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EVOLUTION OF DENSITY OF STATES

Figure 1 shows the evolution of the total density of states =20y
(DOS) as a function of the number,, of STO capping lay- —u—(21)
ers in STO(001)/2LAQASTO samples. While the first layer —»—(32)
has the dominating effect of reducing the band gap by 1.2 eV, —*;/§TO(001)
a second STO layer leads to a clear band overlap and an en- \

hancement of the DOS at the Fermi level.
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FIG. 2: lonic relaxations in STO(001)/2LA@/STO and the bare
STO(001)-surface. Vertical displacemeris are shown with re-
FIG. 1: Total density of states (DOS) of STO(001)/2LAGSTO,  Spectto the bulk position in the (a) AO and (b) Blayers, (c) layer-
aligned at the bottom of the Bid band at the interface. Vertical lines resolved dipole moments as a function of the distance frenirtier-
mark the positions of the Fermi level for each system. By rgldi face (IF) TiG:-layer. The filled (open) symbols mark cation (anion)
a STO capping layer, the band gap of STO(001)/2LAO is reducedelaxations. (n, m) denotes the numbet of LAO and m of STO
by 1.2 eV. Further capping layers lead to an increase of DQBeat layers in the respective system.
Fermi level.
STO(001) surface [3, 4] and the capping layer are similar, in
particular a dispersive Op2surface state with maximum at
the M-point appears. Due to the small ionic contributiorhef t
capping layer the total dipole moment is not affected agprec

(2,00 _ (2,1) _
Figure 2 shows the calculated layer resolved ionic dls;placebly by the capping Iayeermc 2.15 €A, Dionic = 2.05

ments [1] in STO(001)/2LAOASTO. Additionally, the relax- €A, and D% = 2.28 eA. The latter tumns out to be deter-
ations of a STO(001)-surface are plotted. For the uncappeghined by the total number of LAO layers, g- Df;nlz)c =1.02
systems Al and O both relax inwards by similar amounts with-eA, D> — 2 05 A, andD{*Y) = 3.30 €A.

out a ferroelectric distortion. In contrast, there is a styo

buckling in the surface Ti@layer in the case of STO capping.

IONIC RELAXATIONS

The relaxation pattern in the capping layers bears a strilén SPECTROSCOPIC DETAILS
semblance to the structure of the STO(001) surface, where th
total dipole is relatively smalDS 2" — _0.19 €A [2]. Figure 3 shows the current-voltage tunneling charactesist

As mentioned previously, also the electronic structurenef t of a STO(001)/2LAO/1STO sample and the derived normal-
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FIG. 4: UPS spectra of a STO(001)/2LAO/1STO sample takaiiu

after growth, at 300 K and 80 K with the detector at 90he inset
shows the zoomed-out full spectra. The data has been naeddbt
the integrated peak height. The arrows indicate a signifslaift that
{2 was observed between the spectra.
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FIG. 3: (a) Scanning tunneling normalized conductancethe tip-sample separation, at fixed (negative) sample bias.
(dI/dV)/(I/V) measurements of a STO(001)/2LAO/ISTO The tunnel current o e~2%% is measured at negative sample
sample at 300 K for different tip-sample distances (cursettpoint  pjases in the range from -1 V to -3 V. The inverse decay length,

respectively 1.5 nA, 2.0 nA, and 4.0 nA at a bias voltage & M). —  'is supstantially larger at room temperature §0 %) than
The schematic drawing explains the small gap between tremeeal

band at the M-point of the STO capping surface and the cormuct at 77 K. The inverse decay length is givenby= , /C + kﬁ
band at the substrate-LAO interface. The Fermi enefgy, at  whereC only depends on the temperature independent tunnel
V= 0V (blue dashed line) lies in the gap. The upper inset showsyarrier height and:, is the parallel momentum of the surface
the current-voltage characteristics from which the cotahre was electronic structur‘(‘a [5]. The relatively largeat room tem-
derived and the lower inset shows an STM topography imagmtak .
at 300 K with a bias voltage of -1.0 V. (b) Normalized conduce peratu.re strongly suppqrts the idea that at r‘,’om temp@_’at“r
at 77 K (current set-point respectively 1.5 nA, 2.5 nA, artima at  tunneling occurs from filled surface electronic states vaith
a bias voltage of -4.0 V). The schematic drawing explaindahger ~ nNonzero parallel momentumné. regions near the M point of
gap between the valence bafdpoint at the STO capping surface the surface Brillouin zone) to empty states of the tip. Adeor
and the substrate-LAO interface conduction band. The Femeigy  ingly, at 77 K tunneling mainly occurs from filled electronic
(blue dashed line) lies now in the conduction band. Bandibend  states near thE point of the surface Brillouin zone to empty
'Cshggc?gr’i)gitf: on this scale. The inset shows the CuMdlg®  giataq of the tip, leading to substantial increase of the-mea
' sured band gap. The latter analysis emphasizes that the elec
trons that are transferred across the STO/LAO/STO stractur
upon reconstruction indeed originate from the M point of the

ized conductivity(dI/dV')/(1I/V), which can be interpreted a?urface STO Brillouin zone.

as the sample local density of states (LDOS). Assuming th
tunneling occurs both to the surface and to the substrate-LA
interface, these spectroscopic features can be understood  The STS measurements also reveal that, upon lowering the
the basis of the band structure calculations. At 300 K, thgemperature, the Fermi energy is slightly shifted to higgrer
Fermi energy lies between the valence band at the M-poinérgies. At 77 K,Ey is found to ly in the conduction band.
in the surface and the conduction band atlfhpoint in the  Thjs finding was confirmed by the temperature dependence of
substrate-LAQ interface. At 77 K, see Fig. 3b, the valencehe UPS spectra. While the overall spectra (see inset o#fig.
band seems to have shifted to lower energy. We will elaborateasemble those for bulk STO [6], a clear 1 eV peak shift to
below that this is due to the momentum-resolving capaésiiti higher binding energy is observed for 80 K when compared to
of STS. 300 K. This can be interpreted as an upward shift of the Fermi
The apparent increase of the STS band gap when coolingnergy relative to the valence band maximum in the bulk of
down from room temperature to 77 K can be understood fron8TO when lowering the temperature, analogous to the obser-
an analysis of measurements of the tunnel curreméersus  vation by STS.
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FIG. 5: Two-band fitting results for different STO(001)/AO/mSTO samples. The magnetoresistance and Hall effect fielehdigmce were
fitted with a two-band model. The fitting provides two cardensities (a-b) and two mobilities (c-d) for eacfim sample.

TWO-BAND FITTING RESULTS

For every electronic band, that contributes to conductiv-

ity, the induced currend,, is given by the electric fieldz,,

times the band conductivity,, 7, = onFE,. The band re-

sistivity p,, = o, ! is defined as

Pn = ( r

RTL H pn

wherep,, is the longitudinal resistanc®&,, the transverse Hall
coefficient andd the magnetic field. Theotal resistivity ten-

sor p, defined as

> , 1)

o=y 8. @

isgivenbyp = o1 = (¥, o) " = (X, p') . When

only two bands contribute to conductivity, it follows thaiet
total longitudinal and Hall resistances can be expressed as

1+ p2H2
Ro + ROOMQH2
_ 0T feopn MY 4
RH 1 + M2H2 Y ( )
where Ry = (R10’%+R20’§) (O'1+O'2)72,
R = RiRy (Ry + RQ)_I, Iz =

(R1 + R2) 0102 (U1+U2)_1, po =

Poo = (R%O‘;l + R%O‘fl) (R1 + Rg)_2.

(0‘1 + 0‘2)_1, and

The band conductivities are given by o = |n1 2| u1.2 and
the band Hall resistivities b, » = (n1.2) ", wheren is neg-
ative for electrons (negative curvature in the band dispers
relation) and positive for holes (positive band curvature)

Equations (3) and (4) were fitted simultaneously to the mea-
sured sheet resistance and Hall resistance by means ota leas
square fitting routine. The resistivity data was symmettrize
(average over values at positive and negative fields) inréode
exclude a transverse resistance contribution to the lodigial
resistance. The Hall resistivity was anti-symmetrizeffédi
ence between values at positive and negative fields) in order
to exclude longitudinal components. All the different séasp
could be fitted within the experimental error bars. The tssul
for all measured STO(00HLAO/mSTO samples are shown
in Fig. 5.

[1] The DFT calculations are performed in a tetragonal uelitwith
a full relaxation of the vertical positions of the atoms. ther
distortions such as tilting and rotations of the octahe@dssemot
been included and are assumed not to be relevant to our main
conclusions. Due to the small occupation of the3diband no
further symmetry lowering is observed by using a largerdte
periodicity in ac(2 x 2) unit cell.

[2] The dipole moment is determined from the ionic displaeata
using the formal ionic charges. Although Born effectiverges
may be more appropriate, we use this approach as a rough esti-
mate of the ionic contribution to the total dipole.
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