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ABSTRACT

Strontium titanate (STO), with a wide spectrum of emergent properties such as ferroelectricity and
superconductivity, has received significant attention in the community of strongly correlated
materials. In the strain-free STO film grown on SrRuOjs buffer layer, the existing polar nanoregions
can facilitate the room temperature ferroelectricity when STO film thickness approaches 10 nm.
Here, we show that around this thickness scale, the freestanding STO films without the influence
of substrate show the tetragonal structure at room temperature, contrasting to the cubic structure
seen in bulk form. The spectroscopic measurements reveal the modified Ti-O orbital hybridization
that causes the Ti ion to deviate from its nominal 4+ valency (3d° configuration) with excess
delocalized 3d electrons. Additionally, the Ti ion in TiOs octahedron exhibits an off-center
displacement. The inherent symmetry-lowering in ultra-thin freestanding films offers an
alternative way to achieve tunable electronic structures that are of paramount importance for future

technological applications.



TEXT

Bulk strontium titanate (SrTiOs;, STO) is a quantum paraelectric insulator that exhibits an
antiferrodistortive structural transition from high temperature cubic phase (Pm3m) to low
temperature tetragonal phase (P4mm) around 105 K. Accompanying this structural transition is
the softening of zone-center transverse optical (TO) phonon responsible for the ferroelectricity
(FE) in other titanates like PbTiO3 and BaTiOs. But unlike these titanates, the quantum zero-point
motion in STO prohibits the Ti ion from staying at an off-center position in TiOs octahedron,
causing the dielectric constant to deviate from the Curie-Weiss law below 36 K and suppressing
the ferroelectricity down to the lowest temperature.!> With decades of research on its properties
and perfection in its growth, STO has become one of the most widely used materials in oxide thin
films and heterostructures.>* These thin films and heterostructures have attracted great attention
because of the emergent properties found at the interfaces.>® Examples such as the electric-field
tunable two-dimensional electron gas (2DEG), magnetism, and superconductivity at the interface
of insulating LaAlO; and TiO>-terminated SrTiOs,’-!! the interfacial charge modulation in
LaTiOs3/SrTiOs heterostructure,!>!3 the enhanced superconductivity in monolayer pnictide grown
on STO (FeSe/SrTi03),'*!5 to name a few, demonstrate the rich structural and electronic
reconstructions.!®17

The strong tendency for inducing these properties in STO-based thin films and heterostructures
is partly related to the structural instability of STO itself. Even for STO film alone, it has been
shown that using external strain, electric field, oxygen vacancies, and oxygen isotope can suppress
quantum frustration and stabilize the incipient ferroelectricity.!®-23 Applying strain also enhances
the dilute superconductivity in STO.?*?> Moreover, depending on the growth condition that varies

the concentration of oxygen vacancies, there are reports of bulk and/or surface conducting



carries.?®2® These studies are all performed on STO bulk and thin films grown on strained or
unstrained substrates (using a SrRuOj3 buffer layer in between the STO and growth substrate) that
are subjected to extrinsic modifications. There is a report of room temperature ferroelectricity
facilitated by the polar nanoregions (PNR, presumably from the antisite Ti due to the Sr deficiency)
in the so-called unstrained STO film when the film thickness approaches 10 nm;?! however, the
influence of buffer SrRuOs layer through the bridging oxygens, this unique length scale, and the
nature of this Sr deficiency are overlooked. Here, we report that by simply reducing the thickness
of pristine, insulating STO in the form of freestanding films (without the growth substrate) below
20 nm, the STO will attain the tetragonal structure at room temperature with bulk-like Ti 3d carries.
This thickness scale is comparable to that of the PNR.2!

The freestanding STO films (STO-FS) with thickness varying from 80 nm down to 5 nm were
fabricated using the pulsed laser deposition (PLD) technique. The fabrication process is illustrated
in Figure 1(a) and the details are listed in Supplementary Information (SI). Atomic force
microscope (AFM) images of a 20 nm thick STO-FS taken before (Figure 1(b)) and after (Figure
1(c)) the freestanding treatment show the negligible change in topography and root-mean-square
roughness (0.257 nm before and 0.299 nm after the treatment), affirming the preservation of film
surface quality. We used x-ray diffraction (XRD) to determine the film thickness and room
temperature in-plane (a-axis) and out-of-plane (c-axis) lattice constants. Figure 1(d) shows the
XRD 6-26 scan along the pseudo-cubic (O0L). direction. As film thickness decreases, the (002).
Bragg peak and Kiessig fringes broaden progressively. There is a visible shift in the (002). Bragg
peak position when the film thickness is 5 nm (red curve), which corresponds to an elongated c-
axis. In the meantime, the azimuthal scan about (013). peak shows a four-fold symmetry with a

contracted a-axis (see Figure S1 in SI). Thickness-dependent lattice constants summarized in



Figure 1(e) reveal that, unlike bulk STO, the STO-FS loses its cubic structure at room temperature
and becomes tetragonal when its thickness is 5 nm. Limited by the available data, we can only
infer that the onset of room temperature tetragonality is in between 5 nm and 20 nm. Lowering the
crystal symmetry from Oy to Dy alters the electronic structure of Ti ion in TiOg octahedron, which
can be further examined by x-ray spectroscopies.

(a)

STO thin film (b) Before freestanding - - : : .
sacrificial layer s . : T S (d) T
% 23 ¥ 950 pm L i 80nm |
; — 40 nm
single crystal r : — 20 nm
substrate v 5nm

Intensity (arb. units)

‘_? 3 o @s
‘ cor . : 3233 .‘:_ww -910 pm
& P @ . H SSEEEEESn
—Q  Fy §
PR S4EES
KI+HCI % 74
Wet etching of e ‘§§i§t

sacrificial layer ¥ 1.1 nm

= 3.94 () O aaixs
< ¢ ® caixs
€
freestanding STO g 3.92f s
2
8 390 ¢ ¢
8
=
@ -
1nm — 3.88 ¢
arbitrary substrate . . . . .
0 10 20 30 40

00Lgro(r.lu.)

Transfer

Figure 1. (a) Schematic illustration of the fabrication of freestanding STO thin films. (b, ¢) Atomic
force microscope images of a 20 nm thick STO film on Si wafer support (b) before and (c) after
the freestanding treatment. (d) XRD 6-268scan along the (O0L). direction showing the broadening
and shift of (002). Bragg peak in the 5 nm STO-FS. (e) a-axis (open red circles) and c-axis (filled

blue circles) lattice constants obtained from XRD as a function of film thickness.

Figure 2(a) shows the Ti L 3-edge x-ray absorption (XAS) spectra recorded at room temperature

from STO-FS and bulk STO (bare STO substrate, labeled STO). The bulk spectrum displays



spectral features that have been reported earlier.?*° This spectral lineshape can be explained by
the atomic multiplet calculations using a 3d° (Ti*") configuration in O, symmetry. When STO-FS
thickness is reduced, these spectral features remain mostly unchanged. However, at 5 nm
thickness, a reduced crystal field energy 10Dg by 0.19 eV causes the e, manifold to shift relative
to the #; manifold. The broadening of e, spectral lineshape at L3 edge also suggests a slightly lower

symmetry than Oy, consistent with the lattice constants in Figure 1(e).*°
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Figure 2. (a) Ti L>3-edge XAS spectra of bare STO substrate (labeled STO) and freestanding STO
(STO-FS) films measured in total fluorescence yield (TFY) mode at room temperature. The inset
shows the spectral profiles of the leading peaks marked by arrows. The movement of e, manifold
relative to the #; manifold is indicated by vertical bars. (b) X-ray linear dichroism (XLD) of a 5
nm STO-FS measured in total electron yield (TEY) mode. (¢) O K-edge XAS spectra measured in

TFY mode. The color schemes used in panels (a) and (c) are the same. The inset shows the half-



width at half-maximum (HWHM) of £, hybridization feature around 530 eV. The HWHM is

measured on the lower energy side of the 7, feature.

The lower crystal symmetry can manifest a dichroic effect in XAS spectra (x-ray linear
dichroism, XLD) when one projects photon polarization along the in-plane (a-axis) and out-of-
plane (c-axis) directions to probe the respective unoccupied Ti 3d orbitals.?! By switching photon
polarization from c-axis (blue curve) to a-axis (red curve), the energy of . peak at L3 edge
(inverted triangle, Figure 2(a)) shifts by 28 meV relative to the e, manifold that does not show this
effect within our detection limit (see Figure 2(b)). This dichroic effect points to the lower energy
for unoccupied xy orbital relative to the xz/yz orbitals. This effect can be explained by the
configuration interaction cluster calculations with a substantial Ti ion displacement along the c-
axis within Dy symmetry (see Figure S4 in SI for more details). Offsetting the central Ti ion in
TiOs octahedron breaks the inversion symmetry, a key ingredient for the ferroelectricity in
titanates.>>>-3* However, we will see in the later discussion that other factors in the ultra-thin STO-
FS films prohibit the establishment of macroscopic ferroelectricity.

Besides the crystal symmetry and energies of spectral features, the Ti unoccupied density of
states (DOS) also responds to the reduced film thickness. The inset in Figure 2(a) shows a
monotonic decrease in the spectral weight of two leading peaks (arrows, Figure 2(a)). This spectral
weight transfer into the occupied states implies that Ti ion deviates from its nominal 4+ valency
(3d’ configuration); or equivalently, there are additional 3d electrons in Ti in STO-FS. Comparing
with the pure Ti** XAS spectra, we can exclude the possibility that these additional 3d electrons
originate from oxygen vacancies in our samples (see Figure S5 in SI and later discussions). One

finds a similar phenomenon for the high-mobility 2DEG at the interface of LaAlOs3/SrTiO3



(LAO/STO). On the surface of STO films, whether induced by UV irradiation or high oxygen

vacancy concentration, these Ti electrons will produce bands with different dimensionalities and

effective masses.?®?7-*> Resonant inelastic x-ray scattering spectroscopy (RIXS) has been used to

differentiate the delocalized and localized nature of these carriers in LAO/STO.**40 In Figure 3(a)

and Figure 3(b), we show the incident photon energy dependent RIXS spectra (RIXS map) from

20 nm and 75 nm STO-FS, respectively, to offer a global view.
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Figure 3. (a, b) 2D RIXS map of (a) 20 nm and (b) 75 nm STO-FS films with incident photon

energy scanned across the Ti Lo 3-edge. (c, d) A zoomed-in view of the near elastic peak region

highlighting the presence of a fluorescence-like feature in the 20 nm STO-FS. (e—k) Selected RIXS

spectra with excitation photon energies around the Ti L:—edge e, threshold from (e) a bare STO

substrate and STO-FS with (f) 5 nm, (g) 10 nm, (h) 20nm, (i) 40 nm, and (j) 80nm thickness. The



excitation photon energies are listed in panel (e). The colored spectra in panels (e) — (j) are

compiled in panel (k) for comparison.

In these RIXS maps, we see a series of charge-transfer excitations that are 4 ~ 12 eV lower in
emission energy than the elastic peak (zero energy loss).’® Additional emissions that are ~ 60 eV
away from the elastic peak come from the core-to-core transitions (Ti 3s -> 2p transitions, see
Figure S3 in SI). Although both images show these generic features, the subtle difference can be
revealed if zooming in the region around the elastic peak. Enhancing the contrast, we can identify
an additional fluorescence-like feature at 457.6 eV emission energy in the RIXS map of a 20 nm
STO-FS (Figure 3(c)). However, this feature is significantly suppressed in the 75 nm STO-FS
(Figure 3(d)). In addition, we also see a spectral shoulder at <1 eV energy loss in Figure 3(c) from
inter-orbital (dd) excitation with xz/yz orbital character.® The fluorescence-like feature (denoted
FL) and dd excitations both have a clear resonance behavior, confirming their origin from Ti 3d
electrons and not the experimental artifacts. We focus on this FL feature and present selected RIXS
spectra in Figure 3(e) - 3(j). The excitation photon energies for these spectra are chosen around
the Ti L3 e, resonance as in other RIXS studies (see SI for more details).

Unlike RIXS measurements on LAO/STO where both localized (Raman-like) and delocalized
(fluorescence-like) Ti 3d carries are visible in the 1 ~ 3 €V energy loss range,**37-* our STO-FS
RIXS spectra show the spectral feature coming mainly from the delocalized carriers. The intensity
of FL around 2 eV energy loss is stronger in films with thickness less than 20 nm, and there is a
significant suppression in 40 nm STO-FS (Figure 3(k)). Since the RIXS spectral intensity is

roportional to the number of scatters,* the more intense FL implies a higher delocalized carrier
prop p g



concentration. This FL feature is barely visible in 80 nm STO-FS (Figure 3(j)), and consistent with
the literature,***° we do not find it in bulk STO (Figure 3(e)).

Because of their similar energy loss scale and resonance onset, one may view this FL as the
signature of some type of surface free carriers in our STO-FS as in the case of interfacial 2DEG in
LAO/STO heterostructure. However, we argue that this FL feature is not merely caused by the
surface carriers or other surface effects. Surface reconstruction from broken translation symmetry
can change the Ti electronic structure, but the reconstruction is expected to be localized within a

4142 Considering

few unit cells around the surface region and depends on the surface termination.
the normalization scheme employed in RIXS spectra that takes the number of photo-excited core
holes into account (see SI), the comparable FL intensity in 5, 10, and 20 nm STO-FS films points
to the bulk origin instead of the surface because the relative contribution from the surface will
decrease with film thickness (Figure 3(k)).

There were angle-resolved photoemission spectroscopy (ARPES) reports of conducting carriers
on the STO surface, but those samples had to be modified either by introducing additional oxygen
vacancies during the growth or by UV irradiation.?® The UV exposure enhances the surface
electron density with time. In our study, we observed an opposite trend that long exposure to soft
x-rays led to the suppression of FL spectral weight in 5 nm STO-FS. PLD growth at lower oxygen
pressure (<107 mbar) can make the STO film conductive while at higher oxygen pressure (>107°
mbar), STO becomes insulating.*>* Our films were grown at oxygen pressure higher than 107!
mbar, hence they are expected to be insulating to begin with. We tried to measure the sheet

resistance using the four-point method, but all STO-FS films exhibit insulating behavior with the

sheet resistance higher than 100 MQ per square.®
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The spectral width of Ti-O hybridization feature in O K-edge XAS spectra was shown to change
with oxygen vacancy concentration.*> We have compared this width between bulk STO and STO-
FS, see Figure 2(c). Although the intensity of £, and e, hybridization features decreases with the
reduced film thickness and the SiO- layer from Si wafer support gives a stronger background above
534 eV when the STO-FS film thickness is less than the x-ray probe depth (~ 50 nm), the half-
width-half maximum (HWHM) at the lower energy side of this £ hybridization feature shows the
negligible difference between these samples (see inset). The agreement rules out the scenario that
our STO-FS films experienced severe oxygen loss in vacuum prior to the RIXS measurements to
induce an enhanced FL feature.

Excluding scenarios based on extrinsic, growth, and surface effects to explain the enhanced FL
signal in RIXS spectra, we look at the structure aspect. We notice that lowering the crystal
symmetry from O, to D4, will change the Ti and O orbital characters near Fermi energy, as well
as the degree of Ti-O hybridization and charge-transfer. As a result, the nominal 4+ valency
assigned to Ti ion in bulk STO can be slightly different in our STO-FS. To elaborate on the
evolution of Ti and O projected DOS (PDOS) with respect to the number of STO unit cells, we
carried out density functional theory (DFT) calculations in the GGA framework (see SI).

Our calculation reveals several interesting findings. For unoccupied Ti PDOS, the states nearest
to Fermi energy (0 eV) are from the xy orbital, and those from xz/yz orbitals are situated at 0.5 eV
higher energy (leading edge, see Figure 4(a)). Such an energy difference associated with the
tetragonal structure quickly diminishes when the number of STO layers is increased (3 vs 9 layers,
see Figure 4(a) and Figure 4(b)) and is absent in bulk STO as expected. Enhancing the tetragonality
leads to different downshifts of the centroid of unoccupied Ti 2 and occupied O p orbitals, giving

the impression of an increased band gap. However, the spectral weight at Fermi energy, which

11



comes from O p./p, orbitals, behaves oppositely such that it is larger in the 3-layer configuration
(Figure 4(c) and Figure 4(d)). The increased spectral weight suggests changes in the Ti-O
hybridization. This prediction is verified by the valance band soft x-ray photoelectron spectroscopy
(SXPES) on 5 nm and 10 nm STO-FS at room temperature. In Figure 4(f), we see the 5 nm
spectrum exhibits more spectral weight close to Fermi energy than the 10 nm spectrum. Note that
there is no quasiparticle-like sharp feature in these SXPES spectra, and this pseudogap-like
spectral lineshape resembles the strange metal behavior in other correlated transition metal oxides.
DFT calculation also predicts the room temperature tetragonality will increase with decreasing

STO layers (Figure 4(e)), in agreement with the lattice constants in Figure 1(e).

12
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The SXPES, XAS, and RIXS results suggest that in the thin STO-FS, change in the Ti-O orbital
(pd) hybridization causes the spectral weight transfer from unoccupied Ti 2, manifold to form an
in-gap state (IGS). This spectral weight evolution bears similarity to that of the Nb-doped STO
reported by resonant PES.*® In that PES study, the bulk incoherent IGS is proposed to come from
the transferred spectral weight from the coherent state (CS), and the strong Ti-O pd hybridization
induces the locally screened Ti** (d'L, L denotes the ligand hole). On the other hand, the coherent
state responsible for electrical conduction has the dominant Ti £, character. We can borrow this
picture to understand the spectral weight behavior in STO-FS. In this analogy, the CS becomes the
unoccupied Ti £, manifold and the IGS is truly in the band gap (~ 3.2 eV). This analogy is
reasonable because the intensity of FL feature in RIXS spectra anti-correlates with the spectral
weight of two leading peaks in XAS spectra, and both show a clear change below 40 nm (see inset
in Figure 2(a) and Figure 3(k)).

There are subtleties in this analogy that one should be aware of. One may qualitatively view this
IGS in STO-FS as multiple charge states like in the transition metal doped semiconductors
proposed by Haldane and Anderson,*” but there is no extrinsic doping here except the modified pd
hybridization by the inherent tetragonal instability. Although the observed FL feature has a similar
energy scale and resonance behavior as the 2DEG in LAO/STO, one should refrain from assigning
it to 2DEG because this notion implies a macroscopic metallic state that does not agree with the
sheet resistance measurements. We also cannot unambiguously assert the length scale nor the
magnitude of Ti** (d'L) state because of the lack of spatially resolved capability in spectroscopies.

The observation of delocalized Ti 3d carriers may seem to contradict the insulating behavior in

14



STO-FS, but these probes operate at different frequency and momentum regimes, and they
measure disparate correlation functions.

The room temperature tetragonality with Ti ion moving away from the central position in TiOs
octahedron may favor the ferroelectricity, but our 5 nm STO-FS film fails to establish the stable,
macroscopic ferroelectricity. TEM images show that such atomic displacement is not
homogeneous within the field of view, and the heterogeneity is likely caused by the balance of
Coulomb energies (see Figure S6 in SI). It has been shown that the strain-free STO film grown on
a buffer SrRuO; (SRO) layer can display a relaxor ferroelectric behavior. As the STO film
thickness approaches the length scale of polar nanoregions (~ 10 nm),'>*8 an applied electric field
can stabilize the ferroelectricity at room temperature. It is suggested that PNRs help align the
ferroelectric domains around this thickness scale. Our findings on STO-FS, absence of the
influence from SRO buffer layer through the bridging O atoms, demonstrate the close connection
between this intrinsic structure instability and the thickness scale where PNRs become prominent.
Note that the observed Ti valency in STO-FS is inconsistent with the Sr deficiency scenario
proposed for PNR. Our results also show that despite reducing the STO thickness may seem to be
unfavorable for the ferroelectricity against the unscreened depolarization field,* the enhanced
structural instability can deepen the potential well and facilitate the displacive transition,>
allowing a more versatile control of ferroelectricity. One may envision that the enhancement of
structural instability may depend on the crystalline orientation of freestanding films, for example,
(001)-oriented versus (110)-oriented STO-FS. Based on the temperature-dependent structural
transition in BaTiOs, one can speculate the effect might be weaker in (110)-oriented STO-FS
because the Ti ionic displacement will need to seek the balance between the competing tetragonal

and orthorhombic (pseudo-cubic notation) instability and the displacement may not be completely

15



along the Ti-O bond direction. Verification of this conjecture may shed light on the understanding
of nanoscopic structural response to crystalline engineering. We expect that by applying this
freestanding treatment to other correlated oxides, one can better differentiate the intrinsic and
substrate-induced structural and electronic responses to reduced dimensionality, which will be

important for tailoring the functionalities of heterostructures.
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