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A wealth of intriguing properties emerge in the seemingly sergylstem composed of the
band insulators LaAl@ and SrTiQ such as a quasi two dimensional electron gas, super-
conductivity and magnetism. In this paper we review the cuireight obtained from first
principles calculations on the mechanisms governing theviehaf thin LaAlOs3 films on
SrTiO3(001). In particular, we explore the strong dependenceegthctronic properties
on the surface and interface termination, the finite film theds, lattice polarization and
defects. A further aspect that is addressed is how the etéctbehavior and functionality
can be tuned by a SrTi{Ocapping layer, adsorbates and metallic contacts. Lastlyliste
cuss recent reports on the coexistence of magnetism andcemgeictivity in this system
for what they might imply about the electronic structure oftkystem.

1. Introduction

The advance of thin film growth techniques like pulsed lasgragdition (PLD) and
molecular beam epitaxy (MBE) allows the fabrication of &ngrminated oxide interfaces
on the atomic scale. Understanding the novel phenomerniagiisthese artificial mate-
rials is not only of fundamental interest, but is also reféviar the development of future
electronics and spintronics devices. One system that trastaid most of the interest so far
is comprised of the simple band insulators LaAIRAQO) and SrTiQ, (STO) where a quasi
two-dimensional electron gas (q2DE@),[superconductivity?], magnetism 3] and even
signatures of their coexistencé, [5, § have been reported. A further feature of interest
and potential importance is that the electronic proper&sbe tuned by the LAO thick-
ness and the system undergoes a transition from insulatiogrtducting behavior around
four monolayers (ML) LAO ¥]. This insulator-metal transition (MIT) can be controlled
reversibly via an electric field, e.g. by an atomic force msmopy (AFM) tip B, 9, 1 and
several electronic devices based on this feature have bepaoged 11, 13. The electronic
properties can be further tuned by an additional STO caplaiyer that triggers the MIT
already at 2ML thereby stabilizing an electron-hole bilgyled]. The electronic properties
show a strong dependence on the growth conditions, withiatiar in sheet resistance by
seven orders of magnitude with the oxygen partial pressutiee PLD chambei3] This
enormous change implies that oxygen defects play a congaible during low pressure
growth.

Extensive theoretical and experimental efforts aim at &rpig the origin of these
interfacial phenomena. A central feature is the polar dioaity that emerges at the in-
terface: in the (001) direction LAO consists of charged (a@nd (AlG,) ™ planes, while
in STO formally neutral (Sr®)and (TiG,)° planes alternate. Because both cations change
across the interface, two distinct interfaces can be reddlian electron doped-type with
a LaO layer next to a Ti@layer and a hole-dopegttype interface with a SrO and AlO
next to each other. Assuming formal ionic charges, the sttic potential produced by
an infinite stack of charged planes would grow without boum@henomenon known as
the polar catastrophfl4, 13. This polar catastrophe cannot of course actually ocaud, a
it may be avoided in several ways: A mechanism also commoertdconductors is an
atomic reconstructiomia introduction of defects or adsorbates. In transitiotiahexides
electronic degrees of freedom may lead to an alternativgpeosation mechanism, i.e. an
electronic reconstructionThe latter can give rise to exotic electronic states, fanegle
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the observed 2D conductivity in LAO/STO, charge/spin/@border, excitonic or super-
conducting phases. A further question that arises is whetltan film of LAO with only
a few layers approaches the regime of tidar catastropheSorting out the many possi-
bilities is challenging due to the strong dependence on girovethod and conditions.

In this paper we review the progress made so far in underistgutde mechanisms
that determine the electronic behavior of LAO/STO(001)dobsn density functional the-
ory calculations. For more detailed reviews on the expentaleand theoretical work the
reader is referred talp, 17, 18, 19, 2D In particular we address finite size effects and
the role of electrostatic boundary conditiorfsl] in thin LAO films on STO(001). We
first discuss intrinsic mechanisms that arise at defeet+freandp-type interfaces provid-
ing a possible explanation for the thickness dependentatestto-metal transition (IMT).
Moreover, we explore the effect of the surface terminatinrttee band diagram. In Sec-
tions 3 and 5 we address the role of a STO capping layer and a@limeflectrode. A
controversially discussed issue is the presence of amadteotential buildup within the
LAO film, as predicted by DFT calculations on LAO/STO(001)thwabrupt interfaces.
While recent AFM experiments provide evidence for such aerival field in terms of a
polarity-dependent asymmetry of the sigriz][ x—ray photoemission studie®3, 24, 2%
have not been able to detect shifts or broadening of coed-Epectra that would reflect
an internal electric field. This discrepancy implies thagities the electronic reconstruc-
tion, extrinsic effects play a role, e.g. oxygen defe@8, [27, adsorbates such as water
or hydrogen 28] or cation disorderZ9, 3Q. An overview of the current theoretical un-
derstanding of the role of such extrinsic mechanisms isigeavin Section 4. Finally,
in Section 6 we address recent reports on the coexistenagefcnductivity and ferro-
magnetism in LAO/STO - a phenomenon which may be very helpfuhderstanding the
underlying electronic structure in these nanoscale system
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FIGURE 1. (Color online) Side view of the relaxed structure and tagsolved DOS of
4LAO/STO(001) with a (aq-type and (bp-type interface.



An intriguing experimental finding in LAO/STO(001) is thét¢kness dependent insulator-
to-metal transition in thin LAO films on STO(0017][ Density functional theory calcula-
tions (DFT) demonstrate that an internal electric field eyasin thin polar LAO overlayers
on STO(001) 81, 32, 33, 18 As shown in the layer resolved density of states (DOS) of a
4ML LAO film on STO(001) with am-type interface (Fig. 1a), this is expressed in an up-
ward shift of the Qp bands as they get closer to the surface. Interestinglyge klectric
field of opposite sign arises in an analogous manner in a tigéec4ML LAO/STO(001)
overlayer with g-type interface (Fig. 1b). The internal electric field of ff@ar LAO film
is screened to a large degree (but not exactly) by a strotigdatolarization. As can be
seen from the side view of the relaxed structure in Fig. lathadanion-cation buckling
displayed in Fig. 2, for am-type interface this lattice polarization is charactediby a
strong outward shift of La by 0.2-083and buckling in the subsurface AlQayers while
the surface layer shows similar relaxations for anions atidics. Experimental evidence
for such a lattice polarization within the LAO film seems aanlictory. Segaét al.[23]
and Chamberst al.[25] saw no evidence for the expected core level shifts due toman i
ternal field. However, evidence has been recently obtaioethé internal field by surface
x-ray diffraction (SXRD) determination of the lattice pdfzation, by Pauli et al.34]. This
latter study detected also a dependence of the latticemespm the LAO thickness with a
maximum buckling in a 2 ML LAO film. This indicates possibly @@ger role of cation
interdiffusion or higher affinity for adsorbates in the #ec films. Such extrinsic mecha-
nisms can reduce the internal potential and thereby thedaiblarization (see discussion
in Section 4).
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FIGURE 2. (Color online) Oxygen-cation buckling in 4LAO/STO(004&ith ann- (blue
triangles) and a-type interface (black squares), as well as 4.5LAO/STO)®dth a p-
type interface (red circles).

The lattice relaxation has a crucial effect on the electrgmmbperties: if the atoms
are fixed at their ideal bulk positions, all systems are rfietal'he lattice polarization in
the relaxed system allows several layers of LAO to remaialatgg with a band gap of
1.7 eV for 1ML LAO/STO(001) and a gradual decrease-b§.4 eV per added LAO ML.
Finally, at around 5 monolayers of LAO an electronic recargton takes place. However,
the closing of the band gap is “indirect” in real space asdlus to overlap of the valence
band defined by the £ band in the surface layer and the conduction band marked by
Ti 3d states at the interface. Consequently, the carrier deissityuch lower than the
one expected if).5e were transferred to the interface. Furthermore, the resuiggest
carriers of two different types: electrons at the interfand holes in the surface layer. We
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will return to the possibility of excitonic effects later wh discussing the role of a STO
capping layer in Section 3.

For 4LAO/STO(001) with a-type interface the ionic relaxations are of similar mag-
nitude but of opposite sign (note the inward relaxation eflth-ions and the anion cation
buckling shown in Fig. 2). A very similar thickness deperntdesulator-to-metal transi-
tion is expected which involves however different statea 54 states in the surface LaO
layer and @p states at the interface. In experiments, jghtgpe interface has been found
so far insulating I] and has therefore attracted much less attention. The sinafO K-
edge spectra by Nakagawa, Hwang, and Muller suggesteddhgiensation takes place
via oxygen vacancies3§] that is, by atomic reconstruction. Still, the results adand
by [31] show that provided defect-free LAO/STO IFs wittpatype interface can be real-
ized they would exhibit just as interesting thickness delean properties as the ones for
then-type IF. Therefore, the LAO/ST@-type interface deserves more study.

Dependence on the surface terminattarfar we have considered stoichiometric 4ML
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FIGURE3. (Color online) a) side view of the relaxed structure anthpgr resolved DOS
of 4.5LAO/STO(001) with a-type interface and a Al@termination.

LAO films on STO(001). What happens if we add a further LaQy(pe) or AlO, (p-type)
layer on top of the surface? For theype interface this case is shown in Fig. 3. The system
differs from Fig. 1b only by a single Al@surface layer but the effect is substantial: the
internal electric field is canceled (and consequently nackapolarization is observed) and
the surface layer ig-type conducting. Furthermore, the valence bands in thpatdayers
are aligned in STO and LAO at the Fermi level, while there iDfiset of the conduction
bands due to the different sizes of the LAO and STO band gajmde[that a neutral Al®
layer was added: AfrO3~ plus a hole.]

An analogous effect was studied by Pavlenko and K&apfor LAO/STO(001) with
an n-type interface and a LaO surface termination. Note that lheth the surface and
the interface are electron doped. Not surprisingly, theéesyss found to be metallic for
2.5 and 3.5 ML LAO with finite occupation of Hd,, states in the interface layer and La
5d,2_,» states in the surface layer. The authors interpreted tii@suk &d occupation as
a result of surface tensile stress. While the latter influsrecg. the vertical relaxation of
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FIGURE 4. (Color online) Total density of states (LDOB)AO/STO(001), capped by
STO layers. Note that the band gap closesrfor 2ML and the effect of the first STO
layer is most pronounced.

ions, the polarity discontinuity at the surface and integfés likely to be the dominating
effect.

3. Influence of a STO capping layer

In contrast to the sharp insulator-to-metal transition ACLfilms on STO, Huijben et
al. [37] observed a much smoother transition that starts alrea@lylatl AO if the latter is
covered by a nonpolar STO layer. The total DOSd¥lL LAO/STO(001) covered byn
layers of STO [denoted in the following &s/m)] is displayed in Fig. 4. The DFT results
reveal that fom = 2 ML already a single STO capping layer leads to an insulatanétal
transition. Increasing the number of STO capping layersr LAO layersn enhances
the DOS at the Fermi level, but the first STO capping layer hasriost dramatic effect,
reducing the band gap by 1.0 eV.

In order to gain more insight into the mechanism of closinthefgap, we analyze first
the lattice relaxations. Fig. 5 shows the cation-anionldsgments imSTOhLLAO/STO(001).
We observe slight reduction in the buckling within the LA@rfitcompared to the (2/0) sys-
tem and a polarization within the STO layer. The relaxatiattgyn in the STO capping
layer is in fact similar to the one of the STO(001) surfaB# [for comparison the relax-
ations at a STO(001) surface are added to Fig. 5). Howewettothl contribution of the
STO capping layer is small as the ionic dipole moments of tt@ &d TiG layers are
of opposite sign (negative dipole moment in the surface, Tayer and a positive one in
the subsurface SrO layer) and nearly cancel. The resultg gtai the ionic contribution
to the dipole moment imSTORLAO/STO(001) scales with the numberof LAO layers.
Hence, the total ionic part of the dipole momentreSTOILAO/STO(001) scales with
the number of: of LAO layers and increases roughly bny per added LAO layer.

The impact of the STO capping layer turns out to be of eleatrorgin: Fig. 6 shows
the layer resolved DOS of (2/0)-dotted and (2/1)-line adigrat the bottom of the 3il
interface band. Both in the capped and uncapped system2hd&nds within the LAO
film exhibit a gradual upward shift of 0.4 eV per LAO as they ageh the surface. In
the capped system, there is an additional strong shiftdemiag of the Q2p band in the



3. INFLUENCE OF A STO CAPPING LAYER 7

035 —=—(2/0)
0.30 —e—(111) 7]
0.251 ——21)
0.20 —v—(3/1) J
=< 015 —+—(212) ]
@ 010 —— STO(001);
N o005 -
= 0.00 PaN
X L4 4 1
N 0.05] V ]
-0.10 N
-0.15] N
e

Distance from IF (ML)

FIGURE5. (Color online) Cation-anion vertical bucklinginSTOhLAO/STO(001).
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FIGURE 6. (Color online) Layer resolved density of states (LDOSPbAO/STO(001)
with and without a single STO capping layer, showing insotabehavior.13]

surface TiQ layer of~ 0.8 eV that gives rise to a closing of the band gap and an electroni
reconstruction13].

Indeed, the band structure in Fig. 7 shows a dispersigegrface band, similar to a
surface state in STO(00138, 39, that extends 0.8 eV above the subsurfa@e Gand and
marks the top of the valence band at fifepoint of the Brillouin zone. On the other hand
the bottom of the conduction band lies at th@oint and is determined by Bid states in
the interface layer. Thus the closing of the band gap is @utliboth in real and reciprocal
space. Increasing the number of LAO and STO capping laydrareres the overlap of the
valence and conduction bands at the Fermi level.
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FIGURE 7. (Color online) Band structure of a) 2LAO/STO(001) and
b)2STO/2LAO/STO(001); c) integrated electron density uab the bottom of the
conduction band df and the top of the valence band/t, showing Ti3d,, and O2px
states, respectively in the two overlapping bands. Adafpted Ref.[13].
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The electron density distribution integrated between a&hé 0.0 eV shows electrons
of Ti 3d,, character in the interface layer and holes in theQ bands at the surface.
From the curvature of the electron and hole bands af'tl@d M points we determine
a significantly higher effective mass of the holes (1.41® m. in the uncapped/capped
system, respectively) than for the lighter electrons (04. nThe presence of two types
of carriers with different mobilities is confirmed in Hall @magnetoresistance measure-
ments [L3] where the data between 0-100 K can be fitted only by using adaval model
with one hole and one electron band. Photoemission expetinggve further evidence
for the presence of holes in the surface layid] [ Thus the presence of a nonpolar oxide
capping layer seems to stabilize the system w.r.t. surfafects and adsorbates that are
likely to eliminate holes in the uncapped systems.

In contrast, when the system is terminated by a SrO layenduesil.5 ML STO over-
layer) the layer resolved DOS in Fig. 8 shows that the bandb§ap1 eV of the uncapped
(2/0) system is preserved. The reduction of the band gapetysihue to the potential build
up within the LAO film, while the valence band (VB) of the STOpping layer aligns
with the VB in the top AlQ layer without the surface state characteristic of the,FiO
terminated capping layer. This system exhibits a behakitris closer to what one would
expect when adding a “nonpolar” oxide overlayer on top of L8TO(001).

4. Role of lattice defects and adsorbates

Cationic intermixingThe systems considered so far contained abrupt interfatoes-
ever, several studies suggest significant cation intengiat the interface29, 30, 34. In-
termixing has been discussed as an alternative mechanitfra &ectronic reconstruction
to compensate polarity, but the role of intermixing in cdimgethe potential divergence is
guestioned4Q]. Qiao et al.[30] proposed as main sources of defects deviations from a 1:1
La:Sr ratio due to strong angular dependence during the RbPegs, Sr vacancy forma-
tion, and La interdiffusion into the STO substrate. Theyestigated La>Sr and Al-Ti
both near and far from the interface using up to 4 ML LAO on a 6 tiick STO substrate
inac(2 x 2) lateral unit cell. The DFT results indicate that coupled3raAl-Ti exchange
processes involving both the surface and interface regiaei the energy of the system
and the energy gain is dependent on the LAO thickness, beind eV for n = 3 LAO
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FIGURE 8. (Color online) Layer resolved density of states (LDOSp@rO terminated
1.5ML STO/2LAO/STO(001), showing insulating behavior.

and~ 1.6 eV for n = 4 LAO layers, respectively. A comparison of the calculated an
measured VBO was used as a further criterion to prove thepcesof intermixing.

Pauli et al. B4] performed SXRD experiments and DFT calculations on filmthwi
thickness between 2-5 ML LAO. The experimental data indidan 80% complete surface
layer with 20% of a layer on top of that. Futhermore the resuktre consistent with cation
intermixing exceeding 5% thoughout 3 ML around the integféayer. In contrast to the
study of Qiao et al. 30}, DFT calculations on abrupt and intermixed interfaces rmid
show significant differences in electronic behavior.

Oxygen defect®\s mentioned in the introduction, a number of experimertiadies
have shown the strong influence of the oxygen partial presguwring deposition or post-
deposition annealing on the transport properties. Dedgiieportance, there are only a
few studies that have addressed the role of oxygen vacarCaset al. §] considered a
3ML LAO/STO(001) with a vacancy in the surface Altayer and found a dramatic dif-
ference of the electronic properties with reduction/c#iatien of the electric field within
the LAO film and an accumulation of carriers at the interfaicesontrast to the insulating
defect-free 3 ML LAO/STO(001). Chen, Kolpak and Bedil] modeled LAO/STO super-
lattices with thep-type interface and observed that oxygen vacancies ardeéfiom the
interface towards bulk STO. On the other hand, Zhong, Xu agltyk26] studied oxygen
vacancies in an (LAQ)/(S TO),, superlattice with alternating- andp-type interfaces. In
contrast to Chen et al4]], they found that the formation energy of vacancies is ldwaes
thep-type interface and- 2 eV higher at the:-type interface with a nonlinear dependence
in between. Furthermore, the vacancy formation tends todre favorable in B@-layers
than in AO-layers of the perovskite lattice. The formatioemy at thep-type interface be-
comes negative with respect to the one in STO bulk at a dritiggknessn = 3 — 4 MLs.
The electrons released by the vacancy are transferred totitiction band minimum at
then-type interface (with a significant orbital polarizationtire interface and more distant
TiO4, layers) while thep-type interface is insulating. This result implies separabetween
regions where impurity scattering takes place and regibeslwanced carrier density. The



10

authors also observed that the vacancy formation redueesotte-level shifts within the
superlattice and proposed this as a possible explanatithedécking broadening in XPS
measurement2B, 24, 25.

Zhang et al.42] studied the formation of vacancies in thin LAO overlayemsSTO(001)
using an asymmetric setup with dipole correction, and dtie position of the vacancies
within the LAO film. Note that only thd'-point was used for integration within the Bril-
louin zone. In systems with grtype interface vacancies are formed preferentially at the
interface, thereby compensating the valence discongiraunitl leaving the system insulat-
ing. In contrast, for systems with antype interface the formation energy was significantly
higher and tend to be formed rather in the surface LAO layan tit the interface. This
has two consequences: it compensatespthge surface Al@-layer and enhances the
carrier density at the interface. Based on a phenomenaibgiectrostatic model, Bris-
towe, Littlewood and Artacho27/] showed that there is a critical thickness for surface
vacancy formation, in agreement with DFT calculatiof3][ Furthermore, they proposed
that surface defects generate a trapping potential forecarwhose strength depends on
the LAO-film thickness.

DFT calculations 44] introducing an oxygen vacancy in the interface Ti@yer
within a2 x 1 lateral unit cell indicate spin-polarization of the carsién the Ti3d band
and propose this as a possible explanation of the recerityrtierd coexistence of ferro-
magnetism and superconductivity in the LAO/STO(001) sys{eee also discussion in
Section 6). Further studies are necessary to explore lowerantrations of vacancies and
other thermodynamically more stable sites for the vacaagy i the surface Al@-layer).

H-adsorptiorin most of the experiments so far, the samples are exposér tios the
interfacial properties can be significantly affected bycaitdates. These are considered as a
possible origin of reversible writing and erasing of cortihgregions on LAO/STO(001)
by an AFM tip [8]. Son et al B3] investigated the H-adsorption using DFT-PBE. They
found that the adsorption energy increases with LAO thiskre:md that beyond a critical
thickness of~ 5 ML the energy gain exceeds the energy needed fooiHH,O disso-
ciative adsorption. An interesting feature is the planaoaption geometry with the H-O
bond being nearly parallel to the surface reflecting a mazechioverlap between the B
orbitals and the planar @p, states. H is found to donate electrons to the STO conduc-
tion band. Furthermore, size and sign of the internal pakbtiildup can be tuned by the
H concentration on the surface: e.g. the latter is exacthceled for a(2 x 1) surface
unit cell (this coverage correspondsitée transfer per1 x 1) lateral unit cell). The im-
pact of H-adsorption bears strong parallels to the influeriGemetallic contact layer on
the interfacial properties that will be discussed belowe Tifluence of further adsorbates
like water has not been considered so far but needs to bessgdién order to obtain a
comprehensive picture of all effects that may determingtbeerties of LAO/STO(001).

5. Impact of metallic contacts on the electronic behavior o£ AO/STO(001)

In Sections 3 and 4 we have seen that the presence of a nowpalaroverlayer or
defects can significantly alter the electronic propertigh® LAO/STO system. For device
applications metallic overlayers are important and sée@erimental studies have used
setups with metallic contacts on LAO/STQ(, 45, 46. The coupling between metallic
thin films and semiconductors or ferroelectric oxides haaerbwidely studied47, 48, 49,
50, 51. In order to gain understanding in the impact of metalliate@ts on the electronic
behaviour of an oxide interface, we have recently perfor@Ed calculations on Al-, Ti-,
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FIGURE9. Side view of the relaxed structures for M/LAO/STO systéMs= Al, Ti, 2Ti
and Pt). Only half of our symmetric slab is shown. M-O bondjtés near the surface are
also displayed.

or Pt- electrodes on LAO/STO(00157] and discuss here in more detail how the electronic
properties can be tuned by the metallic contact.

All the calculations presented in this Section have beefopaed with the full poten-
tial linearized augmented plane wave method inWhen2k implementation$3] using the
generalized gradient approximation GGA-PEHE][ We have also explored the influence
of an on-site Coulomb repulsion parameter (LDA/GGAmethod p5]) with U = 5 eV
andJ = 1 eV for the Ti3d orbitals, andJ = 7 eV for the La4 f orbitals. The irreducible
part of the Brillouin zone was sampled with 21 k-points. Tkstems were modeled by
a symmetric slab, with a 2 and 4 ML LAO film on a Ti@erminated STO substrate with
a lateral lattice parameter set to the GGA-value of bulk SZKZ(A). The influence of
the substrate thickness was probed by using a system with &tb ML) and thick (6.5)
ML STO slab. The metal atoms were adsorbed on top of the oxgtms in the top
AlO; layer. These sites were found to be energetically favorabf@evious studies of
metallic overlayers on LAO(001pp] and for other transition metal / perovskite oxide in-
terfaces $7, 58, 59. Further metallic layers are deposited assuming a fckstgof the
layers. A vacuum of at least 1Wwas used to separate the supercell from its periodic im-
ages and avoid spurious interactions. The atomic positi@re relaxed within tetragonal
symmetry. A side view of the relaxed systems with an Al (1 ML)(1 and 2 ML) and Pt
(1 ML) overlayer is shown in Fig. 9.

5.1. Impact of the contact layer on the electronic propertis. As discussed in Sec-
tion 2, in thenLAO/STO(001) system a central feature is the upward shithef®p bands
within the polar LAO film. The layer resolved DOS of Al, Ti and ¢dntact layers on top
of 2ML LAO/STO(001) are shown in Fig. 10. Upon adsorptionto tnetal overlayer this
potential build up is largely canceled. Only in the case ofete is some residual shift
of the unoccupied Ldd and5 f bands. In all cases, both the surface contact layer and the
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FIGURE 10. Layer resolved density of states for LAO/STO with a ségL of Al, Ti and
Pt, and also with 2 ML of Ti.

Energy (eV)

FIGURE 11. Majority spin band structures for M/LAO/STO systems (M\kTi and Pt).
The contribution of Ti3d states at the IF layer is marked by circles.

interface layer are metallic with a significant occupatidéthe Ti3d band at the interface
and a decreasing occupation in deeper layers.

As can be seen from the band structure in Fig. 11, multiplelb@ontribute to con-
ductivity: the lowest lying bands at the interface are o8dj, character, in the IF-1 layer
all to, states contribute, while in deeper laydss, d,. bands lie lowest in energy. The
d., bands have a strong dispersion aldWg— I" — X, whereasl,.. andd,,. are heavier
alongT’ — X. This difference in velocities (masses) suggests diffenepbilities of the
carriers. Further bands betweéh and Er-2.0 eV stem from the surface metallic layer.
We observe that the occupation of3H bands at the interface depends strongly on the type
of metal contact on the surface: for an Al, Ti and Pt overlaherband edge is 0.65, 0.5
and 0.25 eV below the Fermi level Bt

Further insight into the influence of the contact layer ongtractural and electronic
properties of LAO/STO(001) can be obtained from Fig. 12. Bhekling within the lay-
ers expressed as the relative shift of anion and cationordinate in Fig. 12a shows a
quite different pattern compared to the systems without taliieecontact. As discussed
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FIGURE 12. a) Oxygen-cation buckling along the [001] directionLbyer resolved elec-
tron occupation integrated betweé&h — 0.65 eV andEr. Charge on the LaO and SrO
layers is zero (not shown). c¢) Positions of £states with respect tB'x. Data for 1ML
Ti and thin /thick STO substrate is marked by green starskb&muares; 2ML Ti (ma-
genta pentagons), as well as 1ML Pt (blue triangles) and 1M{teM circles). Results for
nLAO/STO(001) without a metallic overlayer are displayediange with empty symbols:

n = 2,3,4 ML with stars, diamonds, and hexagons, respectively.

in Section 2, in the uncovered LAO films on STO(001) the latpolarization is confined
to the LAO film where it plays a decisive role to counteract diergence of the elec-
tric potential, while the buckling is negligible within ttf&TO substrate (see orange lines).
In contrast, after adsorbing the metallic overlayer, theeptial build up in LAO is can-
celed and hence the anion cation buckling is strongly redlircsize (Pt contact) and even
changes sign (Al and Ti overlayer).

Surprisingly at first sight, a notable polarization emengéhin STO that is strongest
at the interface and decays in deeper layers, similar torikeéroLTO/STO and LAO/STO
superlattices with an-type interface 0, 6. This lattice polarization in STO correlates
directly with the occupation of T8d bands (Fig. 12b), which is highest in the interface
TiO- layer and decays in deeper layers. Concerning the chenffeatsof the overlayer,
the lattice polarization and band occupation at the interére highest for the system with
an Al overlayer, followed by Ti and lowest for a Pt overlayso, the lattice polarization
varies monotonically with the T8d occupation. The position of 13 level, which is a
monitor of the local potential, shows a similar trend witle $trongest binding energy in
the interface TiQ layer for an Al contact layer. The strength in binding to theface is
reflected also in the M-O bond lengths, Al-O being the shb(th@?ﬂ), followed by Ti-O
(2.008) and Pt-O being longest (2.8} (see Fig. 9).
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TABLE 1. Calculated M-O bond lengths, Ti-O buckling (differencezicoordinate be-
tween cations and oxygen) and 3d band occupation in the interface layer, integrated
betweenEr-0.65 eV andEr. Work functions and Schottky barrier heights for the differ
ent contact overlayers are also displayed. For#&BH we give both the value obtained
from the LDOS and also considering the experimental valuthefLAO band gap (in
brackets).

Metallic | O-M distance| zr; — zo (IF) | ngee | ® | p-SBH | n-SBH
Layer (A) A) eVv)| (eVv) (eV)
Al 1.97 -0.20 0.15| 353 3.0 |0.7(2.6)
Ti 2.00 -0.19 0.13| 4.05| 2.8 |0.9(2.8)
2Ti 2.06 -0.18 0.11| 405| 2.8 |0.9(2.8)
Pt 2.31 -0.08 0.04| 560| 2.2 |20(3.4)

Dependence on the metallic contact thicknéssnvestigate the dependence on the
metallic contact thickness, we have varied the thicknegh@®fTi overlayer. The calcu-
lations for 2ML Ti/2LAO/STO(001) show a similar occupatiofi the Ti 3d band at the
interface but a stronger band bending in the deeper layadinlg to a lower total number
of electrons within STO. This seems to correlate with a shglarger distance between
Ti in the contact layer and oxygen in the top Al@yer of 2.0@ vs. 2.06A for 1ML and
2ML Ti/2LAO/STO(001), respectively.

Schottky barrieré&nother illuminating characteristic of the M/LAO/STO(00dystem,
important for understanding the various band lineups andiéwice applications, are the
Schottky barrier heights. As displayed in Table 1 theseetate again with the strength
of the chemical bond and the work function: Al has the higheSBH (3.0 eV), followed
by Ti (2.8 eV) and finally Pt (2.2 eV). As the well-known undstimation of band gaps
within GGA is mostly related to the position of the conduntioand minimumn-SBH
tend to be too small. Taking the experimental band gap of Liv®,-SBH are 2.6 eV
(Al), 2.8 eV (Ti) and 3.4 eV (Pt). The relevance of the cherhimanding between M and
LAO/STO(001) is in line with previous findings for metal-oé interfacesg2] that these
can enhance the ferroelectricity instability in oxide cafas.

Fig. 13 displays the schematic band diagrams of three distiechanisms of forma-
tion of a q2DEG discussed so far: LAO/STO(001), STO/LAO/$0@.) and M/LAO/STO(001).
For LAO/STO(001) a thickness dependent IMT occurs as atrebthie potential buildup,
where the electronic reconstruction involves the fornratibholes at the surface and elec-
trons at the interface. In STO/LAO/STO(001) due to an adddl surface state in the top
TiO,, layer the IMT takes place at a much lower LAO critical thicka@nd the reconstruc-
tion involves again holes in the surface layer and electabrtise interface. In contrast, for
M/LAO/ISTO(001) the potential in LAQO is flat regardless of th&Q or STO thickness.
Simultaneously, a q2DEG with higher carrier density is fednat the interface. Only in the
case of Pt (and possibly other noble metals), likely due ¢ontbaker bonding and smaller
charge transfer to the oxide layer, a small residual sloplinvLAO is found, consistent
with the recently measured potential build up in Pt/LAO/SUQL) [46].

The evolution of the system due to deposition of the contactie considered in sev-
eral steps. Beginning with the internal field in 2ML LAO/STiD() [~0.8 eV potential
rise], the metal layer is added and allowed to equilibratih e outer LAO layer, de-
termining the work function and the Schottky barrier (canhf@dermi level with respect to
the LAO band edges). Based on the final result shown in FigthE¢ontact Fermi level
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FIGURE 13. Schematic band diagram of a) LAO/STO(001) at the verganadlectronic
reconstruction at the critical LAO thickness; LAO/STO(Q@bvered by b) an STO over-
layer which leads to MIT already at 2 ML LAO and c¢) a metalliawtact layer (M). Note,
that the potential build up that leads to an electronic retration in a) and b) beyond a
critical LAO thickness is eliminated in M/LAO/STO(001).

would be~1 eV above the STO conduction band minimum. Now, allowinghexge of
charge with the interface — full self-consistency — elexsrwill flow from the contact layer
to the interface until the Fermi levels coincide. This psxes an involved one, in which
the internal field and accompanying ionic polarization dase as the charge is transferred.
The determining factor is the lineup of the surface and fater Fermi levels which is ac-
companied by the (near-)vanishing of the electric field imithhe LAO slab. This charge
transfer between the metal and the surface A&yer, leaving a slightly positive contact
layer, will renormalize the work function of the metal anchSttky barrier somewhat. The
self-consistent calculation gives only this final resutipwn in Fig. 10.

5.2. Thin SrTiO3 substrate: Spin polarization. While the results for M/LAO/STO(001)
presented above were obtained using a 6.5 ML STO substrateave also performed cal-
culations with a thin (2.5 ML) STO and observe there inténgstonfinement effects that
will be described in the following. As shown in Fig. 12b a muggher Ti3d band occu-
pation is obtained at the interface for the thin STO substidbwever, the most prominent
effect is a spin polarization of the g2DEG at the interfagelfie thin STO substrate. When
adsorbing a single Ti layer, Ti displays a significant magrmebment of 0.6 due to the
reduced coordination of the metal atom at the surface. We thett also a single Pt over-
layer is spin-polarized due to polarization of the holeshimid shell. For a Ti overlayer,
this effect induces a moment of 0.10 (0.24) at the Ti sites in IF (IF-1) layer. The val-
ues obtained within GGA4, where effects of strong intra-atomic interaction aretideld,
are enhanced: 0.20 (0.3Q) in IF (IF-1). Such polarization seems surprising since the
interface and surface layers are separated by the inqulafi® slab, precluding (or vastly
reducing) exchange coupling between the layers but indeedffect depends in the LAO
spacer thickness: An increase of the width of the LAO layduces the influence of the
contact layer expressed in a decrease of spin polarizatide 2DEG: for 1ML of Ti and
4 u.c. width of LAO calculated moments are indeed smallé5@.1L for IF/IF-1).

This spin-polarization is a result of two effects. Firste flact that spin-up and spin-
down Fermi levels at the surface and interface must be sehaedigned (as well as with
each other, finally). Second, a quantum confinement effegtes discrete bands and a
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classical confinement effect leads to enhanced charge ationmt the IF and IF-1 lay-
ers. The magnetic moment of Ti in the surface contact layapmoximately 0.6 but
decreases once the contact thickness is increased to 2 Elmagnetic moment of the
surface and subsurface Ti layer is reduced to @24nd 0.05ug respectively due to the
enhanced Ti coordination. For other electrodes with lowefase magnetic moment, like
for example 1 ML of Al (ho magnetic moment) or 2 ML of Ti, the sgpolarization of the
g2DEG is quenched.

6. Broader Functionalities of these Interfacial Systems

The range of unexpected phenomena that has been obsenrebs@nrtanostructures
has systematically been broadened by new discoverieselpréteding sections we have
discussed how unusual properties, such as two-type camietuction or magnetism, may
arise in these nanostructures. These theoretical stugdidésaed, with a few exceptions, on
atomically abrupt, structurally ideal, choices of the heséructuring. It is understood that
most if not all samples are more complicated that this. Weideohere an overview of the
discoveries of magnetism at the interface, then the repbagperconductivity, and finally
of recent reports of coexistence of these two distinct, anglly strongly competing, types
of long-range order. Understanding these phenomena wveélll dight on the underlying
electronic structure at and near the interface. Speciicsdiveral of these studies point
out the importance of inhomogeneities in the samples, coatns that should be kept
in mind and will finally have to be taken into account. From theorist’s viewpoint, this
emphasizes the importance of controlling defect concgotrand distribution, to allow a
closer connection of theory to experiment.

6.1. Hysteresis reflecting magnetic orderSoon after the initial reports on conduc-
tivity in the LAO/STO system have raised interest and redearctivity on this system,
Brinkman and collaborators reported magnetic hysteresigainsport properties at the
LAO/STO IF of PLD-deposited films.3] This hysteresis, and an associated large nega-
tive magnetoresistance, reflects magnetic order arisirgfatv Kelvins and moves this
oxide interface toward spintronics applications. Evemptd this study the prospect of
magnetism at this interface had been raised by Pentchev®iakelt (3] in theoretical
studies of LAO/STO superlattices with eitheror p-type interfaces. The question they
faced at the time was this: at the polar LAO/STO interfacerdhs 0.5 carrier per inter-
face cell too manys{-type) or too few f-type) to fill bands. Therefore the interface will
be conducting unless other considerations come into play.ak-type interface it was
demonstrated that correlation effects within GGAgive rise to a charge and orbitally or-
dered state with magnetic moments of/@;7at the TP+ -sites. Later Zhong and Kellsf]
investigated the effects of structural distortion beyogtdagonal symmetry and its impact
on charge and spin ordering, finding an antiferromagneticiigy state. The relationship
of the observed magnetism (due td Tilocal moments at the-type interface) to the con-
duction by carriers remains to be clarified. We note that $asngrown at high oxygen
pressure, where the effect of oxygen vacancies is minimaegnearly insulating with a
sheet resistance that is seven orders of magnitude higltbiah the initial samples studied
by Ohtomo and Hwandl].[17] On the other hand, the-type interface had been fouatt
ways to be non-conducting, independent of growth parametensa Eefect-free interface
suggested by the initial reports, Pentcheva and Pickeptgsed that correlation effects on
the Q2p orbitals, resulting in charge order of oxygen holes with ayngic moment, pro-
vided a plausible mechanism for insulating behavior. WHile is an interesting case of
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d°-magnetism, the insulating behavior of théype interface has been generally ascribed
to O vacanciesdy|.

The possibility of magnetism at these interfaces was tggiéid in Physics Today in
2007 p5] and remains an enigma. Magnetism was further discussediljydthet al., [17]
who provided a broader overview of work on oxide IFs up to thme. Subsequently, Seri
and Klein [66] reported antisymmetric magnetoresistance at this imterfand noted mag-
netic field induced inhomogeneous magnetism, but did natacherize it as spontaneous
ferromagnetism. Ariando and collaborato¥] detected dia-, ferro- and paramagnetic
signals interpreted in terms of phase separation. In pdatiche ferromagnetic phase per-
sisted beyond room temperature. dtial. [6] reported magnetic effects persisting up to
200 K which raises new questions, beginning with how suclaepgly weak magnetism
can maintain spin order to such high temperature.

6.2. Superconductivity. The observation of superconductivity at thxype interface
by Reyreret al. [2] further enriched the variety of phenomena that have bgaorted. The
superconducting state in PLD-grown samples at intermegigtssures (10" mbar) arose
below 200 mK. Since bulke-type STO superconducts in that range (up to 400 mK) one
might initially question how new the phenomenon really iseThagnetic field directional
dependence established that the superconductivity was/Higo-dimensional, so in that
manner its behavior is quite unlike that of bulk STO; as a 2Bty it is characterized
by a 2D carrier concentration rather than a 3D one. As withntlagnetism, the degree
of localization around the interface, and origin and chismacf the carriers, have become
objects of scrutiny.

Subsequent reports by Caviglia et &8[and Ben Shalom et al6p] confirmed super-
conductivity arising at this interfacial system. The lateport where 15 unit cells of LAO
were deposited with pulsed laser and the carrier densityvadsd with gating, mapped
out a portion of the phase diagram wheredEcreases as the carrier density is increasing.
Kim and collaboratorsq0] have studied by Shubnikov-de Haas oscillations the (presu
ably) related superconducting statesittloped STO films deposited by PLD. The doping
by Nb (for Ti) was performed in a varying number of Ti@yers, and a 2D to 3D crossover
in the superconducting state was monitored. This still vew topic of oxide interface
superconductivity has been reviewed by Gariglio and Trisc{/ 1]

6.3. CoexistenceHistorically magnetism and superconductivity were muarath-
ema, but the high temperature superconductivity discaviereuprates changed that. The
latest big discovery in superconductivity, the Fe-basddtjpgles and chalcogenides, also
display magnetic phases next to superconducting oneseHsesell as some other mate-
rials classes such as heavy fermion met&1g] faise questions about possible connections
between these ordered phases. In these examples the rsagisedintiferromagnetism (or
correlations). Superconductivity coexisting wftiromagnetismis very rare, having been
reported only in the past decade or so in REICw0s [73] and in the three uranium
compounds UGg URhGe, and UCoGe. Aok al. have provided a recent overview sum-
marizing several of the phenomena and some of the issuesdar@dor observations/f)
There are several challenges to be overcome for superctivituto arise in a ferromag-
net (see discussion in Refrq]): exchange splitting of up and down bands that disrupts
pairing, magnetic field disruption of superconducting oreé¢c. We return briefly below
to some of these issues.

The first observation of coexistence , by Dikin et af] ihvolved superconducting
onsets around J~150 mK on pulsed laser deposited (PLD) films of ten unit cdllsAD
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deposited on Ti@-terminated STO(001) substrates. They observed hysseiredi.(H)
curves (H is the magnetic field) attributed to underlyingderagnetic order. Their inter-
pretation focuses on two parallel conduction channels: é@nesists of localized, magnetic
states that are intrinsic to the interface (viz3Tmoments, likely in the immediate inter-
face region), while the other carriers are itinerant etectrcontributed by defects (a likely
candidate being oxygen vacancies). While previous repodisated quenching of mag-
netism at a few Kelvin, LEt al. [6] report high resolution magnetic torque magnetometry
measurements, showing evidence of magnetic (“superpgraatia-like”) order up to 200

K. The superconducting signal in their samples arises bel ROvmMK.

Most recently (as of this writing) Bert et al] provided a real space picture of their
PLD grown films. They performed imaging with a scanning SQU#Dperconducting
guantum interference device) ove200 um square regions on samples of 10 ML LAO
on STO(001) substrates. They report strong inhomogeneitly, sub-micron regions of
ferromagnetism in a background of paramagnetic carriexissthow a diamagnetic super-
conducting signal around 100 mK: Thus superconductivity magnetism coexist in the
sample but not in the same region. For comparison, no magdigibles were observed
in a reference sample 6fdoped STO. From their transport and thermodynamic measure
ments, they infer that most of the intrinsic carriers<@'4 cm—2 per interface cell for
an atomically perfect interface) are localized, since ateppf-magnitude fewer carriers
contribute to the Hall conductivity.

Some early attempts to account for this coexistence areasipge[76, 77, 44. The
coexistence seems an even more delicate question herenthia@ fierromagnetic super-
conductors mentioned above. Th00 mK critical temperature reflects a BCS gap of
a few peV, a truly tiny energy scale which appreciable exchangtisigl of the bands
would overwhelm. The critical magnetic field should be vamall. There are aspects of
the interfaces that suggest means to avoid these pairdneakhe magnetic electrons and
the superconducting carriers may reside in different baretgiiring a generalization of
models applied to the previously known ferromagnetic scaductors. Inhomogeneity
or phase separation may play a role, and coexistence in the sample may not imply
local coexistence (in the same region of the sample). Thersapducting state may be
inhomogeneous, of the FFLO typed, 79

7. Summary

The LaAIG;/SrTiO; system shows a remarkable spectrum of electronic phengmena
some of which seem to be understood and others that requirdef study. We have
provided an overview based on DFT results addressing hoveldwrostatic boundary
conditions determine charge (re-)distribution and thetebmic state. A variety of param-
eters are identified, such as the surface and interfacertatiom and stoichiometry, the
presence of metallic or oxide overlayers, as well as defauisadsorbates, that enable one
to tune the electronic behavior of this system. Understandnd controlling these param-
eters, and especially defects, doparl§ fnd adsorbates, remains a challenge that needs
further attention in future theoretical and experimentadiges.
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