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ABSTRACT

The interfaces in oxide heterostructures that bring novel physical phenomena and functionalities have attracted great attention in
fundamental research and device applications. For uncovering structure-property relationships of oxide heterostructures, direct evidence of
the atomic-scale structure of heterointerfaces is highly desired. Here, we report on studying the structure of interfaces between YBa,Cu;0;. s
thin films and SrTiO; substrates by means of aberration-corrected ultrahigh-resolution electron microscopy. Employing advanced imaging
and spectroscopic techniques, shifts of atoms at the interface away from the regular lattice sites are measured, leading to the interfacial polar-
ity. The local polarization induced by the atomic shifts directs toward the cuprate films and is estimated to be about 36.1 uC/cm®. The
observed interfacial polar layer is understood by the special atomic configuration across the interface, which could modulate the electrical

properties in superconducting devices that are based on the ferroelectric/superconductor heterosystems.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011081

Heterostructures of perovskite-based oxide materials have
attracted extensive attention from both fundamental research and
technological applications because of their variety of fascinating physi-
cal properties.”” It has been demonstrated that interfaces in the
designed heterostructures have striking properties, which do not exist
in either of the constituent bulk materials, e.g., 2D electron gas at the
LaAlO5/SrTiO; (LAO/STO) interface.” In addition, the functionali-
ties of the perovskite-based oxide epitaxial layers can be modulated by
the field effect arising from the adjacent layers or/and the interface
coupling in heterostructures (e.g., proximity effects in superconduc-
tor—ferromagnet heterostructures).” ~ Among the perovskite-based
heterostructures, strongly electron-correlated materials are of essential
importance due to their applications in superconducting field-effect
devices, e.g., high-temperature superconducting (HTS) ultrathin films
grown on insulating STO substrates.” '’ In these heterostructures, the
critical temperature (T,) and phase transitions of the HTS cuprate
films can be tuned by an external electric field without involving
chemical and crystalline modulation of the materials. Also, it was
reported that the T, of the ultrathin HTS films can be shifted by the
charge carriers, which are injected by the dielectric gate polarization

under an applied electric field and thus leading to a suppression of
superconductivity in the ultrathin HTS films."' "

The Thomas-Fermi screening length (Arp) of YBa,Cu;0;;
(YBCO) is on the order of ~1nm."” Therefore, the interface coupling
between the dielectric gate and the YBCO films has important
effect on shifting T, of the ultrathin YBCO films. In particular, the
interfacial polarity of the heterostructures has been expected to
change the doping level and thus to affect the superconductivity of
the unit-cell-thick HTS cuprate films.'® Although the experimental
and theoretical investigations have been performed on studying
HTS heterostructures,”'*'”"'” the interfacial atomic arrangement
of superconducting/insulating heterostructures, including recon-
structions, relaxations, interatomic mixing, and distortions, is nec-
essary to be clarified for a deep insight into the mechanisms
behind the experimentally measured interface-related properties.
In this work, we provide the atomic-scale interface structure of
YBCO/STO(001) obtained by using high-resolution imaging and
spectroscopic techniques of aberration-corrected transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (STEM).
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The YBCO superconducting films were prepared on TiO,-
terminated STO(001) single crystal substrates (obtained as described
in Ref. 20) using polycrystalline YBCO targets by the high-oxygen-
pressure sputtering technique. During deposition, the substrates
were positioned freely on the heater, which leads to a substrate tem-
perature of about 850°C. The YBCO films were deposited in an
oxygen atmosphere (99.999% purity) at a pressure of 3 mbar. Cross-
sectional specimens for TEM observations were prepared by a stan-
dard procedure, including grinding, dimpling, and polishing. The
final thinning was performed by Ar ion milling on a sample stage
cooled by liquid nitrogen. Atomic-scale high-angle annular dark-
field (HAADF) and annular bright-field (ABF) STEM images were
recorded on a JEOL JEM-ARM200F microscope with a probe aber-
ration corrector and an Oxford X-MaxN 100TLE spectrometer,
operated at 200 kV. High-resolution negative Cg imaging (NCSI)”’
was performed on an FEI Titan 80-300 microscope with an aberra-
tion corrector for the objective lens, operated at 300 kV. In the high-
resolution TEM (HRTEM) imaging mode, a small negative Cs value
of —13 um was adjusted for the objective lens to meet the NCSI con-
ditions.”” Structural modeling and image simulations were carried
out using the CrystalKitX-MacTempasX software package.” The
position of image intensity peaks in the NCSI image was measured
by using the iMtools software package.”

Figure 1(a) shows a typical HAADF-STEM image of the YBCO/
STO interface recorded along the crystallographic [010] STO zone axis.
By averaging the intensity over 12 unit cells parallel to the interface from
the experimental HAADF image displayed in Fig. 1(a), a noise-reduced
HAADEF-STEM image can be obtained, as shown in Fig. 1(b). The
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FIG. 1. (a) High-resolution HAADF-STEM image of the YBCO/STO (001) interface
taken along the [010] STO zone axis. (b) The image obtained by averaging the
experimental image (a) parallel to the interface. (c) and (d) ABF-STEM image of
the YBCO/STO(001) interface, viewed along the [010] and [110] STO zone axes,
respectively. Interfacial BaO and SrO planes are indicated by a yellow and a green
arrow, respectively. CuO4.; plane in YBCO is indicated by an orange arrow. The
interfacial layer is indicated by a red arrow. (e) Intensity profile measured along the
plane indicated by a red and a white arrow in the (b). A vertical red arrow marks
the intensity peak of the atomic column in the interfacial plane denoted by the hori-
zontal red arrow in (b).
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chemistry across the heterointerface can be qualitatively estimated under
the HAADF-STEM imaging conditions. The intensity of the peaks in
the YBCO film layer decreases from the Ba columns giving the brightest
contrast via the Y and CuO to CuO,_s columns. In the STO substrate,
the brightest peaks are for the Sr atom columns and the less bright are
for the Ti-O columns. In contrast, the oxygen columns, due to the low
nuclear charge, do not give rise to enough contrast to be detected.
According to the image contrast variation, BaO and SrO atomic planes
in the system of YBCO and STO can be easily identified at the film-sub-
strate interface, indicated by a yellow and a green horizontal arrow,
respectively. At the heterointerface, an atomic plane between the interfa-
cial BaO and SrO atomic planes marked by a red horizontal arrow is
either a TiO, plane belonging to STO or a CuO,_s plane of YBCO
according to the (001) stacking sequence of the two compounds.

Additionally, ABF-STEM images of the YBCO/STO interface
were recorded along both the [010] and [110] zone axes of STO, as
shown in Figs. 1(c) and 1(d), respectively. Both oxygen and cation
columns are visible under the ABF-STEM imaging conditions,” which
allow us to investigate the arrangement of oxygen atoms for distin-
guishing the difference between the TiO, and the CuO, s planes.
From the ABF-STEM images, the intensity at the oxygen positions in
the interfacial plane (red arrows) is evident and comparable with that
in the TiO, plane. In comparison, the intensity at the similar position
of the CuO; s planes (orange arrows) is hardly visible. Figure 1(e)
shows the intensity profiles of the peak at atomic columns. The inten-
sity profiles were obtained by scanning the atomic planes indicated by
vertical arrows in Fig. 1(b). The corresponding intensity at the atomic
column indicated by a red vertical arrow in Fig. 1(e) is evidently lower
than that of the columns in the CuO; s plane, but comparable with
that of the columns in the TiO, atomic plane.

To obtain further evidence for the nature of the interfacial atomic
plane, the atomic-resolved energy-dispersive X-ray spectroscopy
(EDS) mapping has been applied to the element analysis at the

l0:20%0 20 F0O<0|

FIG. 2. (a)—(f) A magnified HAADF-STEM image of the YBCO/STO (001) interface
and the corresponding EDS map of Ba, Y, Sr, Ti, and Cu, respectively, viewed along
the [010] STO zone axis. White broken-line denotes the interface.
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interface. Figures 2(a)-2(f) show a magnified HAADF-STEM image
and the corresponding EDS map of elements Ba, Y, Sr, Ti, and Cu of
the YBCO/STO interface, respectively, viewed along the [010] STO
zone axis. A white broken-line denotes the interface. Figures 2(b) and
2(e) indicate that the YBCO film and the STO substrate terminate at
the BaO and TiO, atomic planes at the interface, respectively. No dif-
fusion of Cu into the Ti sublattice is discerned in Figures 2(e) and 2(f).
Accordingly, the stacking sequence of the atomic plane across the
YBCO/STO interface is determined as bulk-SrO-TiO,-BaO-CuO,-
Y-CuO,-BaO-CuO-BaO-bulk, as schematically displayed in
Fig. 2(g), which maintains the continuity of the perovskite structure at
the interface. This stacking sequence has the strongest interfacial adhe-
sion according to the first-principles calculations among 48 types of
the interface structure of the YBCO/STO heterojunction.'”

Figure 3(a) shows an atomic-resolution NCSI image of the
YBCO/STO interface recorded along the crystallographic [110]
direction of STO. In Fig. 3(a), all atomic columns along the projected
direction appear bright under a dark background.”'”” Interestingly,
the oxygen-atom positions in the interfacial TiO, layer apparently shift
downwards with respect to the Ti positions, which is essentially differ-
ent from that of the other TiO, atomic planes in the STO bulk, as
shown in the magnified image of the YBCO/STO interface in Fig. 3(b).
As a comparison, a calculated image is shown as an inset in Fig. 3(b),
which has the best fit to the experimental image. The best-fitting simu-
lated image was obtained by an iterative procedure for comparison
with the experimental image.”® Based on the image simulation image
artifacts, e.g., the image intensity peaks deviating from the atom posi-
tions induced by residual lens aberrations and a small crystal tilt were
evaluated and removed from the data of atom positions.

The unit cells of STO and YBCO are indexed by i (= —7-4) for
quantitative analysis in Fig. 3(a), and the position of the image

(a)
4

Index i of unit cell

FIG. 3. (a) Atomic-resolution NSCI image of the YBCO/STO (001) interface recorded
along the crystallographic [110] direction. (b) A magnified NCSI image of the YBCO/
STO (001) interface showing the apparent buckling of the interfacial TiO, plane along
the out-of-plane direction. The interfacial TiO, plane is indicated by a horizontal red
arrow. The inset shows the best-fitting simulated image obtained by performing an iter-
ative procedure for comparison between simulated and experimental images. The sim-
ulation parameters: sample thickness (STO) (f) = 6.9 nm, defocus (Af) = +4.2nm,
twofold astigmatism (A,) =2nm, threefold astigmatism (As)=20nm, axis coma
(Bo) =20 nm, a crystal ilt of 1.5 mrad, and a vibration of 0.03 nm.
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intensity peaks in the NCSI image was determined by fitting a two-
dimensional Gaussian function to the intensity distribution around
the intensity peaks.M‘Z(’ Figure 4(a) shows the value of the c-lattice
parameter across the interface for the indexed unit cells in Fig. 3(a),
measured from the SrO to SrO atomic plane in STO and from the Y
to Y atomic plane in YBCO. The lattice parameters across the interface
were calculated on the basis of the determined positions of intensity
peaks, and the measured value has been calibrated using the lattice
parameter of STO (0.3905 nm). The value of the ¢-lattice parameter of
the YBCO films is 1.186 = 0.003 nm, which is slightly larger than the
bulk value (1.1708 nm”’). At the interface, the interfacial SrO atomic
plane slightly shifts toward the interface, resulting in 0.392 nm for the
c-lattice parameter of the unit cell i= —2 in the STO substrate close to
the interface. At the interface, the spacing between the SrO and BaO
atomic planes (unit cell i = —1) was measured to be 0.414 nm, which
is much larger than the lattice parameter of the bulk SrTiO; and
BaTiOs.” It is known that the YBCO HTS phase has an orthorhombic
(a=0.3827nm, b=0.3877nm, and c¢=1.1708 nm27) structure at
room temperature. For the epitaxial c-orientated film, the YBCO lat-
tice is constrained by the STO substrate lattice, resulting in a tensile
strain in the film. Our results indicate that the interface coupling
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FIG. 4. (a) The c-lattice parameter of STO and YBCO across the interface mea-
sured from SrO to SrO atom positions in STO and from Y to Y in YBCO, respec-
tively. A red horizontal arrow indicates the measured value of the distance from the
Sr to Ba atom position for the interfacial unit (i= —1). (b) The relative displacement
(O7i-0) between O and Ti in TiO, planes for the unit cell layers (i=—6 to —1) of
STO. A red horizontal arrow shows the off-center displacement of oxygen atoms in
the interfacial TiO, plane (i= —1). Note that the unit cell layers of STO and YBCO
displayed in Fig. 3(a) were indexed with i = —7-4 for quantitative analysis of lattice
parameters and atom displacements.
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between YBCO and STO slightly affects the out-of-plane lattice
parameter of the unit cell of STO and YBCO at the interface.

Figure 4(b) displays the [001] off-center displacement values
(d1i—0) of the oxygen atoms relative to the neighboring Ti atom posi-
tions in the interface region of the STO substrate. For the interfacial
unit cell (i = —1), the off-center displacement of oxygen atoms in the
TiO, plane is about 14 picometers, while in other STO unit cells, the
displacement (d1;_o) is essentially zero. The negative value of d1i_o
means that the oxygen atoms have a downward displacement with
respect to the Ti atoms. The statistical measurement errors displayed
in Fig. 4 are calculated from the regression procedure for the image
intensity peak in Fig. 3(a). The position of a single atomic column is
measured within a 2¢ error radius (2 pm), demanding a statistical con-
fidence of 95%. It should be mentioned that both ABF-STEM imaging
and NCSI imaging can, in principle, be applied to measure the subtle
atomic displacements at the YBCO/STO interface.

At the YBCO/STO interface, in the interfacial unit (i = —1), both
the Ti and O atoms show shifts, and the mean value of relative dis-
placement between O and Ti is about 14 picometers, leading to the
formation of the Ti—O buckling along the interface. In displacive fer-
roelectric compounds, the spontaneous polarization (Ps) can be related
to the displacement (AZ) of the cation column from the center of the
oxygen octahedron by an empirical formula, P, = kAZ, where « is a
constant with unit (¢C/cm?) A" and about 258 * 9 (uC/cm?) A~}
for displacive ferroelectric crystals for calculating Ps.”® Using this for-
mula, the calculated spontaneous polarization (Pg) for the interfacial
unit cell (i=—1) is about 36.1 uC/cm? based on the relative displace-
ment (AZ = 0.014 nm) between Ti and O, which is slightly larger than
that in the bulk BaTiO; (0.0132 nm).”*

In the interfacial TiO, layer, the oxygen atoms with respect to the
Ti atoms always shift toward the SrO atomic plane, which results in
the spontaneous polarization of the single unit cell layer toward the
BaO atomic plane of YBCO. Within a simple ionic model of STO and
YBCO, the valences of ions are +2 for Sr, +4 for Ti, —2 for O, +3 for
Y, +2 for Ba, and about +2.3 for Cu in nearly fully oxygenated
YBCO.””" The atomic planes of BaO, TiO,, and SrO are electrically
neutral. As a result, the observed stacking sequence of atomic planes
across the YBCO/STO interface leads to a local charge imbalance from
the negatively charged CuO, layer next to the interface block, which
can, in principle, be compensated by an interface dipole layer of the
TiO, layer with the observed spontaneous polarization. The observed
buckling of the CuO, plane above and below the Y>" plane in the
YBCO is noted, where the negatively charged oxygen ions are attracted
to the positively charged Y>" layer. In the interfacial buckling TiO,
layer (i=—1), the positive Ti™ atoms are Coulomb-attracted to the
negatively charged interfacial CuO, plane (charge ca. —1.7) and the
negatively charged O ions are repelled from the negatively charged
interfacial CuO, plane.

In the heterosystems containing ferroelectric Pb(Zr,Ti)O; film
and HTS cuprates, the Ti—O displacement at the interface substantially
affect the inner carrier density and the properties of HTS films (e.g., the
suppression of T, for highly doped HTS cuprate films and the differ-
ence in the electric field effect on under-doped and over-doped
HTS).”'*"* Considering the occurrence of spontaneous polarization at
the YBCO/STO interface, the effect of the polarization-induced electric
field on the properties of HTS films is, in principle, identical to that in
the ferroelectric/superconductor systems. In addition, our experimental

ARTICLE scitation.org/journal/apl

observations confirm the film growth mode of YBCO on STO with an
incomplete cuprate unit cell on the STO substrates, resulting in the
effective interface doping by the hole carriers concentrated in the CuO,
atomic planes.'”""* Therefore, apart from the effect of interface disor-
der resulting from the STO steps,'”'” the surface states arising from the
spontaneous polarization observed at the YBCO/STO(001) interface
could substantially affect the superconductmg propertles of the YBCO
films, e.g,, the critical current density and T,.”

In summary, we demonstrate experimental evidence that the
spontaneous polarization caused by the interface coupling occurs at
the YBCO/STO(001) interface. The electrostatic modulation of super-
conductivity in ultrathin YBCO films can be expected, which results
from the polarization charge transfer across the interface. Certainly, to
entirely understand the effects of interface coupling in the heterostruc-
tures on the properties of the field-effect device, more experimental
and theoretical studies based on the present results are required.
Nevertheless, it is believed that tuning T, in HTS films can be achieved
by the carefully controlled interface structure using advanced synthesis
methods with atomic-scale precision.

This work was supported by the National Natural Science
Foundation of China (Nos. 51071156, 51471169, and 51390472).
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