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Atomic-scale structure of a SrTiO; bicrystal boundary studied by scanning tunneling microscopy
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An atomically flat and well ordered(6 X 2)(001) surface of 4100] tilted (2x12°) artificial SrTiO; bicrystal
was prepared by thermal annealing in oxygen and ultrahigh vacuum, and characterized with low-energy
electron diffraction and scanning tunneling microscopy. The real-space images of the boundary show that the
bicrystal boundary is not straight, but zigzagged along[fté9] and[010] crystal axis, and grooved with a
depth of several atomic steps down to the bulk. We attribute the observed boundary structure to strong thermal
etching and crystal faceting effects. A simple model is proposed for the path of superconducting currents of
high-T, thin films crossing such a bicrystal boundary. The model yields a (Btalependence of the critical
current crossing the bicrystal boundary, which explains very well the reported experimental data.
[S0163-182607)09935-9

The discovery of the Josephson weak-link behavior of theTEM experiments provide valuable information about the
superconducting current across grain boundaries of ijgh- structure of BGBs, the use of this technique requires the
cuprate$ has led to considerable research effort into the fab-destruction of the sample. In this paper, we report the appli-
rication and characterization of devices based on artificiatation of scanning tunneling microscopy to the investigation
bicrystal grain boundaryBGB) Josephson junctiorfs® Di- of the microscopic structure of a SrTi®icrystal boundary.
noset al. reported that the critical current density of YBCO This nondestructive technique provides information directly
films deposited on various tilted bicrystal substrates showedn the surface morphology and boundary structure of the
approximately a ¥ dependence, wher@ is the angle be- bicrystal prior to the deposition of th€, thin film. High-
tween the[100] axes of the two crystals. Due to the very resolution transmission electron microscopyRTEM) was
short superconducting coherence length of higteuprates, employed to provide complementary insight about the bi-
grain boundary Josephson junctions of these materials exrystal boundary structures.
hibit some advantages, such as high reproducibility and eas- A commercially available 212°[100] tilted SrTiO; bic-
ily controllable processing of devices. Moreover, various ex—ystal with a commor{001) surface of the two single-crystal
periments based on artificial grain boundar{GB) constituents was used in this study. AX4T0X0.5-mn? sub-
junctions~® have been used to investigate the symmetry oftrate was cut into three pieces for scanning tunneling mi-
the superconducting order parameter in higheuprates. A croscopy(STM) and HRTEM observations, which we con-
knowledge of the bicrystal boundary structure of the sub-ducted with a JEOL JEM-4000EX electron microscope
strates is thus important for a better control of junction pro-operating at 400 kV. We performed HRTEM on both an
cessing and a further understanding of the intrinsic characas-received bicrystal and a two-step annedkssk below
teristics of the grain-boundary junctions. bicrystal, whose surface was studied with STM.

High-resolution TEM(Ref. 10 and x-ray diffraction® Figure 1 (top) schematically shows the SrTiCcrystal
have revealed a very sharp interfa@dout 8-12 A at bur-  structure and the geometry of the bicrystal. By Laue x-ray-
ied =5 SITiO; bicrystal boundaries. Using TEM, both diffraction patterns, the tilting angles were found to be not
c-axis-oriented YBsCu;0O,_ sthin films and SrTiQbicrystal ~ symmetric, with #,=10.5+0.5° and #z=13.5+0.5°. The
substrate€36.8°, 53.2°, and 6F°were examined in cross- surface was cleaned with organic solvents and deionized wa-
sectional and in-plane views by Traeheltall? They ob- ter and subsequently annealed in @ 1100 °C for 4 h.
served several features of the Sri@nd YBCO grain Afterwards it was loaded into the ultrahigh-vacugbHV)
boundaries. Plane-view TEM showed an almost straighsystem(base pressure>$10~ 11 mbay for further annealing
BGB of the SrTiQ substrate. Only some randomly located at about 950 °C for 1 h, and then cooled down to room
faceted voids and grooves were observed. However, the Gmperature. The pressure during UHV annealing rose up to
of the YBCO overlayer was not straight, but zigzagged. Ever8x 108 mbar (mostly due to an increase of the oxygen
the position of the YBCO boundary deviated significantly partial pressure Annealing a substrate in oxygen at high
from the underlying boundary of the substrate. Althoughtemperature is a usual procedure to remove mechanical dam-
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FIG. 1. Top: Schematic diagram of SrTj©rystal structure and
geometry of a bicrystal used in this study; Bottom: LEED patterns
(32.4 e\) taken onA andB parts of bicrystal001) surfaces show-

ing a well-orderect(6>2) reconstruction. FIG. 3. STM constant current topograph (35850 nn¥, Vyze

age due to surface polishing. Such annealing also improves2:0 V. 17=0.4 nA) of the SrTiQ bicrystal boundary after anneal-
the surface flatness. The second step, annealing in UH\/9 at high temperature first in oxygen and later in UHV.
generates oxygen vacancies in insulating SgTi@roducing ) . ) .

enough conductivity for scanning tunneling microscopy. The__Annealing SrTiQ(001) in oxygen results in a centered
annealed surface was examined with low-energy electrof”2 reconstructiort>**We recently found that our two-step

diffraction (LEED), Auger-electron spectroscopy, and STM. annealing procedure generates a remarkably well-ordered,
c(6x2) surface which is also extremely stabteSuch or-

deredc(6X2) extends over the entire surface and can be
atomically resolved with STM. These properties of #{®&

X 2) reconstruction render it possible to locate the atomi-
cally sharp bicrystal boundary easily with STM. Moreover,
the well ordered and atomically flat SrTi®01)c(6X2)
allows stable imaging with STM, and permits one to resolve
clearly details of the morphology and the atomic structure of
such a SrTiQ artificial BGB.

The LEED patterns of part& andB of the bicrystal sur-
face are shown at the bottom of Fig. 1. The angle between
the[100] axes of the crystal partd andB is indicated. The
individual LEED patterns of partd andB are characteristic
of the c(6X2) reconstruction of the SrTiO(001) surface,
covering each, the surfaces of paftsand B, with two do-
mains, rotated by 90°, as can be seen from the outlined
ciprocal spackunit cells. Figure 2 displays a real-space STM

constant current topograph ofcé6x 2) surface exhibiting a
0.45 row structure. The distance between the rows is 1.2 nm, three
B ool times the bulk lattice constant of SrTjODomains, rotated
£ (b) by 90° with respect to each other and single atomic steps
N o015 (0.39 nm can be seen clearly. The Sr@(6x2) recon-
. \ . | struc_:tion was described in detail in anpther publicaﬂrr(?n.
%10 20 30 20 Figure 3 shows a large-scale STM image of the bicrystal
X (nm) boundary in a planar view. Apparently, the surfaces on both

parts of the crystal are atomically flat. Terraces are well or-
dered with thec(6X 2) reconstruction and exhibit steps with

single unit-cell height. The bicrystal boundary appears as an
almost regular chain of triangular grooves. The edges

FIG. 2. STM constant current topograph (880 nnt, Vi
=1.9V,1:=0.23 nA of thec(6X 2) exhibiting 90° row structures
and surface steps.
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FIG. 5. HRTEM image of an as-received bicrystal displaying
zigzagging of the BGB. The image contrast shows triangular shaped
disordered structures at the BGB.

Figure 5 shows a HRTEM micrograph taken under a de-
focusing of about 60 nm from the same as-received bicrystal
as that studied with STM. Computer image simulation of
SrTiOsthin specimeng1-20 nm suggested that the bright
spots in Fig. 5 correspond to the projection of Sr and Ti
columns along[001]. Although an interpretation of TEM
pictures in terms of the atomic structure of the boundary
requires detailed computer image simulations and quantita-
tive image processing, some information can be extracted by
looking at the micrograph in Fig. 5. The HRTEM micro-
graph suggests that the BGB is very sharp, with disordered
structures less thanadto in width. The BGB zigzags, in

FIG. 4. (a) Close view of the faceted and grooved boundary andagreement with the STM observations described above. The
(b) a line profile showing steps. The image (20000 nnf) was  image contrast near the boundary is enhanced approaching
scanned from left to right and taken with,,s=2.0 V,I;=0.4 nA.  the boundary core. The reason for this may be due to speci-
(c) High-resolution STM imageV(yias= 1.9 V, 17=0.36 nA) shows  men thickness variations resulting from the preferential thin-
an ordered reconstruction at the bottom of the grooves. ning at the boundary by ion milling, since the atomic binding

at the boundary should be weaker than in the bulk. This
of the grooves are aligned predominantly along(® (we  means that on the surface there will be grooves along the
use a two-dimensional notation for convenienagis of the  boundary. Looking carefully at the image contrast in the
crystal partsA andB, resulting in zigzagging, instead of a TEM picture along the boundary, one can see that the
straight line at the surface of the BGB. The widthferred to  grooves exhibit a triangular shape, similar to the grooves
as the gap in the following discussijoof the grooves is appearing in the STM image of Fig. 3, except for the size
about 20 nm at its maximum. The depth of the holes withinwhich appears to be larger in the STM image. As discussed
the gap depends on the detailed structure of the boundary. lielow, the high-temperature thermal annealing of the surface
can be as deep as about 9 nm, as shown in Fig. 4, a close UHV can lead to the formation of large grooves.
view (a) and a cross-section profil®) of the BGB. A well- It has been reported that only highly symmetric grain
orderedc(6 X 2) reconstruction was occasionally observed atboundaries(such as>5) are stable and cledf.For grain
the bottom of some groovéFig. 4(c)]. The row direction in  boundaries with lower symmetry, amorphous phases and
Fig. 4(c) corresponds to the(6x2) structure, extending chemical precipitation appe&tDue to weaker atomic bind-
from partA of the crystal. This result indicates that the BGB ing at the boundary interface, preferential thermal etching
in the bulk may also not be straight. The two crystal partsfirst removes disordered atoms at the boundary core. We
sharing a commor{001) plane, may be interlocked. From observed that001) SrTiO; surfaces and some vicinéd01)
our observations, a zigzagging boundary structure from theurface$’ are very stable upon high-temperature annealing.
surface down to the bulk may occur. However, a vicinal001) surface with a miscut of only about
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If we now consider that a grain-boundary Josephson junc-
tion is fabricated with a thin film deposited on such a bicrys-
tal substrate, the zigzagging and grooved bicrystal boundary
will consequently affect the path of the superconducting cur-
rent across it on a microscopic scale. A macroscopic junction
will consist of some hundreds of microjunctions. Assuming
that the size of the triangular groové®., the gapincreases
with increasing tilting angle of the bicrystals, the number of
effective paths for the supercurrent will also decrease, thus
limiting the overall critical current. This is qualitatively in
. agreement with the finding that the critical current density
02 @ decreases with increasing tilting angle.

‘}. _____ For simplicity, we model the current across such a bound-
ol v O ary by taking the case of a symmetric bicrystal, and assume
0 10 20 30 40 that all triangles have the same size and tilting angles equal
i to 0.59, as schematically shown in the inset of Fig. 6. Such
morphology is expected to extend through the deposited
high-T thin films, and will lead to degraded superconduct-
ing properties at the boundary region. Along the bicrystal

experimental datédots, From Dinost al,, Ref. 1) as a function of bql_mdary, there WI”. be a nonuniform distribution of local
tilting angle. Inset: A simple model of the supercurrent in a high_crmcal currents flowing across the boundary. We can further

T, thin film flowing across a BGB. The shaded area indicates theiMPlify the problem by assuming that, by means of the

effective supercurrent path at the BGB. proximity effect, the supercurrents can only cross the bound-
ary in areaqshaded in Fig. § where the width of the de-
graded region is less than the superconducting coherence

h length& The widthw of the gap is in our case about 20 nm,
and thus much larger than the superconducting coherence
length &, which is about 1.5 nm for YBCO in thab plane.

1 l -== 1an(0.56,)/tan(0.58)
@ Refd

FIG. 6. Comparison of the critical current density crossing bic-
rystal boundaries based on the model calculatgashed lingwith

1.2° off the(001) plane can give rise to step instability whic
can generate multiple unit-cell size surface stepith (001)
terrace$ after a two-step thermal annealifiyThe bicrystal i
boundary studied in this work is very close tqk05) inter- Hence the effective area for the supercurrents should be re-
face, which appears to be unstable. After removing disorduced by the factor
dered atoms at the boundary core during annealing, step in-
stabilities may be responsible for further removal of atoms
from the boundary, leading to large grooves at the surface 0 t/tan 0.5
near the bicrystal boundary. Sapt/1an(0.56)

Considering further the requirement for the thermody-

namic equilibrium, i.e., minimization of the free energy, atfor a film of thicknesst, which indicates that the critical
boundary surface, the grooving angleis determined by’ proportional to tan(0.8). The predicted dependence is com-
pared directly with experimental data reported by Dinos
et all in Fig. 6. Despite our crude model, the agreement is
Yss= 2504 0.5¢), surprisingly good.
In summary, the surface of an artificial bicrystal boundary
. . ) . has been imaged directly using STM with atomic resolution.
whereyssand ys, are the solid/solid and solid/vapor interfa- opgeryations of the bicrystal boundary structure by STM and
cial energies, respectively. From the line profile in Fig. 4, theqyrTEM are consistent with each other. Upon high-

ratio of the interfacial energys/7ys, can be roughly esti- temperature annealing, faceting and etch of both crystals
mated to be about 1.7 for a SrTj@rain boundary close to parts occurs, resulting in a zigzagged and grooved grain
the (00 surface. o boundary. These observations of faceting and etching at a
Using such a bicrystal as a substrate for highthin-film  picrystal boundary may open the way for designing and con-
deposition, the morphology of the underlying substrate sur|iing the structure of the grain boundary on an atomic
faces at the bicrystal boundary will affect the growth of thegqz1e. For example, a small-angle bicrystal could be used to
overlayer. This can explain the above-ment_ioned finding tha{;enerate a boundary with a very sharp and narrow grooving
the boundary of the epitaxial overlayer deviates largely fromsirycture. The atomic scale structures of a bicrystal boundary
that of the underlying bicrystal even at the early stage of therface observed here with the STM provide hints for a mi-

12 ; s oo
growth: Upon nucleation, the thin film will first start to croscopic understanding of the weak link behavior of Jo-

grow on three equivalentlOQ facets, which will result in sephson junctions based on bicrystal boundaries.
the growth of grains with different orientations. As the film

grows thicker, the mixed orientations will meet and develop We would like to thank Manual Cardona for a critical
an ill-defined structure. Degradation of the thin-film quality reading of the manuscript, and Wolfgang Stiepany for skill-
at the bicrystal boundary thus occurs, and may be accompdul technical assistance. This work was supported by the Ger-
nied by precipitation of impurity or even amorphous phasesman BMBF (formerly BMFT) under Contract No. 13N5840.
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