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Experimental™™ and theoretical® investigations have demonstrated that a quasi-
two-dimensional electron gas (q-2DEG) can form at the interface between two
insulators: non-polar SrTiOs and polar LaTiO3!, LaAlOs*%® or LaVO; °.
Electronically, the situation is analogous to the g-2DEGs formed in semiconductor
heterostructures by modulation doping. LaAlOs/SrTiO3; heterostructures have
been shown recently® to exhibit a hysteretic electric field-induced metal-insulator
guantum phase transition for LaAlO3 thicknesses of 3 unit cells (uc). Here we
report the creation and erasure of nanoscale conducting regions at the interface
between two insulating oxides, LaAlO3; and SrTiO;. Using voltages applied by a
conducting atomic force microscope (AFM) probe, the buried LaAlO3/SrTiO;

interface is locally and reversibly switched between insulating and conducting

states. Persistent field effects are observed using the AFM probe as a gate.



Patterning of conducting lines with widths ~3 nm, as well as arrays of conducting
islands with densities >10' in?, are demonstrated. The patterned structures are
stable for >24 hours at room temperature.

The success of semiconductors as technological materials is based on three
important features: (1) their electrical conductivity can be tuned over a wide range,
either by doping or through electric field effects; (2) insulating layers (i.e., SiO,) can be
formed readily, allowing field effect devices to be fabricated; (3) devices can be scaled
to nanoscale dimensions. Oxide materials combine many of the important electronic
properties of semiconductors”'® with additional emergent phenomena, such as
interfacial superconductivity'', strain-driven ferroelectricity'?, interfacial
ferromagnetism'® and colossal magnetoresistance'.

The discovery of metallic and superconducting interfaces between insulating
oxides has led to many subsequent investigations about the origin of this effect, and in
particular the role played by oxygen vacancies'>'®. In samples that are heated to
~800°C in high vacuum (order of 10 mbar), oxygen defects are created in the SrTiO;
substrates which n-dope the material, regardless of the presence of a LaAlOs layer' ™.
For samples grown under oxygen pressures > 10~ mbar, (as in the experiments
described here), the interfacial conductance is dominated by the potential profile
generated between the SrTiOs/LaAlOs; interface and the top LaAlO; surface. Thiel et al.
found recently that for samples with 3 uc LaAlOs, a bistable metal-insulator transition
can be tuned with an voltage applied between the LaAlO3/SrTiOs interface and the
bottom SrTiO; substrate’, suggesting a role played by both the polar discontinuity and

residual oxygen vacancies in the SrTiOs.



While oxides provide a wealth of opportunities for probing the rich physics of
correlated electronic systems, for technological applications it is essential to scale
device concepts to nanoscale dimensions. Here we present a technique which can
dynamically define at room temperature nanoscale conducting structures at the interface
of two insulating oxides, LaAlO; and SrTiOs, through reversible control of a localized
metal-insulator transition. Both isolated and continuous conducting features with length
scales well below 5 nm are demonstrated. Strong nonlinear electric field effects are also
observed. We suggest a possible theoretical explanation for this behaviour in terms of

the creation of oxygen vacancies in the topmost LaAlO; surface.

The material system investigated here consists of 3 uc of LaAlO3, grown at 770°C
in an O, pressure of 6x 10~ mbar by pulsed laser deposition on a TiO,-terminated
insulating SrTiO; substrate’. The samples were cooled in 400 mbar of O, with a 1 hour
oxidation step at 600°C. Several samples were prepared under identical conditions and
characterized. One of these identical samples was used for the studies described here.
All measurements are performed in air at 295 K. The sample is maintained in a dark
environment to suppress carrier photoexcitation in SrTiOsz (bandgap ~ 3.2 eV). A set of

electrodes, in contact with the interface and spaced D, =150 pm apart, is fabricated

using the techniques described in Ref. 9.

A conducting AFM tip, in contact with the top LaAlO; surface and biased at Viip
with respect to the interface, produces an interfacial metallic (Vijp>0) or insulating
(V1ip<0) state directly below the area of contact. For the experiment described below,
the gap between the conducting electrodes is first reduced to D=40 um by “writing”
(i.e., raster-scanning at Viyjp=+10 V) two rectangular pads (Fig. 1A). The electric
conductance between the two electrodes is monitored using a lock-in amplifier. The

AFM tip, now biased at Vyjp =+3 V, writes a line by scanning from one electrode to the



other. As the tip reaches the second electrode, a pronounced and abrupt conductance
increase AG=0.8 nS is observed (Fig. 1B). This increase is not associated with any
observed topographic changes of the structure, nor is it affected by subsequent imaging

by an electrically isolated or grounded probe.

To provide a measure of the transverse dimension of the conducting wire, and to
demonstrate that the writing process is reversible, the wire is subsequently “cut” with a
reverse voltage Vyip=—3 V (Fig. 1C). As the AFM tip crosses the wire, the conductance
decreases abruptly by 4G=—0.8 nS (Fig. 1D). Assuming the erasure process to have a
resolution comparable to the writing process, the deconvolved differential profile
(do/ dx)*f1 thus exhibits a full width at half maximum (FWHM) 6x=3.3 nm.
Subsequent writing with positive voltages over the affected area (e.g., Viip=3 V)
restores the conductance of the wire. The wire width depends sensitively on Vyp,
increasing by three orders of magnitude as Vyp is raised from 3 V to 10 V. Test
measurements were performed over a 24-hour interval and showed that the wires remain

stable over that time frame.

The written wires are highly sensitive to externally applied electric fields. Fig. 2A
shows the current-voltage (I-V) characteristics of a 20 pm long wire, created with
Viip=10 V, that has been perturbed by the AFM probe with varying voltages. The AFM
probe functions much like the gate of a ferroelectric field-effect transistor, except that
the probe can be scanned. For each curve, the AFM probe is set to a voltage Vgae and

scanned once across the wire. Afterwards, the in-plane current | is measured (using a

picoammeter referenced to virtual ground) as a function of the voltage Vg applied to

one electrode. For low ’V

qate| » the wire conductance is unaffected. However, as the tip

bias becomes more negative, the wire becomes insulating and conducts only above a
. Eventually the |-V

finite bias. This turn-on bias increases monotonically with ‘Vgate



curve becomes asymmetric, the likely origin of which is an asymmetry in the insulating

barrier profile, produced by unequal electric fields on both sides of the AFM tip.

It is also possible to write isolated conducting islands or “dots” by applying

voltage pulses Vi, (t) with amplitude V .. and duration t_, to the tip while keeping

pulse pulse

the tip at a fixed position. During pulsed writing the two electrodes are grounded. The

size of the dots depends on both V__ and t For simplicity, wekeep V_,.. =10V

pulse pulse * pulse

fixed and vary t_ . to change the size of the dots. To determine the effective size of

pulse
the dots, linear arrays of dots are created with various separations d (Fig. 3A). After
writing the arrays, the ends of the arrays are contacted by writing conducting electrodes,
which are separated by D=1 um. As the contacts are being written, the conductance
between the two electrodes is monitored using a lock-in amplifier. If the spacing
between the dots is greater than the dot diameter, the dots will not overlap and no
increase in conductance will be observed. Once the spacing becomes equal to or
smaller than the dot diameter, the linear array will form a conducting wire, manifested
as an abrupt increase in conductance between the two electrodes (AG), once the wire is

attached. For each pulse duration, a sharp metal-insulator transition is observed as the

dot spacing is reduced (Fig. 3B). The smallest non-conducting spacing d . and the

largest conducting spacing d_C are plotted as a function of t_,, (Fig. 3C). The critical

pulse
spacing for conduction d_ is bound by these two measured quantities

(ie,d,.>d. > d_c) and scales linearly with pulse duration until pulse durations

t use <1 ms are used. Below that threshold, the critical spacing levels off atd_c~1 nm.

pulse

The exceptionally small size of the features results from the nature of the writing
process. Tunnelling measurements performed between the conducting AFM tip and the
LaAlOs/SrTiOs interface (Fig. 2B) show that for voltages Viip> Vi ~6 V the current | is
governed by Fowler-Nordheim tunnelling between the tip and the interface. Tunnelling

takes place over an area the radius of which may be estimated by assuming Hertzian
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contact™ to be I ..

=1.2 nm. Writing at voltages smaller than V; is possible, but not
via direct tunnelling. Writing of conducting wires at, e.g., Vijp=3 V is only achieved if a
conducting path already exists to one of the electrodes (e.g., Fig. 1). Isolated conducting

regions cannot be written with Vi;p<V; .

Because there is no strong anisotropy present in the SrTiO; or LaAlOs, the
minimum lateral feature size is expected to be comparable to the scale for vertical
confinement of the mobile electrons. Indeed, the smallest dot spacing observed is
comparable to the observed thickness 6z =2 nm for the q-2DEG of a closely related
system, LaTiO3/SrTiOs'. The lower-than-expected threshold for d_c may be the result of
Anderson localization” within the quasi-one-dimensional conducting channel. Using
0X=06z=2nm and |=1 um, one obtains a resistivity for the wires

p=0x52/ 0l =2x107Q-cm, which is close to the Mott-loffe-Regel threshold.

We also performed similar experiments on bare SrTiOs, 2uc LaAlO; on SrTiO;
and 4uc LaAlOs on SrTiOs, the details of which are described in the Supplemental
Information. Experiments show that only in the sample with 3 uc LaAlOs layer

thickness’ conducting regions can be created and cleared at an insulating interface.

To provide insight into the electronic structure and stability of the metallic and
insulating state of LaAlO3/SrTiO3, we performed first-principles Density Functional
Theory (DFT) calculations of LaAlOs films on SrTiO; substrates. These calculations do
not consider possible correlation effects at the interface’®. Computational details are
given in the Supplemental Information. Considering the experiment, an n-type
(LaO/Ti0,) interface is used. The top surface of the LaAlOs is assumed to be clean and
terminated with an AlO; layer. For 3 uc thick films, two structures are found to be
stable. As shown in Fig. S 1, the two structures differ by the presence of oxygen

vacancies on the surface. The two structures have dramatically different electrical



properties. The “ideal” film without vacancies (Fig. S 1A) is insulating. Removing
oxygen ions from the LaAlO; surface layer (Fig. S 1B) accompanies the accumulation

of mobile electrons at the interface.

The properties of the two stable structures can be understood by examining the
local density of states (LDOS), shown in Fig. 4, and the schematic band diagrams
derived from the LDOS (Fig. S 2). The ideal film has a strong electric field in the
LaAlQOs, but at 3 uc the heterostructure is insulating. With one additional LaAlO; unit
cell the system becomes metallic’. The strong field is energetically expensive and
adding oxygen vacancies at the LaAlO; surface reduces and can compensate the electric
field. Such LaAlOs; oxygen vacancies contribute electrons to the conduction band, and
the lowest energy conduction band states are in the SrTiOs ( Fig. S 2A). At a density of
ny =1/4 vacancies per 1x1 surface cell, the formal charge of the surface has changed
from -1e for the ideal AlO; surface to -1/2e for the AlO, 75 surface. The 1/2 electron per
unit cell populates the SrTiO3; conduction band on the opposite side of the LaAlO; film.
In this scenario, the oxygen vacancies in the LaAlO; and conduction electrons of the
SrTiO; together cancel the field in the LaAlOs, as seen in Fig. 4 and Fig. S 2B. The only
metallic region in this system is the SrTiO; at the LaAlO3/SrTiOs interface —the surface

remains insulating.

In this model, switching between the two stable structures requires removing
oxygen from the ny = 0 surface and adding oxygen to the ny=1/4 surface. There are
likely significant kinetic barriers to these processes, which the charged AFM tip can
overcome. Thus, without ruling out other mechanisms such as charging of trap states,
this model suggests the possibility that a positively charged AFM tip “writes” metallic
wires at the interface by removing oxygen from the LaAlQOj; surface, and a negatively
charged AFM tip “erases” metallic regions by facilitating adsorption of oxygen or other

anions. The ability to pattern reversibly high-mobility electron gases at nanoscale



dimensions provides new ground to develop devices for ultrahigh density information

storage and processing. Integration with silicon-based devices is possible, as shown by

reports of high-quality SrTiOs/Si heterostructures produced by molecular-beam

epitaxy™.
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Fig. 1 (A) Sketch of the experimental setup for writing a conducting wire. A
voltage-biased AFM tip is scanned from one electrode toward a second one in
contact mode. The tip generates an electric field that causes a metallic quasi-
two-dimensional electron gas to form locally at the interface under the route of
the tip. (B) Conductance between the two electrodes measured with a lock-in
amplifier as a function of the tip position while writing a conducting wire with 3 V
bias applied to the tip. A steep increase in conductance shows when the tip
reaches the second electrode. (C) Sketch of the experimental setup for cutting
a conducting wire. The negatively biased AFM tip moves in contact mode
across the conducting wire. The tip erases the metallic g-2DEG locally when it
crosses the conducting wire. The conductance between two electrodes is
monitored as the tip scans over the wire. (D) Conductance between the two
electrodes measured as a function of the tip position across the wire, while
cutting the wire with the tip biased at -3 V. A sharp drop in conductance occurs
when the tip passes the wire. The inset at right shows the conductance

measured over the entire 8 ym scan length. The decrease in conductance can
be fit to a profile o(x)= o, — o, tanh (x/h)with best-fit parameters given by

o,=7.1nS, 0,=0.40nS and h=2.9 nm. Also plotted is the deconvolved

differential conductance (do-/dx)*f1 showing a full width at half maximum

O0X=3.3nm.

Fig. 2. (A) Current |, versus “source-drain” voltage Vsq of @ 20 um long g-

2DEG wire with a potential barrier near the center, created with a negative
“gate” bias Vgae. The barrier is created using the method shown in Fig. 1C.
Different colors represent different tip biases. When the line is interrupted with

a sufficiently large tip bias, the I-V characteristic becomes strongly nonlinear.
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Conducting behavior is observed at large dc source voltages. (B) AFM tip

current 1, versus tip voltage Vyp with respect to grounded interface.

Fig. 3. (A) Schematic showing linear array of dots written with voltage pulses.
(B) Conductance change as array is connected to electrodes, for various

spacing between dots and different pulse durations. (C) Plot of minimum dot
spacing for which the array is non-conducting %and the maximum dot spacing

for which the array is conductingd_c, presented as a function of pulse duration

tpulse-

Fig. 4. Calculated local density of states for each layer in the 3 uc LaAlO3 film
and for the first 4 uc of the SrTiO3; substrate. The solid blue curve corresponds
to the “ideal” film, while the black curve corresponds to the film with surface
oxygen vacancies. The ideal film is insulating and has a strong electric field in
the LaAlOs. With oxygen vacancies in the LaAlO; surface, the field is
compensated, and 0.5 electrons per 1x1 unit cell enter the SrTiO3 conduction

states.

Fig. S 1. Stable structures of a 3 uc LaAlOs; film on SrTiOs3. (A) Ideal film with
no vacancies and (B) film with one surface oxygen vacancy per 2x2 unit cells.
Dashed ovals indicate the row of oxygen atoms with the vacancy in the
structure. The oxygen vacancies cause a significant rotation of the oxygen

octahedra which propagates into the SrTiOs;.
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Fig. S 2. Schematic band diagrams of LaAlO3/SrTiO3 heterostructures for ideal
films without oxygen vacancies (left) and for films with oxygen vacancies
(density ny = 1/4, right). Computed energy differences are shown in large font.

Experimental values (where known) are given in smaller font.

Fig. S 3. Computed energy gap between highest valence and lowest
conduction states for ideal structures free of oxygen vacancies. The dashed line
is a linear fit to the computed points. The dotted line shows the computed gap in

bulk SrTiOs.

Fig. S 4. Zero-temperature free energy of 3 uc LaAlO; films with surface
oxygen vacancy densities of ny = 0, 1/4, and 1/2. All energies have been shifted

so F(ny =0)=0.
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Supplemental Information for Nanoscale Control of an

Interfacial Metal-Insulator Transition at Room Temperature

C. Cen, S. Thiel, G. Hammerl, C.W. Schneider, K. E. Andersen, C. S. Hellberg, J.

Mannhart, J. Levy

Experiments on samples with different LaAlO;3 layer thickness

Control experiments were performed on 4 uc LaAlO3/SrTiO; and 2 uc
LaAlO5/SrTiOs, and 0 uc LaAlO3/SrTiO; (i.e., bare SrTiO3) samples. Each of these
samples was grown and contacted in a manner identical to that described for the 3 uc
LaAlO3/SrTiO; with the exception of the bare SrTiOs, on which LaAlOs was not grown.
A summary of our findings for all four samples (including 3 uc LaAlO3/SrTiO3) is

contained in Table 1.

Photosensitivity: The conductance of the 3 uc LaAlOs/SrTiO3 sample is highly
sensitive to light above the bandgap of SrTiOs (~3.2 eV), exhibiting persistent
photoconductivity that decays over ~12-24 hrs after being stored in a dark environment.
The 4 uc sample showed a similar photosensitivity; however the 2 uc and 0 uc sample

did not exhibit photosensitive behaviour.

Background conductance: The 0 uc, 2 uc and 3 uc sample exhibited a very small
background conductance of several nS, while the 4 uc sample showed a much larger

background conductance (~1200 nS).

Writing conducting regions: Two methods of writing were demonstrated with the
3 uc sample: (1) writing of isolated structures that are later contacted, and (2) writing of
structures beginning from one or both electrodes. For the 4 uc sample, the large

conductance of the interface can be further increased by writing (using either method),
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although the voltage threshold for writing is higher compared to the 3 uc sample.
Isolated conducting structures could not be written on either the 2 uc or the 0 uc sample.
Attempts to write conducting lines beginning from one of the electrodes and ending at
the other were unsuccessful in that any resulting conductance change coincided with
highly visible damage to the sample surface, taking the form of a 1-2 nm protruding line
that follows the path taken by the AFM tip. Note that writing for the 3 uc or 4 uc

samples did not produce any observable topographic changes.

Erasing conducting regions: In 3 uc sample, conducting regions became
insulating after erased by applying a reverse voltage (-10 V); however, in 4 uc sample,
only the conductance change induced by writing was able to be reversed after several

erase attempts, the interface remained conducting regardless of the bias applied.

LaAlOs layer 0 uc 2 uc 3uc 4 uc
thickness
Photosensitive? No No Yes Yes
Background <10 nS <10 nS <10 nS >1 S
conductance
Write isolated No No Yes Yes'
structure?
Not possible | Not possible .
Write connected without without Possible for | Possible for
structure? producing producing Vip>3 V Vip>7 V
damage damage
TOpOQrath (_:hange Yes Yes No No
after writing
Yes', after
Cut with Vyj,=-10 V NA NA Yes several
attempts

* For the 4 uc sample, writing and cutting procedures only modulate the conductivity. The interface is
always conducting.

Table 1. Summary of findings for four LaAlOs/SrTiO; samples investigated.
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First-Principles Calculations

We performed first-principles density functional calculations of LaAlO; films on
a SrTiO; substrate using the generalized-gradient approximation (GGA) ** and
projector-augmented wave functions as implemented in VASP *>*’. For the calculations
of the energy gap in the ideal films, a sandwich geometry was used with identical
LaAlO; films on each side of a 9.5 monolayer (ML) SrTiOj slab (9 SrO layers and 10
TiO; layers). For the calculations to determine the structure and stability of oxygen
vacancies, a 5.5 ML SrTiOj; slab was used, terminated on the bottom with 1 ML
LaAlQs. In all calculations, a vacuum region of at least 0.8 nm between repeated slabs
was used. The in-plane lattice constant was held fixed at the computed lattice constant
of bulk SrTiO3, agy, =0.3948 nm . A cutoff of 282.8 eV was used for the planewave
basis. For the insulating systems, 6x6 Monkhorst-Pack (MP) sampling of the Brillouin
zone per 1x1 unit cell was used. For the metallic systems, 12x12 MP sampling and

Fermi smearing of 0.03 eV was used. Forces were converged to less than 110 meV/nm.

Fig. S 3 shows the energy gap between the highest valence and lowest conduction
states. The gap decreases linearly with film thickness. At 4 ML, the gap becomes
negative (taken between M and I'), and two metallic regions form in the system: an
electron gas in the SrTiO; and a hole gas at the surface of the LaAlOs. Thiel et al. also

find that the metal-insulator transition occurs between 3 and 4 uc.

The metal-insulator transition in the ideal film is caused by the polar catastrophe—
the electric potential across the LaAlOs increases with thickness. When it exceeds the
band gap, electrons move from the surface valence states to the SrTiO3; conduction

28
states ~.

To determine the stability of oxygen vacancies, we must first determine the

possible range of the oxygen chemical potential 4, 2% This chemical potential is
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bounded from above by the chemical potential of the triplet O, molecule,

Mo < Ho, 12=-4917eV .

The three chemical potentials must obey the constraint

My + My +30y = yfg')\‘,o} =-40.168 ¢V . The chemical potentials of La and Al have

inequality constrains which must be satisfied to avoid phase segregation:

f, < =-7916eV,and pu, <y =-3.749 eV .

Thus the allowable range of x4, is —=9.501eV < uy <-4.917¢eV.

To determine the stability of surface oxygen vacancies in the 3 uc films, we show

in Fig. S 4 the free energy of films with three different oxygen vacancy densities. The

free energy F is constructed as F = E —n__ 1, — N, s —No iy, Where E is the total

energy of the system, n; are the numbers of La, Al, and O atoms, and the ; are the

respective chemical potentials. We see in Fig. S 4 that both the ideal system with no

vacancies (n, =0) and the n, =1/4 systems are stable over a range of allowed oxygen
chemical potentials, while n, =1/2 is never stable. We expect that a range of vacancy
densities (EQ) may be stable. All systems with n, >0 have metallic interfaces. The

n, =1/4 system required a rather large 2x2 computational cell; investigating smaller

vacancy densities will require even larger cells.

GGA+U calculations were also performed to test the robustness of these results
against correlation effects represented by a Hubbard U. Both films, with and without an
oxygen vacancy, were relaxed using the GGA+U formalism with U=4eVandJ=1eV
applied to the Ti d-states at the interface. These spin-polarized calculations were
performed using an 8x8 k-point grid within the 1x1 surface unit cell. Negligible
changes were found for the free energy, the structure, and the local density of states,

providing confidence that GGA alone sufficiently describes these films.
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