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Disorder-controlled superconductivity at YBa,Cu3z0,/SrTiO; interfaces
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We examine the effect of interface disorder in suppressing superconductivity in coherently grown ultrathin
YBa,Cu;0; (YBCO) layers on SrTiO; (STO) in YBCO/STO superlattices. The termination plane of the STO
is TiO, and the CuO chains are missing at the interface. Disorder (steps) at the STO interface cause alterations
of the stacking sequence of the intracell YBCO atomic layers. Stacking faults give rise to antiphase boundaries
which break the continuity of the CuO, planes and depress superconductivity. We show that superconductivity
is directly controlled by interface disorder outlining the importance of pair breaking and localization by disorder

in ultrathin layers.
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Complex oxide interfaces in epitaxial heterostructures have
become a very active research area. The thrust of this rapidly
expanding field comes partly from the plethora of novel effects
and physical phenomena discovered in oxide superlattices
and partly by an exciting horizon of novel devices and
applications. The electronic reconstruction taking place at
these interfaces is known to have important effects triggering
modifications of fundamental electronic parameters such as
charge density, on site Coulomb interaction and bandwidth
giving rise to stabilization of novel electronic ground states
with emerging properties.> Apart from its fundamental
interest, the possibility of tailoring the electronic structure
of the interfaces to display novel behaviors and functionalities
may open interesting pathways in device design for oxide
electronics. Although progress has been made in achieving
atomic precision of the interface growth, epitaxial strain,
intermixing, or more sophisticated electronic processes related
to the polar nature of complex oxides play a role in generating
chemical or physical disorder, which may cause profound
changes in the free carrier density or other physical quantities
controlling the equilibrium between phases.

Devices based on oxide-oxide interfaces, including Schot-
tky and p-n junctions®° and field-effect transistors (FETs)”®
are being extensively investigated. Significant progress has
been achieved in the field-effect control of the carrier density
of a superconducting cuprate using a FET device’ and more
recently using electric double layer (EDL) techniques.'® Elec-
trostatic doping constitutes an alternative to chemical doping
with the advantage of not introducing the disorder associated
to element substitution. However, in FET devices there is an
inherent class of disorder related to an unavoidable presence
of an interface which may also deeply influence the doping
process. The modulation of the charge density occurs within
the Thomas-Fermi screening length, typically of the order of
1 nm. Electrostatic doping is an interfacial phenomenon, and
may be influenced by the kinds of interface effects such as
strain, charge transfer, polarity mismatch, etc. Moreover, the
two-dimensional (2D) character of the cuprate makes its nor-
mal and superconducting states especially sensitive to disorder
and localization effects which may reduce both the normal
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carrier and the superfluid density. In the case of FET devices,
the interface between SrTiO3; (STO) and a superconducting
cuprate (often of the 123 family) is of special relevance. These
devices exploit the large permittivity values of the STO at
low temperatures to achieve an electrostatic modulation of the
carrier density of the cuprate by controlling the electric field
applied through the gate insulator (STO). But intriguingly,
although the critical temperature of the cuprates has been
successfully modified in FET experiments, the expected levels
of electrostatic doping have never been achieved.”>!! In the
case of EDL transistors, the doping process takes place at
the sample surface and thus interface effects between the
substrate material and the epitaxial thin film do not affect the
electrostatic gating process itself. However, interface disorder
plays a role in setting a minimum value in the thickness layer
of the cuprate to be doped. Recently Leng et al. reports on the
appearance of a 5—6 unit cell dead layer in thin YBa,Cu3;0;
samples grown on STO substrates.'>!3 The dead layer has
an insulating behavior and as a result, obtaining the clean
2D superconductor, which would play a decisive role in the
quantitative analysis of the results obtained with the EDL
technique, remains elusive. Identifying interface disorder and
its effect on superconductivity suppression are thus of utmost
importance for a quantitative interpretation of electrostatic
doping experiments.

In this paper we report on the structure and transport
properties of YBCO/STO interfaces in epitaxial superlattices
with values of the individual layer thickness reduced down to
one unit cell. Interface disorder is generated by steps in the
STO which give rise to deep modifications in the chemistry
of the YBCO layers in the form of stacking faults of intra-
cell perovskite blocks. This results in antiphase boundaries
which break the continuity of the CuO, planes and degrade
superconductivity. We show that both the critical temperature
and the carrier density of the ultrathin cuprate layers are
controlled by interfacial disorder, outlining the importance
of carrier localization by interfacial disorder in electrostatic
doping experiments based on YBCO/STO heterostructures.

[YBCO,,/STO,]y superlattices were grown on STO (100)
substrates in a high-pressure (2.9 mbar) pure oxygen sputtering
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FIG. 1. (Color online) (a) STEM Z-contrast cross-section image
of the superlattice [YBCO3/STOglo. The red lines are a guide to the
eye to emphasize BaO planes and the heterostructure interface with
one STO unit cell step. Black arrows denote Y planes and the green
line represents the antiphase boundary. (b) X-ray reflectivity spectrum
of the same sample.

system. High pressure and high substrate temperature (900 °C)
ensure a slow (1 nm/min) and highly thermalized growth of
complex oxides providing excellent epitaxial properties.'*!
Several series of samples were grown with a fixed thickness
of STO in 0.8 (n = 2 unit cells), 2.4 (n = 6 unit cells), and
6 nm (n = 15 unit cells) and varying the thickness of the
YBCO systematically between 1.2 (m = 1 unit cell) and 14 nm
(m = 12 unit cells). We also grew samples with constant YBCO
thickness in 6 nm (m = 5 unit cells) and changing the thickness
of the STO between 0.4 (n = 1 unit cell) and 4 nm (n = 10 unit
cells). The structure was analyzed by x-ray diffraction (XRD)
and it was also probed by scanning transmission electron
microscopy (STEM). Z-contrast images were obtainedina VG
Microscopes HB501UX STEM operated at 100 kV with a cold
field emission gun equipped with a Nion aberration corrector
and a Gatan Enfina electron energy loss spectrometer. Cross-
section samples for STEM were prepared by conventional
grinding, dimpling, and ion milling with Arions with an energy
of 5 kV, at an incidence angle of 7°. Final cleaning was done
at a low voltage of 2 kV.

Both x-ray reflectivity and diffraction and Z-contrast STEM
show flat and continuous layers over long lateral distances (see
Fig. 1). High-resolution STEM images show the 2D growth
of YBCO on STO and coherent interfaces [see Fig. 1(a)].
This is in contrast to the three-dimensional growth reported
previously'®!” under large compressive strain on LaAlOj;
substrates. Figure 1(a) shows a high-resolution image of a
[YBCO3/STOg]9 superlattice. In the YBCO layers the brighter
atomic rows correspond to the heavier Ba and Y planes, while
the darker planes correspond to the CuO chains. As shown
previously by Matijasevic and co-workers'® the termination
plane of the STO is TiO; and the cuprate starts growing with
a sequence (TiO,)-BaO-CuO;-Y-CuO,-BaO-CuO-, etc. Our
Z-contrast images and EELS spectrum images confirm this
point. This growth mode is also in agreement with other reports
on YBCO single films on TiO,-terminated STO substrates.'*>°
Steps in the STO layer with a height of 1 or 2 unit cells can
be readily seen in the STEM image [see Fig. 1(a)]. It is quite
remarkable that these steps occur mostly at the top interfaces
(sides) of the STO layers, while the bottom interface of the
same layer appears flat. In other words, YBCO growth has a
flattening effect, as reported previously for YBCO single layers
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grown on STO substrates.”’ Since the lattice parameter of the
STO is about 1/3 of the c-lattice parameter of YBCO, such
interface steps induce stacking faults and defective growth of
the YBCO layer to end up in a flat surface. Z-contrast images
show modified atomic layer sequences in the YBCO associated
to the interface steps. Extra BaO-CuO,-Y-CuO;-BaO blocks
(roughly 0.8 nm thick) are introduced and/or BaO-CuO-BaO
blocks (roughly 0.4 nm thick) are removed to compensate
the steps. This way, a 2 unit cell step in the STO (0.78 nm
in height) can be accommodated including an additional
BaO-CuO;-Y-Cu0,-BaO block, and a 1 unit cell STO step
(0.39 nm in height) requires adding a BaO-CuQO,-Y-CuO,-BaO
block and removing a BaO-CuO-BaO unit to end up in a
flat YBCO surface. This effect is clearly seen, in the upper
YBCO layer of Fig. 1(a). The steps in the STO cause then a
layer thickness fluctuation which should be detectable by x-ray
reflectivity. Figure 1(b) shows the x-ray reflectivity spectrum of
a typical [STO¢/YBCOs]g superlattice. The sharp superlattice
peaks in a wide angular range (up to 9°) reflect large values
of the structural coherence length (>50 nm) as obtained from
the full width at medium height of the satellites, showing
that structural coherence was limited by sample thickness.
The refinement of the reflectivity spectra using the SUPREX
9.0 software?! [see Fig. 2(a)], allows quantitative evaluation
of the averaged roughness. Figure 2(b) displays roughness
values of superlattices with 2, 3, and 5 unit cells of YBCO
as a function of the thickness of STO. It is clear that the
roughness increases with the thickness of the STO, while it
decreases with YBCO thickness, showing that the disorder in
the YBCO layer results from the steps in the STO and not the
other way around. Furthermore, the roughness increase is less
pronounced for thicker YBCO layers, indicating that the step
“healing” effect of the stacking faults occurs preferentially in
thicker YBCO layers for which the atomic reconstruction at
the interface unit cell is less important relative to the YBCO
layer volume as a whole. Thus, our structural analysis shows
that there is significant chemical disorder being induced in the
YBCO layer which may have important consequences for the
superconducting properties. Furthermore, carrier density will
be modified by the missing CuO chains at the interface (chains
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FIG. 2. (Color online) (a) Low angle portion of the reflectivity of
the [YBCO;3/STOg]s superlattice not affected by overlapping with the
finite-size oscillation associated to the (001) YBCO reflection. The
line shows the result of the refinement of the reflectivity spectra using
the SUPREX 9.0 software. (b) Averaged roughness values obtained
from the refinement of superlattices with 2 (triangles), 3 (circles),
and 5 (diamonds) unit cells of YBCO as a function of the thickness
of STO.

245105-2



DISORDER-CONTROLLED SUPERCONDUCTIVITY AT YBa...

100
(b)
80+
-
g o 60
] o
= 40
. 20.
1 smoao 150 3007
T(K)
70 g S | L E— 0+abl— : ,
0 50 100 150 200 250 300 0 4 8 12
T(K) t,5co (unit cells)

FIG. 3. (Color online) (a) Logarithmic resistance curves of a
series of samples with fixed thickness of the STO 0.8 nm (2 unit
cells) as a function of the thickness of YBCO. YBCO thickness is 1,
2, 3,4, and 5 unit cells from top to bottom. Inset: linear resistance
plot of a superlattice with 1-unit-cell-thick YBCO layer showing
the metallic normal-state resistivity. (b) YBCO thickness dependence
of T¢ for different thicknesses of the STO spacers. Open squares,
2-unit-cell-thick STO; open triangles, 6-unit-cell-thick STO; open
circles, 15-unit-cell-thick STO. Note that the samples which are not
superconducting above 8 K are represented with a 7¢ of 0 K to
complete the picture. Solid lines are guides for the eye.

are the charge reservoir) and by intracell reconstruction at the
STO steps.

Next we show transport measurements of the superlattices
to address the effect of the disorder in the YBCO layer on
the superconducting properties. Figure 3(a) shows resistivity
curves of a series of samples with a fixed STO thickness
of 0.8 nm (2 unit cells) as a function of YBCO thickness.
The first observation is that superlattices with 1 unit cell
YBCO are not superconducting. Interestingly, the normal-state
resistivity displays a metallic behavior (decreases linearly with
temperature) and shows a metal- insulator transition at about
150 K [see inset of Fig. 3(a)]. This is a striking result in view
of the missing CuO chains and shows that the STO/YBCO
interface might provide a different source of doping. In fact,
recent theoretical works have proposed that the YBCO cell at
the interface may be overdoped by the 0.5 hole per plane being
transferred to avoid the polarization catastrophe resulting
from polarity mismatch at the (TiO,)%/(BaO-CuO,-Y-CuO,) !
interface.”>?> The metal-to-insulator transition at 150 K
points to the importance of interface or intralayer disorder in
localizing charge carriers in such ultrathin layers. Figure 3(a)
evidences a rapid recovery of the critical temperature when the
thickness of the YBCO layers is increased, and in fact values of
the bulk are attained above 5 unit cells. This also evidences that
the observed decrease in T¢ with increasing STO thickness is
not due to a lack of oxygenation in YBCO layers, since a value
close to T¢ = 90 K is recovered for sufficiently thick YBCO
independently of the STO thickness. Figure 3(b) illustrates the
T¢ dependence with YBCO thickness for different thicknesses
of the STO spacers. Note that the decrease of the critical
temperature observed when reducing the YBCO thickness
is very sensitive to the STO thickness. It is well established
that T¢ of single YBCO layers decreases with decreasing its
thickness towards the 1 unit cell limit as shown previously
on YBCO/PrBa,Cu;0; (PBCO) heterostructures.?*> In those
samples T¢c was only determined by the YBCO thickness
since interfacial disorder was almost absent, and thus 7 was
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FIG. 4. (Color online) (a) Dependence of the critical temperature
on the averaged roughness as determined from SUPREX refinement for
superlattices with 2 (triangles), 3 (circles), and 5 (squares) unit cells of
YBCO. The open symbols correspond to YBCO/PBCO superlattices
with the same YBCO thickness and 5 unit cells of PBCO. These data
are represented with o = 0 since PBCO has the same structure as
YBCO and the interface is essentially flat. (b) T¢ as a function of the
disorder parameter py/« for all samples of this study: superlattices
with 2-unit-cell-thick STO (open squares), with 6-unit-cell-thick STO
(open triangles), and with 15-unit-cell-thick STO (open circles).
Crosses correspond to samples with fixed YBCO thickness (5 unit
cells). Inset: T versus residual resistivity for superlattices with
2-unit-cell-thick STO (open squares), with 6-unit-cell-thick STO
(open triangles), and with 15-unit-cell-thick STO (open circles). The
dotted line joins samples with the same 7¢ and disorder (o, /). Solid
lines in the figure are guides for the eye.

found to be independent of PBCO thickness. In YBCO/STO
superlattices we observe that, in addition, there is a strong
dependence of T¢ on the disorder induced by the different
STO thickness. For instance, 2 unit cell YBCO layers are
superconducting with a Tc = 44 K (zero resistance criterion
in a linear scale) when the STO spacer is 2 unit cells thick,
Tc becomes 15 K when STO thickness is 6 unit cells, and
they are nonsuperconducting when STO is 15 unit cells thick.
This behavior evidences that the superconducting properties
are controlled by the disorder at the YBCO/STO interface.
Figure 4(a) shows that the critical temperature of YBCO layers
of a given thickness depends strongly on the disorder induced
by the interface steps in the STO. The “zero disorder 7¢”
(o0 & 0) can be estimated from YBCO/PBCO superlattices
(open symbols) with the same (2, 3, and 5 unit cells) YBCO
thickness.

Figure 4(a) also shows that the effect of disorder is more
pronounced in thinner samples, as expected, since disorder-
induced localization should be enhanced in 2D. The linear
normal-state resistivity curves of Fig. 3(a) allow one to obtain
an electrical measure of disorder in terms of the residual
resistivity po (the 0 K extrapolation of the normal-state
resistivity). Thinking in terms of the Matthiessen rule, the ratio
po/a of the residual resistivity over the slope, @ = dp/dT, of
the normal-state resistivity-temperature curve, is independent
of the number of carriers. Thus, pp/« is as a measure of the
(electronic) disorder of the YBCO layer and can be considered
as a pair breaking parameter as done previously’®?’ in ion
irradiated YBCO thin films. Interestingly enough, when T¢ is
plotted as a function of py/c, all data collapse onto the same
line [see Fig. 4(b)], indicating that superconductivity is in fact
controlled by disorder. T¢ is determined by the number of
carriers and by disorder through its effect on pair breaking and
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localization.”®?° Our result then may suggest that either the
number of carriers is constant from sample to sample (which
is very unlikely in view of the drastic changes in the chemistry
with STO thickness) or it is changing in a way that is also
controlled by disorder. In fact the inset of Fig. 4(b) shows the
behavior of the residual resistivity pg as a function of YBCO
thickness. The dotted line shows that samples with the same T¢
and thus with the same (electronic) disorder po /o may have dif-
ferent pg indicating that the carrier density is in fact different.

The picture emerges that the disorder induced by the STO
steps affects both the free carrier density and the superfluid
density which ultimately determines T¢.>%3? Since we find that
samples with the same 7¢ may have different carrier density
[see data of the inset of Fig. 4(b) joined at the dotted line], the
proportionality between free carrier density and T¢ suggested
recently’! seems not to hold in our case. The effect of disorder
goes beyond carrier localization, which would only affect free
carrier density, and reduces the number of paired (free) holes
more effectively than the number of free holes. This conclusion
would imply that although free and paired holes are likely to
be related,?” they are not necessarily identical through the pair
breaking effect of disorder.

PHYSICAL REVIEW B 87, 245105 (2013)

In summary we have shown that in the coherent growth of
YBCO on STO disorder in the form steps at the STO surface
cause alterations of the stacking sequence of the intracell
YBCO atomic layers, which breaks the continuity of the CuO,
planes and suppresses superconductivity. The intralayer disor-
der has an effect on carrier localization and pair breaking yield-
ing changes in the ratio of paired over free holes. This result is
relevant for electrostatic doping experiments as it provides an
explanation for the presence of a dead layer in YBCO ultrathin
films grown on STO as well as for localization effects of the
injected holes in FET devices based in these heterostructures.
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