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With ellipsometry, x-ray diffraction, and resistance measurements we investigated the electric-field
effect on the confined electrons at the LaAlO;/SrTiO; interface. We obtained evidence that the
localization of the electrons at negative gate voltage is induced, or at least enhanced, by a polar phase
transition in SrTiO; which strongly reduces the lattice polarizability and the subsequent screening. In
particular, we show that the charge localization and the polar order of SrTiO; both develop below ~50 K
and exhibit similar, unipolar hysteresis loops as a function of the gate voltage.
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The mobile electrons at the interface between TiO,
terminated SrTiO; (STO) substrates and thin LaAlO;
(LAO) layers are the subject of intense research efforts
[1]. The confined electrons at the LAO/STO interface
develop rather suddenly when the LAO layer reaches a
minimal thickness of n = 4 unit cells [2]. While a mixing
of cations [3] or oxygen vacancies [4] may also contribute,
the main origin of the confined electrons seems to be a
charge transfer from the top surface of LAO to the
LAO/STO interface [2,5]. The latter is caused by the
polarity mismatch at the LAO/STO interface, which
yields an electrostatic potential that increases with the
LAO thickness [1]. The conductivity of the confined elec-
trons can be readily modified with a gate voltage that
enables the design of efficient field-effect devices [2].
For LAO/STO with n = 3 that is still insulating, a metallic
state can be induced with moderate electric fields [2]. Even
the biased tip of an atomic force microscope has been used
to write and erase conducting pathways [6]. For samples
with n = 4, the conductivity can also be modified with a
gate voltage, although an insulating state develops only at
low temperature [7]. The confined electrons even develop a
superconducting phase below 7, ~ 0.2-0.4 K [8], which
can also be suppressed with an electric field that induces a
localized state [9]. The mechanism by which the external
electric field induces the localization of the confined elec-
trons is still under discussion [7,10-12]. In this Letter we
present infrared (IR) ellipsometry, x-ray diffraction, and
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resistance measurements that reveal that a polar phase
transition in SrTiOj; is playing an important role.

The LAO/STO heterostructures with n =3 (LS-3_1
and LS-3_2) and n = 5.5 (LS-5.5_1 and LS-5.5_2) mono-
layers of LAO have been prepared as described in Ref. [2]
and are detailed in the Supplemental Material [13].
A sketch of the contact arrangement and the polarity of
the gate voltage is shown in Fig. 1(a). A StTi'®0, (ST180)
crystal with a ferroelectric transition of T¢,;. = 23 K has
been obtained by placing a SrTi16O3 substrate (ST160) for
a week at 1100 °C in an oxygen atmosphere with 92% '30.
This resulted in the exchange of '°0 with 'O into a depth
of approximately 100 um with an efficiency of ~90% as
confirmed by the redshift of the Raman- and IR-active
phonon modes.

For IR ellipsometry we used a homemade setup attached
to a fast Fourier-transform interferometer (Bruker 113v) as
described in Ref. [14]. In the terahertz range the ellipsome-
try was performed with a homemade setup similar to that in
Ref. [15]. The modeling of the ellipsometry data was done
with the Woollam VASE software [16]. The x-ray diffrac-
tion data were obtained at beam line PO9/PETRA III
at DESY, Hamburg, Germany, at a photon energy of
9.8 keV with a closed cycle cryostat mounted on a six-
circle diffractometer and an avalanche photodetector with
a high dynamic range. The two-point resistance measure-
ments were performed with a Quantum Design Physical
Properties Measurement System.
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FIG. 1 (color). (a) Sketch of a LAO/STO structure and the electrodes used to apply backgate voltages up to =250 V. (b) Antiphase
rotations of the TiOq octahedra that gives rise to the IR-active R mode at 438 cm™! of tetragonal SrTiOs. (c) Polar displacement of the
Ti ions along the [001],. axis showing the effect on the length and the eigenfrequency of the TiO bonds as discussed in the text.
(d), (e) IR spectra at 10 K showing the voltage dependent splitting of the R mode in LS-5.5_1. Solid lines in (d) show the y shift that has
been added for clarity. Solid and open circles in (e) mark the splitting of the R mode as discussed in the text. (f) Electric-field
dependence of the maximal splitting of the R mode. (g) T dependence of the R-mode splitting. (h), (i) Difference spectra of the
ellipsometric angles W(—250 V) — W(+250 V) and A(—250 V) — A(+250 V) measured at 10 K on LS-5.5_2 (open symbols) and
model calculations (solid lines).

Some of us have previously shown that with IR ellip-  below T, = 23 K [23,24]. Figures 2(c) and 2(d) confirm
sometry one can study the mobility and even the density  that the mode splitting is absent in ST160, which remains
depth profile of the confined electrons of LAO/STO  in a so-called quantum paraelectric state for which the
heterostructures with n = 4 [17]. Subsequently, we wanted  oxygen-isotope-induced enhancement of the lattice quan-
to investigate the electric-field effect on the confined  tum fluctuations suppresses the ferroelectric transition
electrons. To our surprise, when studying LS-5.5_1, we  [25]. In the latter, no sign of an anomaly is observed despite

observed some pronounced changes of the IR-active pho-  two additional, nonpolar structural phase transitions that
non modes that are suggestive of a polar phase transitionin  further reduce the lattice symmetry below 105 K [18,26].
a fairly thick STO layer at the LAO/STO interface. The R-mode splitting is indeed well understood in terms

Figures 1(d) and 1(e) display the IR spectra at 10 K, of a polar displacement of the Ti ions away from the center
which reveal an anomalous, electric-field-induced splitting ~ of the TiOg octahedra. Figure 1(c) shows a sketch of
of the mode at 438 cm™!. This so-called R mode involves

an antiphase rotation of the neighboring TiOg octahedra as 10 s
shown in Fig. 1(b). It originates from the R point at the _ 8,(’1 ::j o .
boundary of the cubic Brillouin zone and becomes weakly PR 1oz 2 3
IR active in the tetragonal state below 105 K [18,19] where P ] § 15 g‘-
the antiferrodistortive phase transition leads to a doubling DN e L, : L2
of the unit cell and thus a backfolding of the Brillouin e 05
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This R mode is hardly affected as V, is initially )
increased from 0 to +250 V, whereas it starts to develop 5E© ,

two side peaks at lower frequency when V, is subsequently Tg o 10K § , %

decreased to —250 V. Figure 1(f) details how this splitting 3 — - g , gL

evolves with V, and highlights its unipolar and hysteretic S G & : 1 =

behavior. Figure 1(g) displays the T dependence of the 0 =1 |

splitting at V, = —150 V, which develops below 50 K in o 4§‘1’ave“‘i‘;be‘t“(‘2mf‘i° 460 410 43;’“6‘:11‘;%142“1 jio 460

the vicinity of the avoided phase transition of the incipient

ferroelectric SrTiO; [22]. FIG. 2 (color online). (a), (b) IR spectra showing the T depen-
Figures 2(a) and 2(b) show that a strikingly similar  dence of the R mode in a SrTi'®0, single crystal with a

splitting of the R mode occurs in the oxygen-isotope- ferroelectric transition at Tcye = 23 K. (¢), (d) Corresponding

exchanged ST180 single crystal in the ferroelectric state  spectra of quantum paraelectric SrTi'0O;.
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(exaggerated) displacement along the [001], direction (in
cubic notation). The colored springs indicate the redshift
and blueshift of the eigenfrequency of the Ti-O bonds that
are caused by the respective increase or decrease of the
bond lengths. This illustrates that the polar displacement
gives rise to an anisotropic softening and thus to a splitting
of the R mode. The largest softening occurs when the light
polarization is perpendicular to the polar displacement.
The alternative case of a displacement along [110], or
[111], is discussed in the Supplemental Material [13].

The data in Figs. 1(d) and 1(e) thus are well explained by
a field-induced, polar layer in the vicinity of the LAO/STO
interface. The original peak at 438 cm™!, whose intensity
decreases while the position remains unchanged, is
assigned to the response of the paraelectric bulk of the
ST160 substrate. The two additional modes originate from
the polar STO layer at the LAO/STO interface. The grey
circles in Fig. 1(d) show a simulation of the spectrum at
V, = —250 V assuming a 1 um thick polar STO layer for
which the position, width, and relative strength of the R
modes have been adjusted while the other parameters have
been obtained from the spectrum at +250 V as described
in the Supplemental Material [13].

Further evidence for the polar nature of this transition
has also been obtained from the electric-field dependence
of the so-called soft mode, which directly involves the Ti-O
displacement that gives rise to the ferroelectric order in
STO. In paraelectric ST160 its eigenfrequency decreases
from ~100 cm ™! at 300 K to ~15 cm ™! at 10 K [27-29].
In the ferroelectric state, this soft mode is known to
exhibit a characteristic hardening as shown in in the
Supplemental Material [13] for the case of STI18O.
According to the Lyddane-Sachs-Teller relation, this hard-
ening of the soft mode is directly related to the decrease
of the dielectric constant. The THz ellipsometry data on
LS-5.5_2in Figs. 1(g) and 1(h) confirm that such a charact-
eristic hardening of the soft mode does indeed take place.
The effect is displayed in terms of the difference spectra of
the ellipsometric angles, ¥(—250 V) — W(+250 V) and
A(—=250 V) — A(+250 V) (open symbols) where it gives
rise to characteristic dip and resonance features. These are
both well reproduced by a model calculation (solid lines)
for a 1 pm thick polar layer in which the soft mode hard-
ening at V,=—250V amounts to 1.8 cm™'. Further details
and a discussion of the electric-field effect on the corre-
sponding longitudinal mode are given in the Supplemental
Material [13].

We emphasize that these characteristic phonon anoma-
lies are difficult to understand in terms of a nonpolar
distortion. For example, the gradual splitting of the R
modes cannot arise from a further increase of the unit-
cell size and a subsequent backfolding of an IR-active
phonon branch from the Brillouin-zone boundary. In this
case, the frequency of the new modes (and thus the mode
splitting) would be constant, only their intensity would

increase with the distortion. The magnitude of the
R-mode splitting of 12 cm™! at V, = —250 V is also
difficult to reconcile with a nonpolar distortion that reduces
the tetragonal symmetry. It amounts to a 2.8% reduction
of the eigenfrequency w, which should result in a change
of the Ti-O bond length, dr;_g, of ~1% (because @ = 1/d>
[30]). For the polar distortion the lattice constant is hardly
affected because one Ti-O bond is shortened and the
other expanded. However, for nonpolar and thus symmet-
ric distortions this would result in a 1% change of the
lattice constant that is not compatible with our x-ray dif-
fraction data.

Figures 3(a)-3(d) display k-space maps around the (002)
Bragg peak of SrTiO; at different gate voltages and tem-

peratures. These data and additional scans around the (103)

and % %) Bragg peaks (not shown) are not compatible with

the shift of a significant part of the main Bragg peak by
about 0.01 r.l.u. (where r.l.u. is reciprocal lattice units) that
would be expected for nonpolar distortions as discussed
above. The k-space maps show instead that two new sat-
ellite peaks develop at 7= 10K and V, = —250 V.
These are characteristic signatures of a domain state that
develops in response to the polar order. Their spacing of
AQ = 0.0063 r.l.u. with respect to (002) signifies a struc-
tural modulation with a period of ~60 nm parallel to the
LAO/STO interface with a preferred [110]. direction. It
was previously shown [31,32] that such superlattice peaks
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FIG. 3 (color online). Field-induced satellite Bragg peaks in
the polar domain state of LS-5.5_1. (a), (b) Electric-field depen-
dence of the k-space map around the (002) Bragg peak of
ST160 at T = 10 K. White arrows mark two new satellite
peaks that appear at V, = —250 V at (hk2) and (hk2), where
h = 0.004 and k = 0.005. (c)-(e) T dependence of the satellite
peaks at V, = —250 V in comparison with the R-mode splitting
observed at V, = —150 V.
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typically occur in ferroelectric thin films where they arise
from antiphase stripe domains with an alternating polariza-
tion direction. In LAO/STO, the normal component of the
unipolar order likely remains parallel to the applied electric
field. The satellite peaks thus may arise from an alternation
of the in-plane component of a tilted polarization or else
from a modulation of the amplitude of the normal compo-
nent. The observed domain size of ~60 nm at a layer
thickness of 1 wm is roughly consistent with the trend
reported in Ref. [32]. Figures 3(c)-3(e) show the T depen-
dence of the satellite peaks that disappear around 50 K,
similar to the splitting of the R mode.

This raises questions about the origin of this electric-
field-induced unipolar order and its relationship to the
localization of the confined electrons. SrTiOjs is an incipi-
ent ferroelectric material for which the correlation length
starts to diverge below ~50 K but long range order is
inhibited by the quantum Ilattice fluctuations [22,25].
Despite the thickness of the polar layer of ~1 um at
—250 V, the polar order thus may originate from the
LAO/STO interface. A built-in electric field that is point-
ing toward the STO substrate likely plays an important
role. It arises from the electronic and structural reconstruc-
tion at the interface and yields the band bending and the
potential that confines the mobile electrons. Such a local
field accounts for the unipolar nature of the order and
explains its onset at a positive gate voltage [see Fig. 1(f)].
A corresponding lattice polarization in the first few STO
monolayers has been predicted [33,34] and observed with
surface x-ray diffraction [35] and transmission electron
microscopy [36]. The lattice distortion and the underlying
local electric field were shown to increase as the LAO
thickness grows from n = 2 to 5 [35]. In good agreement,
we find that the field-induced splitting of the R mode is
significantly smaller for LS-3_1 and is absent in a control
device for which a thin Ti electrode is deposited directly on
SrTiO; (for details see the Supplemental Material [13]).

It seems unlikely that the confined electrons are playing
an active role in the polar phase transition. The polarity of
the electric order yields a negative ionic charge density at
the LAO/STO interface for which the interfacial electrons
cannot stabilize the order by screening the external electric
stray field. On the other hand, the field-induced metal-to-
insulator transition of the confined electrons may well be
triggered or even driven by the development of the polar
order. The latter reduces the polarizability of the lattice and
thus its ability to screen defects that eventually localize the
confined electrons.

Figure 4 reveals that the formation of the polar order
and the rapid increase of the resistance of the LAO/STO
heterostructure are indeed correlated. Figures 4(a) and 4(b)
show that the voltage dependence of the resistance changes
around 50 K. At higher T the resistance exhibits a weak,
linear increase toward negative V,. Below 50 K, the resist-
ance starts to increase much more rapidly and exhibits a
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FIG. 4 (color online). Resistance versus gate voltage deter-
mined with a two-point measurement. (a), (b) R-V curves show-
ing the change from a metallic regime at 80 and 150 K to the
localization regime below 50 K. (c) Comparison of the voltage
loops at 10 K on LS-5.5_1, the resistance, and the splitting of
the R mode. (d) T dependence of the field-induced increase
in resistance, R(—250 V) — R(+250 V)/R(+250 V) (solid
circles), the R-mode splitting (open circles), and the intensity
of the x-ray satellite peaks (open squares).

hysteretic behavior. Figure 4(c) compares the voltage loops
of the resistance at 10 K with the splitting of the R mode as
a measure of the polar order. It confirms that the field-
induced electron localization occurs in close vicinity to the
polar transition. Finally, Fig. 4(d) shows that the charge
localization also develops below 50 K. This comparison
suggests that the field-induced localization of the confined
electrons is strongly influenced or likely even directly
induced by the polar order.

In conclusion, we obtained evidence that the electric-
field-induced localization of the confined electrons in
LAO/STO heterostructures is induced, or at least strongly
enhanced, by a polar phase transition in a fairly thick
(~1 wm) SrTiO; layer at the LAO/STO interface. In
particular, we showed that the charge localization and the
polar order occur in the same voltage and temperature
ranges and exhibit similar, unipolar hysteresis loops. Our
findings suggest that this polar order and the subsequent
reduction of the Coulomb screening need to be considered
for the interpretation of electric-field-induced localization
transition of the confined electrons.
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