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In this work we investigate the SrTiO3(110) surface
by reflectance anisotropy spectroscopy (RAS) at vary-
ing preparation steps including ex-situ wet etching, high
temperature oxygen annealing, as well as in-situ vacuum
annealing. Different surface terminations show distinctly
different RAS spectra which are correlated to an altered
surface stoichiometry measured by X-ray photoelectron
spectroscopy (XPS) and an altered valence band struc-
ture measured by UV-photoelectron spectroscopy (UPS)
in cases of conductive samples.

We link the changes in the observed RAS spectra to var-
ious surface reconstructions, with particular focus of the
signature of (3x 1) and (1 x4) reconstructed surfaces, and
a metallic surface state observed in vacuum annealed
SI‘TiOg.

1 Introduction Strontium titanate (SrTiOg3) is an ox-
ide of perovskite crystal structure with increasing impor-
tance as a substrate for heteroepitaxy and superlattices of
multiferroic, perovskite oxides [1]. One particular inter-
esting aspect is the formation of a quasi-two-dimensional
electron gas (Q2DEG) at the interface of insulating SrTiO3
and LaAlOg [2]. This hetero interface has been widely in-
vestigated in recent years and has shown to have even su-
perconducting properties [3—-5]. While most of these stud-
ies have been performed on (001) surfaces the formation
of this Q2DEG has also been seen on (110) surfaces [6,
7]. In all cases the treatment of the SrTiOg3 substrate is a
critical step and can influence the interface structure in any
hetero-epitaxial system.

For these reasons we started investigating the optical
anisotropic response of the SrTiO3(110) surface by re-
flectance anisotropy spectroscopy (RAS). RAS is a versa-
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tile tool, sensitive to surface and interface structures, pro-
viding the underlying bulk material is optically isotropic
within the plane of incidence [8]. As such RAS has the
potential to measure the formation of the Q2DEG in-situ
during the heteroepitaxy, as both SrTiOs and LaAlO3 are
wide bandgap materials and the response from the Q2DEG
is expected to occur in the infrared spectral region [9].
IR-ellipsometry has already confirmed that the Q2DEG
LaAlO3/SrTiO3(110) shows inherent anisotropies in terms
of the electron mobilities along the [001] and [110] direc-
tion [7].

As a first step towards such an experiment, here we
investigate the RAS spectra of the SrTiO3(110) surface
prepared by different methods, including ex-situ chemi-
cal cleaning, annealing in oxygen atmosphere and in-sifu
vacuum annealing. We will show that differently termi-
nated SrTiO3(110) surfaces have distinctly different RAS
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spectra, dominated by surface modified bulk states above
the SrTiO3 bandgap, and in case of a vacuum annealed
SrTiO3(110)-(1x4) reconstructed surface a strong infra-
red response originating from a metallic surface state.

2 Experimental details Undoped SrTiO3(110) sin-
gle crystal substrates (MTI Corp.) were used throughout
this study. All samples had no nominal offcut, minimising
step contributions, and were single sided polished, elim-
inating any contributions of back surface reflections in
RAS and ellipsometric measurements. Preparation condi-
tions were varied to investigate different surface termina-
tions. These include ultrahigh vacuum (UHV) annealing
of as-received samples and samples pre-annealed at 950°C
in air. In a third set additional chemical cleaning in water
(80°C), HCI(37%):HNO3(67%) 3:1 mixed etchant [10],
followed by pre-annealing at 950°C in air and subsequent
UHYV annealing steps was investigated.

RAS spectra have been recorded at each preparation
step with two in-house built system following the Asp-
nes design [11]. One system with a broad spectral range
of 0.35-5.5eV was used primarily for studying ex-situ
surface preparation. A second more compact system was
used for in-situ measurements in the spectral range of 0.8-
5.2eV. Details on the two spectrometers are found in [12]
and [13] respectively. Residual instrumental anisotropies
from polariser nonidealities and strain related signals from
UHYV windows have been numerical removed by subtract-
ing averaged zeroline signals from isotropic MgO(001)
and Si(111) reference surfaces. There is a remaining un-
certainty in the zero line of 0.2x 103 due to sample align-
ment reproducibility and this error is indicated as error
bar on the zero line in all figures. The instruments energy
resolution is 0.02eV, estimated by the measured width
of sharp xenon emission lines in the lamp’s spectrum. In
terms of RAS sign and sample orientation, we define Ar/r
as 2(ry39 — ro01)/ (170 + T001)-

Low energy electron diffraction (LEED) patterns, X-
ray photo-electron and UV-photo-electron spectra (XPS,
UPS) have been recorded in an Omicron MultiProbe-XPS
system using a monochromated Al-Ka and a He(I) UV-
lamp. All SrTiO3(110) samples were insulating prior to
UHYV annealing and XPS measurements were performed
using a low energy electron flood gun (CN10) for charge
compensation. In these cases LEED and UPS measure-
ments are missing due to sample charging issues.

In-situ sample annealing was performed initially on a
resistive heat stage, using flat Ta-plates with a sample held
in place by Ta-strips spot welded onto the plate. As the
sample surface temperature was limited to 850°C a sec-
ond sample holder was constructed with a cut-out for the
SrTiO3 sample, which was than clamped into the holder
by a Ta circlip. This design allowed for a better thermal
contact of the sample to the sample plate and more effi-
cient radiative heat transfer from the heater to the sample
itself. UHV annealing for 1h in the second case resulted in
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similar surface reconstructions as previously seen for short
flash anneal cycles of up to 1400°C [14-16]. To prepare for
future scanning tunneling microscopy work (STM) and in-
vestigate if the heating ramp rate influences results, a final
set of UHV-annealing steps of a chemically etched sample
was carried out in a Createc STM chamber with an e-beam
heater. Specifically the onset of the formation of bulk oxy-
gen vacancies and their influence on the RAS spectra was
investigated by UHV annealing in steps of 100 K between
500 and 1100°C. In a final set of measurements the sam-
ples went through three additional sputter/anneal cycles us-
ing Ar-ions (0.6kV, 1x 10~5 mbar for 20 min and 500°C
anneal for 20 min) prior extended UHV annealing in or-
der to compare our sample surfaces with previous reported
surface preparations [15].

Table 1 summarises the various treatments, lists the re-
construction observed based on their LEED pattern, as well
as gives each preparation a unique naming identifier to be
used in the figures showing the corresponding RAS spec-
tra.

3 Results The aim of this study was to investigate the
surface optical anisotropy of well defined SrTiO3(110) sur-
faces. One difficulty is that the (110) surface is less stud-
ied than the (001) surfaces and that a wide range of sur-
face reconstruction has been observed depending on prepa-
ration conditions [14,15,17]. Generally the observed sur-
face reconstructions can be classified into two categories;
The first is the relatively well understood (nx1) family
(2<n<6) found under oxidising conditions [15,18]. These
surfaces are believed to be titanium rich, originating from a
long range order of TiO2 corner sharing tetrahedra on top
of subsurface TiOy octahedra with various row spacings
[18].

Other surfaces formed under other conditions includ-
ing high temperature UHV annealing, sputter annealing
cycles or Ti and Sr adsorption include (2x5), (3x4),
A4x4), (4xT), (6x4), c(2x6) reconstructions [14,15,17,
19]. Their individual nature however is much less under-
stood. Due to the restriction of our experimental setup,
we will only discuss surface reconstructions found by in-
situ UHV annealing from 500 to 1100°C with differing
substrate pre-cleaning procedures.

3.1 Direct surface de-oxidation As a first step the
direct surface decontamination by UHV annealing was in-
vestigated by XPS and RAS (see Fig. 1). As-received sam-
ples already show a distinct RAS spectra with a char-
acteristic minima and maxima 3.85eV and 4.45eV. As
any significant RAS signal occurs above the band gap of
SrTiOs, the anisotropy of the as-received sample is inter-
preted as the result of the surface induced anisotropy of
any cubic (110) surface [11]. The intrinsic anisotropy of
the (110) surface unit cell, combined with potential electric
field gradients, strain gradients, coherent uniaxial strain,
or localised surface states can all induce a small optical
anisotropy in an otherwise optically isotropic material. A
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Table 1 Overview of the different sample preparations and achieved surface terminations (from LEED). The ID will be
used in the following to refer to individual samples, the color of the ID corresponds to the color of the RAS spectra in
Figures 1-5. Vacuum annealing was done in UHV conditions (below 1x 10~ mbar). Conditions which resulted in a single
domain surface have been highlighted.

1D Preparation LEED Contaminants
No pretreatment, sample as received from supplier
S1-asreceived as received too insulating ~ C, OH
S1-vac500 500°C UHV annealing, 1h, <1x 10~ mbar 2x1),c(2x2) C
S1-vac800 800°C UHV annealing, 1h, <1x10~° mbar c(2x2) C
Sample annealed in air at 950°C for 2h prior loading into the UHV chamber
S2-air950 as loaded too insulating  residual C

S2-air950-vac500

500°C UHV annealing, 1h
750°C UHV annealing, 1h, <1x10~° mbar

3x1)
Bx1),(1x4)

Sample etched at 75°C in HC1(37 % ):HNO3(67 %) 3:1 mixed acid and annealed in air at 950°C for 2h

S3-chem as loaded too insulating  residual C
750°C UHV annealing, 1h, <1x 10~ mbar (1x4),(3x1)
S3-chem-vac850 850°C UHV annealing, l1h, <1x10~% mbar (1x4), 3x1)
S4-chem as loaded, repeat of S3-chem on new sample too insulating
S4-chem-vac500 500°C UHV annealing, 1h, <1x10~° mbar (1x4), 3x1)
S4-chem-Ar-vac1100 3 X Ar sputter/anneal cycle, final UHV anneal at 1100°C, 1h (1x4)
specific additional modifications to previous samples
S5-chem Repeated chemical etch and air anneal of sample S3-chem-vac850  too insulating
500°C UHV annealing, 1h, <1x10~° mbar (1x4),(3x1)
S5-chem-vac1000 1000°C UHV annealing, 1h, <1x 10~ mbar (1x4),3x1)
exposure of sample S5-chem-vac900 to air disordered
S5-exposed-vac500 500°C UHV annealing, 1h, <1x 10~ mbar (1x4),3x1)
0 . . E_E A A 20 — 4 ; 4 : .
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Figure 1 (a) RAS spectra of an as-received SrTiO3(110) sample (-s+) and after subsequent UHV annealing for 1h at
500°C (—) and 800°C (--=). The gray curve (----) estimates the strain induced anisotropy using equation (3). Annealed
samples were conductive enough to take LEED images showing a weakly ordered (2 1)/c(2x2) pattern. (b) XPS data for
the as-received and 500°C UHV annealed sample showing a removal of hydroxide groups.

strain related RAS signal, typically creates structures in the
vicinity of a materials bulk critical points. The relationship
between the bulk dielectric function and RAS structures
have been extensively discussed in terms of bulk strain,

but also surface and step induced strain in silicon [20,21].
For the Si(110) surface the resulting spectra are found to
be combinations of strain and other effects, and also hy-
drogen can play a crucial role [11,22,20]. For the SrTiO3

Copyright line will be provided by the publisher



Karsten Fleischer et al.: Optical anisotropy of SrTiO3(110)

surfaces investigated here, no detailed calculation on the
optical properties of various surfaces, nor detailed adsorp-
tion studies exist. Hence we can only discuss spectra with
qualitative models, in particular the possible effect of sur-
face induced strain. Within a crude strain model, one can
simulate the spectral shape of such strain induced struc-
tures via the three layer model [23] by equating the surface
dielectric anisotropy with the first derivative of the bulk di-
electric function multiplied by an estimate of the thickness
of the strained region

d€b
d(EI — Ey) = dAES =~ d@ (1)
With the three layer model for RAS:
Ar  Amidey — gy
roA

2

Eb—l’

the strain contribution in the measured RAS can then be
simulated using the expression for Re(Ar /r) from [8]:

Ar. Ard [ (e1— 1)de2 _ opder
Re(5H) =75 ( G -17+23 ®

The bulk dielectric function of the SrTiO3 (g, = €1 + i€2)
was measured by ellipsometry (Sopra GESPS5) on the same
crystal as RAS measurements have been performed. The
result of this simulation is shown in Fig. 2, using a value for
d of 12 nm. The latter was chosen to reproduce the ampli-
tude of the minimum structure at 3.9 eV. The simple strain
models shows some similarities with the measured struc-
ture, particularly just above the direct band gap of SrTiO3
at 3.7 eV. However it fails to describe the structures at other
transitions, such as the indirect gap at 3.25eV and higher
energy transitions (A;, As). There are also considerable
variations in the reported dielectric function of SrTiO3 due
to the ternary nature and variations in oxygen stoichiom-
etry in bulk crystals [24]. Here we use the terminology to
label transitions following the work of van Benthem et al.
[24], while the energetic positions have been determined
by analysing the second derivative of ellipsometric mea-
surements of the bulk crystals used in this work. They are
found to be broadly consistent with those in [24], giving an
indirect gap E; = 3.29eV; direct gap E4 = 3.70eV; tran-
sition A; = 4.21eV; and transition Ay = 4.76 eV. These
energies are included as vertical lines to guide the eye in
all shown RA spectra.

The insulating nature of the as-received sample does
not allow for a measurement of any LEED pattern to anal-
yse any residual coherent surface symmetry. UHV anneal-
ing at 500°C creates enough bulk oxygen vacancies to
prevent sample charging and a weak LEED pattern is ob-
served. However the (2x1) LEED pattern is not well de-
fined with a superimposed c(2 % 2) structure. XPS measure-
ments reveal significant remaining carbon contamination,
with the only substantial change being the removal of a sec-
ond component in the O 1s core level typically associated
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with the presence of hydroxide or carbonate groups in the
surface region [25,26]. The RAS spectra however clearly
change, with a change of the prominent 4.45 eV maxima.
Further annealing of this surface to 800°C for an hour did
not lead to a significantly better ordered surface, although
dominated by a weak c(2x2). The RAS shows a further re-
duction in intensity around 4.5eV and a broad minimum
within the band gap, indicating an increase in point de-
fects within the surface region. To our knowledge, a c(2x2)
structure has not been previously investigated, but the sur-
face was not well ordered, and a significant carbon con-
tamination remained. Hence further substrate pre-cleaning
steps have been investigated.

3.2 ex-situ surface pre-cleaning

3.2.1 950°C air annealing Previous reports on air or
oxygen annealed SrTiO3(110) surfaces, lead to the fam-
ily of (nx1) reconstructions. Temperatures in the range
of 900-1000°C and annealing times of 30 min to several
hours have been used [14,15]. For this work we used am-
bient air annealing at 950°C for 2h. After this procedure
the substrates remain fully insulating and LEED patterns
(see Fig. 2) were only seen after further UHV annealing at
500°C. There are, however, no significant changes in the
RAS spectra before and after this gentle UHV annealing,
indicating the only change in the sample is a change in bulk
conductivity, but not the surface termination. We can there-
fore conclude that 950°C air annealing leads to a single
domain (3x 1) surface with a RAS spectra characterised by
a sharp minima at 3.90 eV and strong positive signal in the
UV above 4.5 eV (Fig. 2a, —). The RAS spectra of 500°C
UHYV annealed samples without any pre-treatment (Fig. 1a,
—) are very similar to those, consistent with the analysis
of Enterkin et al. [18] that the (nx 1) reconstructions (n=1-
6) are all related. Indeed there is very little difference in the
RAS of the sharp (3% 1) and the mixed (2% 1)/c(2%2) sur-
face (S2-air950-vac500, S1-vac500). Only the level around
the A; transition differs. Both spectra show the character-
istic minima at 3.9 eV, just above the direct gap F,. As
previous STM work and DFT studies for the (3x 1) show a
distinct row structure [15,18], and the RAS fine structure
within the rising slope in the UV is reproduced by the sim-
ple strain model, the RAS of these two surfaces is likely
to be dominated by the anisotropic strain of the row recon-
struction to the underlying SrTiO3 bulk.

In the case of the air annealed samples, further anneal-
ing in UHV at higher temperatures lead to a blurring of the
(3x1) reconstruction and appearance of weak (1x4) spots
suggesting a coexistence of a (3x1) and (1x4) termina-
tion. This termination has been previously referred to as
”(3x4)” LEED pattern [14] and it was already suggested
by STM studies of Russeller al. [15] that these related to
two different terminations coexisting. In terms of the RAS
spectra the appearance of the (1x4) spots is accompanied
by an intense maxima minima structure at the A; and A,
transitions. In the following we will show that modifica-
tions of our heating stage, combined with chemical pre-
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Figure 2 (a) RAS spectra of a SrTiO3(110) sample (++++) after air annealing and subsequent UHV annealing for 1h at 500°C

(—) and 750°C (

). The gray curve (----) estimates the strain induced anisotropy using equation (3). (b) RAS spectra

of an air annealed sample which was pre-etched by an HCI(37%):HNO3(67%) 3:1 mixed acid (----) and further stepwise

annealed at 750°C (
images were taken for the same surfaces at 60 eV.

treatment allows for the preparation of a almost single do-
main (1x4) reconstructions and we will discuss its details
in the following section.

3.2.2 Chemical etching plus air anneal For (001)
substrates Kareev et al. reported that a chemical pre-
cleaning method employed prior air annealing can result
in a smooth, well ordered TiO, terminated surface [10].
We therefore investigated the effect of this method on
the RAS spectra of SrTiO3(110). Substrates are kept for
20 min in a deionised water bath at 80°C followed by a
10 min etching in HC1(37%):HNO3(67%) 3:1 mixed acid,
deionised water rinse, and final Ny blow drying. All chem-
ical cleaning steps were done in ambient light. Following
this procedure the same 2h ambient air anneal was per-
formed as for the previous samples. RAS spectra after the
final air annealing show clear differences to those with-
out chemical pre-treatment. The spectra is dominated by
a large maximum around 4.4 eV in the vicinity of the A;
transitions. The minimum structure, dominating the (3x 1)
and (2x1) RAS is still present, though less dominant due
to the much larger maximum at 4.4eV (please note the
significant change in scale between Fig. 2a and b).

In contrast to previous samples, those pre-etched in
the HC1(37%):HNO3(67%) 3:1 mixed acid already show a
mixed (3x 1)/(1x4) terminated surface after the initial gen-
tle 500°C UHV anneal to increase the sample conductiv-
ity. RAS spectra before and after this 500°C anneal, again,
only show small changes (see Fig. 3 C,D) likely related to
desorption of physisorbed carbon residues (see also XPS
data in Fig. 4) rather than alterations of the surface recon-
struction. It is therefore likely the mixed (3x1)/(1x4) re-
construction is already present prior any UHV annealing.

Upon UHYV annealing above 600-700°C the relative in-
tensity of the (3x1) spots gets weaker compared to the

), 850°C (—), and finally after combined Ar ion etching and 1100 °C anneal (---). The LEED

T T T T T
A —— S3-chem (1st)
Beeeoee S3-chem (2nd)
C----S85-chem
D S5-chem-vac500

Re(Ar/r) (10°9)

photon energy (eV)

Figure 3 Comparison of RAS spectra after alternating
etch/air anneal cycles (A, B), and an etch/air anneal cycle
after previous UHV anneal, illustrating the variation in the
RAS spectra caused by differences in the resulting (3x1)
to (1x4) area ratios and overall surface order. Spectra D is
was taken after 500°C, showing within the variations the
same RAS spectra. For this sample LEED measurements
have been possible (image shown in Fig. 2, «««) illustrating
that etch/air annealed surface have a mixed (3x1)/(1x4)
termination.

(1x4) spots, indicating a change in the area ratios of the
two reconstruction. The RAS spectra for all these samples
are linear combination of the (3x 1) spectra and the (1x4)
spectra with varying ratios, complicating the analysis sig-
nificantly.

The (1x4) contribution in all cases has a characteris-
tic strong maxima/minima structure at 4.2/5.0 eV. With in-
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Figure 4 UPS and XPS data for a etched and air annealed
sample (---), followed by subsequent UHV annealing at
750°C (---+), and 850°C (—). The creation of oxygen va-
cancies leads to an increased bulk conductivity, alterations
in the Ti oxidation state with spectral weight for Ti** and
Ti%* increasing. This is correlated with the formation of a
metallic defect band seen in UPS spectra (inset).

creasing temperature the relative contribution of the (1x4)
termination increases, but LEED images also start to blur
and an additional minima RAS-structure at 1.4 eV evolves
within the SrTiOs bandgap. The latter is not directly pro-
portional to the (1 x4) area but is also seen for the more dis-
ordered c(2x2) reconstruction. The below bandgap RAS
features will be discussed separately below. The RAS fea-
tures above the bandgap can now be understood as lin-
ear combinations of the (3x1) RAS spectra (S2-air950-
vac500) and the (1x4) (S3-chem-vac850) with varying ra-
tios between (3x 1) and (1 x4) contributions.

3.3 Below bandgap RAS structures For all high
temperature annealed surfaces (17'>700°C) there is a non-
negligible RAS minima developing in the 1.2-1.6eV re-
gion. It initially manifests as a minimum but as it increases
amplitude is also accompanied by a sharply rising slope
towards the IR and we expect the signal to rise further be-
low 0.8 eV. We link the appearance of this infrared signa-
ture with the formation of a substantial number of oxygen
vacancies within the sample, creating defect states respon-
sible for a) an effective doping of the material with elec-
tron accumulation at the surfaces and b) for mid-gap states
leading to non vanishing absorption below the band gap,
and hence new features in this range. Indeed an absorption
feature at 1.3 eV seen in SrTiO3 homoepitaxial thin films,
grown in oxygen poor conditions was linked to the forma-
tion of Sr-O-O vacancy complexes [27]. Already the bulk
conductivity of SrTiOj3 itself has been related to oxygen
vacancy formation [28]. Recently it was shown that oxy-
gen vacancies in SrTiO3 cluster into vacancy rows along
the [001] direction [29]. It is reasonable to assume that the
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formation of oxygen vacancies is therefore linked to the
appearance of the infrared related RAS features, and pos-
sibly even be related to the formation of the (1x4) recon-
struction itself, in the same way as ordered surface or sub-
surface oxygen vacancies have been found in other surface
reconstructions of transition metal oxides such as TiO5 and
Fe304 [30—32]

Figure 4 illustrates that the appearance of the IR struc-
ture in the RAS correlates with the appearance of defect
states close to the Fermi edge and changes in the Ti 2p
core level indicating an increase in Ti3t and Ti?t sites,
but no metallic Ti® [28]. For annealing steps up to 850°C
the creation of the oxygen vacancies does not directly alter
the surface termination, except for a slight decrease in the
(3x1) spot intensity, but creates defect states and free car-
riers within the SrTiO3 and increased surface disorder seen
by the blurring of LEED spots. The change is significantly
more dramatic in the RAS spectra, where the response be-
low 2 eV is substantially altered, even if the defect state in
the UPS spectra is still very small. In Fig. 4 a square root
scaling of the normalised counts has been used to illus-
trate the defect band is present for the 750°C annealed sur-
face as it is significantly smaller than for further annealing
steps. In contrast the RAS amplitude for the same surface
at 1.4 eV is already comparable to those of further anneal-
ing steps. As RAS measures the ratio of the difference in
dielectric response for the [110] and [001] direction nor-
malised by the average bulk response it is difficult to di-
rectly interpret RAS amplitudes in a quantitative manner,
as an increased density of oxygen vacancies, and increased
sample conductivity will also alter the bulk reflectivity of
the sample. However qualitatively it is clear that the RAS
is very sensitive to the formation of the oxygen vacancies.

The presence of a near surface electron gas or metal-
lic surface states, as clearly seen in the UPS data, is also
expected to directly lead to a free electron like response
in the infrared region of any optical spectra. For RAS
measurements, in contrast to simple reflectance measure-
ment, such a free electron response can create an appar-
ent minimum in the difference structure related to e, — g
even if both €, and ¢, are rising monotonically towards
the IR [9]. The simulation in Fig. 5 illustrates a possible
line shape for such a free electron response using equa-
tion (2), and two Drude dielectric functions for €, and ¢,
with the same plasma frequency but anisotropic scatter-
ing rates. The simulation is only indicative, as the spectral
range was not wide enough for any form of quantitative
fits, however a three times higher mobility for the [110]
(here x) compared to the [001] direction was used, con-
sistent with the experimentally found mobility anisotropy
in the SrTiO3/LaAlO3(110) interface [7]. The observed
RAS structure is however most likely a combination of an
anisotropy in the polarisability of the near surface oxygen
vacancy related mid gap states and the free carrier contri-
bution.
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Figure 5 RAS spectra and LEED image of a 1000°C UHV
annealed surface prior (=) and after (---) air exposure.
Subsequent annealing at only 500°C (---) fully recovers
the original structure. The simulation (----) illustrates a
possible free electron contribution to the overall RAS sig-
nal.

One aspect to consider is that pre-etched surfaces an-
nealed at 500 and 1000°C have very similar LEED pat-
terns, indicating no change in surface termination, but
show significantly different infrared RAS responses. This
suggests that the infrared RAS signal is more likely to orig-
inate from bulk oxygen vacancies rendering the SrTiOg
conductive rather than direct surface alterations. In this
case either the surface induced strain gradient leads to an
anisotropic signal in the near surface bulk area, or carriers
accumulate at the surface in a quasi two-dimensional sheet
and we observe an anisotropy in the 2D carrier mobility
due to the anisotropic surface termination.

In an attempt to distinguish if the infrared RAS signal
originates from the surface layer or a near surface strained
bulk, samples have been exposed to air and remeasured.
As seen in Fig. 5, air exposure almost fully quenches the
RAS minima at 1.4eV. As at the same time the RAS am-
plitude in the UV even increases, we can conclude that the
surface termination induced strain is still present. The dis-
appearance of the IR response then indicates that it orig-
inates from the topmost layers and not from an extended
near surface bulk-like area as the UV-RAS. Upon gentle
annealing at 500°C the RAS almost fully recovers. As at
similar annealing conditions on samples without any bulk
conductivity (see Fig. 3) no infrared signal is created, we
do not create new oxygen vacancies, but rather remove ph-

ysisorbed species and reveal the underlying original recon-
struction, while recovering the electron accumulation layer
in the top surface.

4 Conclusions We have illustrated that RAS mea-
surements on SrTiO3(110) surfaces are sensitive to the
surface reconstructions and the formation of a quasi two-
dimensional electron gas present in UHV annealed sam-
ples. Different surface treatments alter the surface order,
indicated by different RAS spectra. We were able to pre-
pare two different single domain surface terminations,
a (3x1) and a (4x1) reconstruction with distinct RAS
spectra (see abstract figure). Samples directly annealed
in air result in a single domain (3x1) seen after moder-
ate subsequent UHV annealing, while samples pre-etched
in HCI:HNO3; mixed acid already show a (3x1)+(1x4)
mixed surface, likely related to preferential Sr removal
by the etching. High temperature annealing of the latter
surface can significantly increase the (1 x4) domain. Most
surface termination related changes in the RAS spectra
occur in the UV above the SrTiO3 bandgap, indicating that
surface induced strain is contributing to the RAS signal.
In contrast the infrared signal, related to the electron gas
and oxygen vacancies, is surface localised, with RAS be-
ing even more sensitive to its formation than UPS. This
is encouraging for future work on SrTiO3/LaAlOj3 inter-
faces, as in contrast to electron based techniques it can
be employed in-situ during the growth of the heterostruc-
tures and can be employed to measure the properties of
the interface localised electron gas while it is formed. This
is particular critical as typical growth conditions for the
SrTiO3/LaAlOj3 interface exceed 750°C, above the on-
set temperature for the formation of a significant number
of oxygen vacancies [7,6]. This is typically mitigated by
a sample cool down at higher oxygen pressures (up to
200mbar), which was not possible in our system.
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