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Orbital symmetry reconstruction and strong mass renormalization in the two-dimensional electron
gas at the surface of KTaO;
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We study, using angle-resolved photoemission spectroscopy, the two-dimensional electron gas (2DEG) at the
surface of KTaO; (KTO), a wide-gap insulator with strong spin-orbit coupling (SOC). We find that this 2DEG is
a genuinely different physical state with respect to the bulk: the orbital symmetries of its subbands are entirely
reconstructed and their masses are renormalized. This occurs because the values of the SOC, the Fermi energy,
and the subband splittings become comparable in the 2DEG. Additionally, we identify an F-center-like heavy

band resulting from the polar nature of the KTO surface.

DOI: 10.1103/PhysRevB.86.121107

The discovery of a high-mobility two-dimensional electron
gas (2DEG) at the interface of two nonmagnetic wide-band-
gap oxide insulators, SrTiO3; (STO) and LaAlO; (LAO),!
triggered a burst of activity that led to more surprising findings
in STO-based interfaces, such as superconductivity,>* finger-
prints of ferromagnetism,*> and large magnetoresistance.®
However, the physical origin of these metallic states remains
unanswered.’~!? This was underscored by the finding that a
2DEG is formed at the surface of vacuum-cleaved crystals of
STO,'>!* opening another avenue for the understanding and
fabrication of 2DEGs in transition-metal oxides. It was argued
that this novel state arises from surface oxygen vacancies,
demonstrating that different forms of electron confinement at
the surface of STO lead to essentially the same 2DEG."?

Indeed, the prospect of creating 2DEGs at the surface of
other multifunctional oxides which may inherit the properties
of their parent compounds is exciting.'* Here we focus on
KTaO; (KTO), a wide-gap 5d° insulator presenting a strong
(~0.47 eV) spin-orbit coupling (SOC), more than one order
of magnitude larger than in STO.!> As transport experi-
ments have shown, gating samples of this material produced
confined metallic states displaying large magnetoresistance'®
and superconductivity below 50 mK.!7 Additionally, very
recent angle-resolved photoemission spectroscopy (ARPES)
experiments reported the realization of a 2DEG directly at the
vacuum-cleaved surface of KTO.'®

In the present work, we go further and demonstrate that
the 2DEG at the surface of KTO is, in contrast to the case
of STO-based 2DEGs, a genuinely different physical system
with respect to the bulk: the orbital symmetries of the surface
subbands are reconstructed, and their masses are significantly
renormalized. We show that this occurs because the Fermi
energy and subband splittings in the confined electron gas
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are comparable in magnitude to the SOC interaction, an
unconventional situation not present in the STO-based 2DEGs.
These findings demonstrate how, in multifunctional oxides,
the strong couplings between the active electronic degrees of
freedom, combined with the electron confinement, can lead to
electronic states not present in the bulk. In addition, we identify
an F-center-like heavy band stemming from the polar nature of
the KTO surface, implying that different surface terminations
can serve to control the physical properties of the 2DEG.

The high-quality undoped transparent single crystals of
KTaO;3; were studied through ARPES at the Synchrotron
Radiation Center (University of Wisconsin, Madison) and at
SOLEIL (France). The sample preparation and measurement
are detailed in the Supplemental Material.'

Figure 1 serves as a convenient guide to our data analysis.
To understand the electron states at the surface of KTaOj3, one
must consider the combined effects of the strong SOC and of
the 2D confinement along the (001) direction (defined as z).
For simplicity, we shall first consider only the lowest-energy
subbands of different orbital characters. In the bulk [Fig. 1(a)],
the SOC splits the degenerate f,, bands at I" by the spin-
orbit gap Agp into a low-lying quartet (Y1, ¥, V3, ¥4) derived
from the J = 3/2 states, composed of a heavy (Ep;) and a
light (Ej,) band, plus a higher-energy doublet (¥/5,1¢) derived
from the J = 1/2 states forming a band (E;,) with a light
mass.!*23 Due to SOC, the resulting bands have mixed orbital
characters (Table I, “Bulk” entries), which need to be taken
into account to understand the unusual effects of confinement
on this material. The tight-binding calculations of Fig. 1(a) and
Table I (see also the k - p calculations in Ref. 19) show that,
while the heavy bulk band along y has a strong d,, character,
thus being light along the z axis,'® its partner light band in
the doublet is essentially an equal admixture of dy, and d,,
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FIG. 1. (Color online) (a) Tight-binding model calculations for bulk KTaO; (red lines, left). The nearest-neighbor hopping parameters are
t =1.5eVandt = 0.15¢V for the light and heavy bands, respectively. The Fermi level is arbitrarily set to the conduction band minimum. For
each band, the weights of the d,,, d,., and d, orbital characters are proportional to the sizes of the red, blue, and green circles, respectively
(right). (b), (c) Effect of confinement on subbands n = 1 (gray lines) and on their orbital characters (circles). The Fermi level is set to fit the

experimental band filling (see main text).

characters, which are respectively heavy and light along z.
In the 2DEG [Figs. 1(b) and 1(c)], each of the t,, orbital
components of every band acquires a different “zero-point
energy,” inversely proportional to its respective z-axis mass.
It is crucial to realize that these z-axis masses correspond to
those of the bulk bands in the absence of SOC, which for KTO
can be estimated from local density approximation (LDA)
calculations to be about 5m, and 0.3m, for the d,, and d,/,.
bands, respectively.'® In other words, confinement “lifts up”
the pure t, light orbital components with respect to the heavy
ones. This not only modifies the relative ordering of the bands,
as in the simpler case of STO,'? but now completely changes
the orbital symmetries of the bands in the 2DEG with respect
to the bulk, as summarized in Table I (“2DEG” entries). This
results in a strongly k-dependent orbital mixing and a dramatic
change in the in-plane effective masses, as shown in Figs. 1(b)
and 1(c) and Table I. In particular, near the I" point, the band
with a heavy mass in the bulk becomes much lighter as it
acquires a strong dy, character. We label this lowest-lying
subband E,. On the other hand, the next subband of different
symmetry, labeled Eg, has alight mass with an equal admixture
of dy; and d, characters. The also light SOC split-off subband
(E, ) has a sizable mixture of the three #,, characters. All these

TABLE 1. Calculated zone-center orbital characters including
spin index (4,]) and masses along I'X of the bulk (“Bulk” entries)
and confined bands (“2DEG” entries) for KTO(001). v, ¥, and
V¥, denote the bulk light state, heavy state, and spin-orbit split-off
state respectively. «, 8, and y are defined in the text. Time-reversal
symmetry generates Kramers partners of the above states, with the
same energies and masses.

Eigenstates near I'

wlb ~ 071(d\ZT+ dxy\l/)

Masses along I' X

mp, ~ 0241’}1@

Bulk Yy ~ 0.41(=dy A+ dyyd) — 0.82id,t  myy ~ 0.66m,
w.so ~ 058(_dwT+ ld,sz'f_ dxyl«) Myo ™~ 035me
Vo ~ 0.26(d,t — idy) + 0.93d,, 1, Mg ~ 0.25m,

2DEG Vg ~ 0.71(d, A+ id 1) mg ~ 0.5m,

¥, ~ 0.66(—dy A+ ide ) +0.36d,,,  m, ~0.41m,

effects result from the comparable magnitudes of the spin-orbit
gap in KTO and the Fermi energy and subband splittings of the
2DEG realized at its surface. Experimentally, the E, subbands
are not observed, as they lie above the Fermi level, and are not
considered further.

Additionally, for KTaO;, one must take into account the
polar character of its surface layers. Statistically one expects
that the cleaved surface consists of patches of (TaO,)'*
and (KO)!~. This suggests that oxygen vacancies will form
preferentially in the negative KO regions. On the other hand,
electrons released by the vacancies can populate the subbands
on the positive TaO, terraces or form polaronlike F-center
states centered on the Ta closest to a vacancy in a KO region.
As we will show, all these possibilities are observed in our
data.

Figure 2 presents the measured electronic structure of
the 2DEG at the surface of KTaO3. Figures 2(a)-2(c) show
the energy-momentum intensity maps around I'gpz, 12, and
I'112, respectively. Their corresponding energy distribution
curves (EDCs) are included in the Supplemental Material."®
Due to dipole selection rules, the relative intensities of the
different subbands change across neighboring I points and
for different photon energies,’*> as also observed in the
2DEG at the surface of STO."? Figures 2(d)-2(f) show the
second derivative of the intensity maps, useful to enhance weak
features in the spectra. All these spectra show the existence of
at least four subbands with three different effective masses:
(i) Two very light bands, which we assign to subbands E"=!
and EZZZ [Figs. 2(d)-2(f)], with band bottoms at —370 and
—220 meV and Fermi momenta of approximately 0.18 and
0.14 A™!, respectively. Using a parabolic-band approximation,
their experimental effective mass along k, is m3, ~ 0.28m, (m.
is the free-electron mass), in very good agreement with the
mass expected from calculations, as illustrated by the nearest-
neighbor two-layer tight-binding fits shown by the dashed red
and blue lines in Figs. 2(d)-2(f). (ii) One intermediate-mass
band, which we assign to E };:1, dispersing down to —80 meV
with Fermi momentum 0.12 A~!, and with experimental
mass m; ~ 0.7m, (and not 2m,—3m,, as incorrectly quoted
in Ref. 18), also in good agreement with the calculations
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FIG. 2. (Color online) (a)—(c) Energy-momentum intensity maps of the 2DEG subbands in KTaO3 near 'y, ['o12, and I'1j,, respectively.
The data were taken along the (010) direction using linear-horizontal photons at 32 eV (a) and 41 eV (b), (¢). (d)—(f) Second derivatives
(negative values) of the maps in (a)—(c), with tight-binding two-layer fits to the four observed subbands overlaid on the data. (g)-(i) Fermi
surface maps around "oy, 12, and I'1j,, respectively, corresponding to the subbands observed in (a)—(c). The Fermi surfaces resulting from

the fits in (d)—(f) are also shown.

[dashed orange fit in Figs. 2(d)-2(f)]. Note that this mass
is significantly lower, by almost an order of magnitude, than
the mass expected from the bulk heavy band, confirming the
dramatic combined effects of SOC and confinement discussed
in Fig. 1. (iii) One very heavy band, visible in the raw spectra
of Fig. 2(a) (or in the corresponding EDCs in the Supplemental
Material'®), and also apparent in the second-derivative spectra
[Figs. 2(d)-2(f)]. This band, shown by the dashed green
parabola in Figs. 2(d)-2(f), disperses down to only —25 meV,
with Fermi momentum ~0.3-0.45 A~! yielding an effective
mass m’} & 15m,~30m,. Such a heavy band does not enter
the scheme discussed in Fig. 1. We found that its intensity is
enhanced at hv = 32 eV [Fig. 2(a)], a range not explored in
Ref. 18, and strongly decreases (without change in binding
energy) for other photon energies. We will show later that

this band arises from shallow F-center (FC) states in the KO
terminations. We denote it Epc.

Figures 2(g)-2(i) show the Fermi surfaces given by the
subbands of Figs. 2(a)-2(c). They consist of a quasidiamond
of semiaxis ~0.18 A~! [Fig. 2(g)], arising from E"=', plus
two smaller quasicircles of radii ~0.14 A=! and ~0.12 A~!
[Figs. 2(h) and 2(i)], resulting from E;=* and E};='. Note that,
due to the strong SOC and orbital mixing, the Fermi-surface
ellipsoids, typical of the 2DEG in STO, are not present in
KTO. The Fermi surface derived from the band (Er¢) has a
very low intensity, and is difficult to observe.

From the area enclosed by each Fermi surface (Ap),
the corresponding 2D carrier density is npp = Ap/Qm?).
Summing over E"=!, E"=2, and Egzl, and using the lat-
tice parameter a = 3.9876 A, we find (0.2 + O.Ol)e/a2 (or
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FIG. 3. (Color online) (a),(b) ARPES maps around I'gy, along the (010) direction using respectively LV and LH photons at 32 eV. For
the n = 1 subbands, the projections on the d,,, d,., and d, characters, extracted from the tight-binding fit of Fig. 1(b), are also shown (open
circles). (c) Spectra integrated over T'op; &= 0.05 A™! for LV (blue) and LH (red) polarizations. The peaks of different subbands of the 2DEG
are indicated by arrows. The inset of (c) shows the geometry for measurements around I"gg;.

~1.26 x 10" cm™2) for the subbands ascribed to the TaO,
terminations, similar to reported densities for 2DEGs in STO
(Ref. 13) and KTO (Ref. 18). For Eg¢, under the assumption
that its Fermi surface is circular, we find (0.25 £ 0.1)e/a>
ascribed to the KO terminations. Interestingly, such carrier
densities are one order of magnitude larger than those one can
access with chemical doping, and are similar to those obtained
by electrostatic doping to induce superconductivity in KTO.!
This suggests that cleaving in vacuum might open a route to
generate new states of matter, not achievable by bulk doping,
in transition-metal oxides.

We ascribe the confinement of the 2DEG to an electric
field F acting on the charge carriers, following a simple
triangular-wedge potential model.>!31%26 As discussed earlier,
the subband splittings are given by F and the masses along z of
the pure 1,, bands, not by the observed in-plane masses. These
parameters can be determined from the data alone: we assume,
following the calculations shown in Fig. 1(c), that the orbital
character at the bottom of E”=! is essentially d,-like (this will
be confirmed further), so that its experimental mass of 0.28m,
provides the mass of E gzl along z. Using this mass and
the splittings E;~' — E=' =0.29 eV and E}= — E}~' =
0.15 eV, one obtains F = 280 MV/m and m}(E,) = 4m..
This mass is in excellent agreement with the one given by the
calculations,'® consistent with the assumption of the bare ,,
heavy mass being the relevant one for the zero-point energies
of the subbands. The confining field is ~3 times larger than in
cleaved STO,'? possibly due to the dielectric constant of KTO
being 2—4 times lower.?”?® Finally, the width of the 2DEG can
be estimated from the spatial extent of the highest occupied
subband Ej=', yielding L ~ 12 A, or about three unit
cells.

Our analysis so far does not explain the occurrence of
the quasiflat heavy band Epc. We propose that it arises
from electrons released by the oxygen vacancies in the KO
terminations. As shown in the Supplemental Material'® (see
also Refs. 17,29-33), these eclectrons can form atomiclike
bound states, of energy E, ~ —19 meV and mean distance
b ~ 6.6a from the position of the missing O, near the Ta that is

directly below the vacancy. Now, from the estimated 0.25¢/a>
contributed by the F-center states, plus the 0.2¢/a? contributed
by the 2DEG in the TaO, layers, one obtains a density of about
one oxygen vacancy per four surface plaquettes, smaller than b,
hence favoring the formation of a heavy band of bottom energy
~FE, out of the above atomiclike states (see the Supplemental
Material!®), consistent with the observations. In fact, note that
on average the surface would consist of a 50% mix of KO and
TaO, units. One could then have a charge transfer mechanism
between the KO and TaO, terminations. However, an oxygen
vacancy in a KO plaquette, as proposed here, will further help
reduce the electrostatic energy of the system.'® An electrically
neutral surface would then correspond to one vacancy every
four plaquettes of the mixed surface, in agreement with the
experimental estimate. Moreover, the calculations show that
the bound state is a 50% linear combination of d,; and d,; wave
functions. Measurements using different light polarizations,
described later, confirm this orbital character.

On the other hand, as in previous reports, © we do not
observe, within our resolution, any Rashba splitting of the
subbands. Our k - p calculations'® explicitly show that for
KTO the linear term in the Rashba splitting exists and is
inversely proportional to the gap (A) between the valence
and conduction bands. Thus, despite the strong SOC and
confining field of this system, the very large gap of ~4-5 eV
results in a Rashba splitting of a few meV at most. This
can be simply understood by noting that the Rashba-induced
momentum splitting at the Fermi level (k) is kg & 2eF/A.??
For F = 280MV/mand A = 4eV this giveskg ~ 0.015 A",
at the limit of our resolution.

We finally probe the orbital characters of the observed
subbands using different light polarizations,'>>*?> serving as
a stringent test to validate our data analysis and interpretation.
Figures 3(a) and 3(b) show the energy-momentum intensity
maps obtained under linear-vertical (LV) and linear-horizontal
(LH) polarizations, defined by the experimental geometry
shown in the inset of Fig. 3(c). The detection slits are vertical,
defining the plane of detection as the sample’s yz mirror
plane. We focus our attention on the data at normal emission
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(ky = 0), shown in Fig. 3(c), for which the scattering plane of
the incident photon and the ejected electron coincides with
the sample’s xz mirror plane and has thus a well-defined
symmetry. Thus, in order to have a nonvanishing probability
for electrons emitted at normal emission, the corresponding
dipole transition matrix element between the initial and final
states must have a total even symmetry with respect to the
xz plane. Now, the final electron state has to be even with
respect to this plane—otherwise the electron wave function
would be zero at k, = 0. Therefore, for LV polarization, for
which the dipole operator is odd with respect to the xz plane,
only the odd d,,- and d,.-like initial states can be measured
near normal emission. On the other hand, for LH polarization,
the dipole operator is even with respect to the xz plane, and
only d,.-like initial states can be detected at normal emission.
From these considerations, the experimental results shown in
Figs. 3(b)-3(d) thus confirm that the lowest light band E, Zzl,
whose intensity at normal emission is very sensitive to the
light polarization, has majority d,, character near oo, while
the intermediate-mass band Egzl and the heavy band Epc,
insensitive to the light polarization, have each equal weights
of dy and d,, characters.

In conclusion, our results show that the realization of
2DEGs in transition-metal oxides presenting strong couplings
between selected electronic degrees of freedom can result in
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exotic electronic states different from those found in the bulk.
In particular, our studies suggest a route for the engineering
of the orbital symmetry of the ground state in oxide-based
2DEGs, namely, by designing the confining potential well
along the direction for which the desired linear combination
of the orbitals in the conduction band has the largest effective
mass. Additionally, the observation of a heavy band of
F-center-like states, ascribed to the preferential formation
of oxygen vacancies in the KO terminations, suggests that
different surface terminations can contribute in different ways
to the electronic structure of the 2DEG, and could serve to
control its physical properties. All these effects and degrees
of freedom offer an exciting playground for the exploration of
novel electronic states at oxide surfaces.
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