calculation
employing coupling strengths from bulk SrTiO; (refs 39,40),
which yield an electron-phonon self-energy in clear contrast to
our experimental findings (Fig. 3b).

The electric field that confines the 2DEG is known to
dramatically reduce its dielectric constant”4!. This, together
with higher carrier densities as compared with bulk SrTiOs, will
lead to shorter electronic screening lengths for the 2DEG,
explaining the observed suppression of long-range coupling to LO
modes. The enhanced coupling to low-energy phonons for the
2DEG instead leads to a pronounced kink in the dispersion of the
d,, subbands at an energy around 30 meV. We resolve these along
both the [10] and [11] directions for the first two d,, subbands.
Crucially, the resulting enhanced quasiparticle mass, which we
estimate as 1.1(2) m, from our measured Fermi velocities, rectifies
the discrepancy between the light masses around 0.6 m, reported
in earlier ARPES studies of SrTiO; surface 2DEGs”*16 and recent
quantum oscillation experiments that revealed effective masses
typically around 1m, (refs 42,43).

Intriguingly, along [10] the kink energy coincides almost
exactly with the crossing of the light d,;, and heavy d,. subband
states. This behaviour is well captured by our spectral function
simulations calculated from our tight-binding bare dispersions
and electron-phonon self-energy. These illustrate a very different
effect of electron—-phonon interactions on the heavy compared
with the light subbands of the 2DEG, the former coupling to
phonons with frequencies ranging from below to above the bare
bandwidth. Our calculations reveal that electron-phonon cou-
pling essentially results in an overall bandwidth renormalization
of these states, in agreement with our experimental data where we
find the band bottom of the heavy state substantially above the
value predicted by our model tight-binding calculations.

Discussion

The combination of electron-phonon coupling with orbital
ordering therefore effectively pins the crossings of the d,, and
s/, subbands to the low-energy peak in the phonon density of
states. As demonstrated above, however, we additionally find
orbitally enhanced spin-orbit splittings that become maximal
around these band crossings. Our direct spectroscopic measure-
ments, together with our theoretical calculations, therefore
demonstrate how a co-operative effect of orbital ordering and
electron-phonon coupling sets the relevant energy scale for
dominant spin splitting in this system.

Together, this reveals an intricate hierarchy of interactions and
orderings governing the low-energy electronic structure of the
SrTiO; 2DEG (Fig. 4). Electrostatic screening in response to a
surface or interface charge generates an electron accumulation
layer confined to a narrow potential well. The resulting quantum
size effects drive pronounced orbital ordering, creating multiple
intersections of light d,,- and heavy d./,.-derived subband states.
This leads to orbital mixing and induces a significant local orbital
angular momentum, which in turn permits a pronounced spin
splitting to emerge, despite modest atomic spin—-orbit coupling.
Many-body interactions, of strikingly different form to the bulk,
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Figure 4 | Hierarchy and interplay of underlying degrees of freedom.

In the formation of the 2DEG, quantum confinement reconstructs the bulk
electronic structure into a rich array of intersecting orbitally ordered
subband states. The interplay of this with spin-orbit coupling lifts the spin
degeneracy of these bands, particularly strong around their crossings,
through an orbitally enhanced Rashba-like interaction. Electron-phonon and
electron-electron interactions further renormalise these spin-split
dispersions, increasing the quasiparticle masses close to the Fermi level and
causing a complete bandwidth narrowing of the shallow d,,,,, states that
pins the orbitally ordered band crossings close to the energy of the lowest
phonon mode. This, in turn, sets the energy scale for enhanced spin-orbit
splittings around these crossings, strongly entangling the charge, spin,
orbital and lattice degrees of freedom of the 2DEG on a low-energy scale
(orange shading).

enhance the quasiparticle masses of these spin-split subbands,
reduce their bandwidths and renormalize the energetic locations
of their intersections, thus modulating their unconventional spin
splitting.

Together, this interplay strongly entangles the charge, spin,
orbital and lattice degrees of freedom of the SrTiO; 2DEG on an
energy scale <30 meV. This will dominate both its transport and
thermodynamic properties. Already we have shown how this
explains enhanced quasiparticle masses observed from quantum
oscillations as well as signatures of spin splitting in magnetotran-
sport, unifying electrical and spectroscopic measurements from
surface- and interface-based SrTiO; 2DEGs. More generally, it
establishes how quantum size effects can dramatically manipulate
the underlying electronic landscape of interacting electron liquids,
setting the stage for engineering new emergent properties by
dimensional confinement in transition metal oxides.

Methods

Angle-resolved photoemission. ARPES measurements were performed at the
CASIOPEE beamline of SOLEIL synchrotron, the SIS beamline of the Swiss Light
Source, and beamline 10.0.1 of the Advanced light source using Scienta R4000
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hemispherical electron analysers, and with base pressures <5 x 10 ~!! mbar.

Single crystal SrTiO; commercial wafers were cleaved in situ at the measurement
temperature of T=20-30K along notches defining a (100) plane. Measurements
were performed on stoichiometric transparent insulating samples as well as very

lightly La-doped samples (Sr; — ,La,TiO3 with x =0.001) to help avoid charging.

2DEGs were induced at the bare surface by exposure to intense UV synchrotron
light7. The samples were exposed to irradiation doses 1,000 cm ~ 2 to saturate
the formation of the 2DEG, and we experimentally confirmed that saturation was
reached before starting any of the measurements presented here. The data shown
here was measured using s-polarized photons of 51 or 55eV, except for the Fermi
surface maps shown in Supplementary Fig. 2 that used 43-eV s- and p-polarized
light. All measurements were performed in the second Brillouin zone.

Self-energy determination. To determine the electron-phonon self-energy
experimentally, we fit momentum distribution curves (MDCs) and energy dis-
tribution curves (EDCs) of the lowest d,, subband measured along the [11]
direction. We chose this band as its dispersion does not intersect that of the heavy
d,/y- subbands up to the chemical potential along this direction (Fig. 1b), allowing
us to perform a quantitative analysis over an extended energy range, free from
complications associated with the hybridization of different subbands. The real part
of the self-energy, ¥'(w), is given by the difference between our extracted disper-
sion and that of a ‘bare’ band. In order to derive a Kramers-Kronig consistent self-
energy, we take the cosine bare band shown in Fig. 3a, which includes a moderate
bandwidth renormalization due to electron correlations. We extract the imaginary
part of the self-energy, X"/ (w) = Ak(w)/2 - 8¢c/Ok, where Ak is the full width at half
maximum of Lorentzian fits to MDCs, and Oc/0k is the bare band dispersion. This
results in an imaginary part that includes a contribution from electron-electron
interactions, which we approximate by the expression for a two-dimensional Fermi
liquid X, _ (®) = Bw?(1 + 0.53In(w/Eg)). Subtracting this contribution with rea-
listic parameter values of §=1.5eV ~! and Ez=0.25eV from our total extracted
3/ (see Fig. 3b) yields the imaginary part of the electron-phonon self-energy.

Electronic structure and self-energy calculations. To calculate the subband
structure, we start from a relativistic density functional theory calculation of bulk
SrTiO; using the modified Becke-Johnson exchange potential and Perdew—Burke—
Ernzerhof correlation functional as implemented in the WIEN2K programme*4.
The muffin-tin radius of each atom Ryt was chosen such that its product with the
maximum modulus of reciprocal vectors Ki.x become RyyrKpmay =7.0. The
Brillouin zone was sampled by a 15 x 15 x 15 k-mesh. We downfold this using
maximally localized Wannier functions to generate a set of bulk tight-binding
transfer integrals, and then incorporate these into a 30-unit cell supercell with
additional on-site potential terms to account for band bending via an electrostatic
potential variation. We solve this self-consistently with Poisson’s equation,
incorporating an electric field-dependent dielectric constant?!, to yield the bare
band dispersions including Rashba-type spin splitting®® of the 2DEG. We stress
that the total magnitude of the band bending is the only adjustable parameter, and
yields a realistic electronic structure in good agreement with our spectroscopic
measurements apart from our observed signatures of electron-phonon interactions
that are not included at the level of density functional theory. To incorporate these,
we calculate the self-energy X, _ ,n(w) in an Eliashberg model,

00

N(e)de ‘/&)W dao?F(®)
Jrf(e, T)+ n(@, T)}

w—c++id*

Ee—pn(w) =
ke

Jeninen

w—c—D+id*

where N(¢) is the bare electronic density of states determined from our tight-
binding calculations and f{¢,T) and n(@, T) are the Fermi and Bose occupation
factors. For the coupling function o>F(®) we use two different models. The blue
line in Fig. 3b assumes o’ F(®) proportional to the entire O- and Ti-derived
phonon density of states from ref. 36, while the black line is a calculation for the
coupling strengths given in refs 39,40 for the three LO phonons that were found to
dominate the electron-phonon interaction in lightly doped bulk samples. We then
calculated the spectral function

_ Z'(w)
Ak = = = () + (@]

where the bare band dispersion (k) is taken from our tight-binding calculation. To
better compare with our experimental data in Fig. 3¢, we project this onto different
atomic orbitals, and include contributions from d,,, and d... but not d,. orbitals to
account for transition matrix elements in our experimental geometry. We
additionally project the calculation onto different layers of our supercell, and
incorporate an exponential attenuation of signal with depth below the surface in
photoemission, assuming an inelastic mean free path of 5 A, into our simulation.
Finally, we convolve the simulated spectral function with a 2D Gaussian to account
for an experimental energy and momentum resolution of 0.01 eV and 0.015A =1,
respectively.
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