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Concentration profiles across twin boundaries in YBa2Cu3O61d
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Twin boundaries in polycrystalline YBa2Cu3O61d have been studied by atom-probe field-ion microscopy.
Oxygen depletion at a twin boundary in ad50.6 material was observed. The width of the depleted region was
6–7 nm. It agrees well with the width of oxygen depletion calculated from the oxygen-depleted twin boundary
model by Jou and Washburn. However, a twin boundary in ad50.9 material did not show any oxygen
depletion. This study provides direct evidence of oxygen depletion at twin boundaries in polycrystalline
YBa2Cu3O61d ceramics.@S0163-1829~97!07541-3#
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I. INTRODUCTION

Defects play a very important role in YBa2Cu3O61d both
in production and application of the material. The princip
defects found in the materials are grain boundaries, t
boundaries, vacancies, and inclusions. These defects ca
classified as interconnected defects and isolated defects
pending on the way they arrange themselves. Grain bou
aries and twin boundaries are usually interconnected def
in nature, vacancies and inclusions are isolated defects.
presence of defects decreases the superconducting vol
but apart from that, the defects play a rather different role
the transport of the supercurrent. Interconnected defects,
ticularly high-angle grain boundaries, limit the transpo
critical current densityJc . Isolated defects, on the othe
hand, may act as pinning centers to enhance theJc . In ap-
plications where a high critical current is needed, it is high
desirable to eliminate the interconnected defects and to
troduce proper isolated defects. The amount of high-an
grain boundaries can be decreased to a great extent by
turing the material. But, twin boundaries always exist as lo
as the structure is orthorhombic, since upon cooling be
about 700 °C, YBa2Cu3O61d undergoes a tetragonal-to
orthorhombic (T-O) phase transition, unless precautions a
taken in the material processing. The orthorhombic phas
characterized by extensive twinning on$110% planes. The
twin boundaries are therefore the most common interc
nected defect in YBa2Cu3O61d ceramics. In YBa2Cu3O61d
thin films for devices based on Josephson effects, wh
naturally occurring grain boundaries are avoided and ar
cial grain boundaries are introduced, twin boundaries
come the dominant interconnected defect.

Theoretical investigations of the effects of twin boun
aries on the superconducting order parameter and on
motion have raised interesting questions, such as whe
twin boundaries suppress the order parameter or enh
it.1,2 Experimental investigations of the effects of tw
boundaries on flux motion have provided many interest
results which showed a detailed dependence of the pin
strength on temperature, magnetic field, and the relative
entation between magnetic field, twin boundary plane,
560163-1829/97/56~18!/11997~7!/$10.00
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the direction of transport current.3–7

In order to obtain a complete structural picture of tw
boundaries, and establish the relation between twin bound
structure and the superconducting properties, structural
tures on a length scale corresponding to the cohere
length, along the boundaries and across the boundaries
to be identified. However, the coherence length of the ma
rials is very short, of the order of a nanometer and the
herence length in thea-b plane is 1.6–3 nm.8,9 Therefore,
for structural characterization of the twin boundaries, micr
copy and microanalytical techniques with a spatial resolut
in the order of a nanometer are highly desirable. In additi
the oxygen content is directly related to the concentration
a charge carrier in the materials. The carrier concentratio
the twin boundary region is certainly a crucial factor det
mining the transport of the supercurrent across the t
boundaries. Hence, besides the high resolution, a high a
racy in the determination of oxygen concentration is equa
desirable. Furthermore, one of the important features of
fects is a strong dependence of the thermal history of
material. This requires that an ideal characterization of
twin boundary structure and properties should be made
the same sample with well-specified heat treatment and w
defined oxygen content.

Great effort has been made in transmission electron
croscopy~TEM! of twin boundaries.10 Only in very limited
cases, field-ion microscopy~FIM! observations of twin
boundaries were reported.11–13 In this paper we present
study of twin boundaries in YBa2Cu3O61d by atom-probe
field-ion microscopy~APFIM!,14,15 which provides direct
evidence of oxygen depletion at twin boundaries in
oxygen-deficient polycrystalline material.

II. EXPERIMENTAL DETAILS

The YBa2Cu3O61d materials used were polycrystalline c
ramics. The ceramics were prepared in the form of a pe
by solid-state sintering at temperatures of 970 to 990 °C
over 80 h in a flow of oxygen at atmospheric pressure16

After cooling from the sintering temperatures, fully oxyge
ated samples withd50.9 were prepared byin situ annealing
11 997 © 1997 The American Physical Society
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11 998 56QIU-HONG HU et al.
at 400 °C for 48 h in a flow of oxygen at atmospheric pre
sure and subsequent cooling to room temperature. Oxy
deficient samples were prepared by the same annealing
cedure in a flow of nitrogen at atmospheric pressure
varied annealing times. X-ray diffraction of the pellets w
performed to detect any impurity phases, and to determ
the lattice parameters. The relation between lattice par
eters and oxygen content established by neutron diffrac
and iodometric titration17 was used to derive the oxygen co
tent of the materials. The pellets were cut into pins w
dimensions of about 0.330.3310 mm3 using a low speed
diamond saw. Needle-shaped APFIM specimens were
pared by electropolishing.18

Each needle was examined in the transmission elec
microscope to select those needles where a twin boun
was close enough to the tip apex to be analyzed by APF
The crystallographic orientation of the tip axis was det
mined from electron-diffraction patterns of the tip. The to
length of the analyzed volume was determined by compa
TEM micrographs of the same tip before and after APF
analysis. The comparison provided evidence that the bou
ary was within the analyzed length. FIM of the tip was pe
formed to position the analyzing aperture at the center of
field ion image, so that the analyzed direction was coincid
with the direction of the tip axis. This made it certain that t
aperture was aimed on the twin boundary plane. TEM a
FIM thus provided evidence that the twin boundary had b
analyzed.

APFIM was performed in an energy-compensated ato
probe field-ion microscope.19 The atom-probe analysis wa
performed at a specimen temperature of 80 K with a pu
fraction of 15% of the dc voltage and pulse frequency of 1
Hz.20 The pressure in the vacuum chamber during all
analyses was about 30 nPa. Under such conditions, a sys
atic deficiency of oxygen was found to be below 2 at. %

FIG. 1. FIM micrograph of a YBa2Cu3O6.9 tip with a twin
boundary indicated by arrows.
-
n-
ro-
r

e
-

n

e-

n
ry
.

-
l
g

d-
-
e

nt

d
n

-

e
2
e
m-

the worst case.21 FIM was performed at a specimen temper
ture of 80 or 90 K with N2 as the imaging gas.

During atom-probe analysis surface atoms are ionized
removed from the needle-shaped specimen tip by fi
evaporation. Among these ions only those coming fro
within a circle of diameter of about 1–5 nm on the tip su
face enter the mass spectrometer and may be chemi

FIG. 2. Bright field transmission electron micrographs of
YBa2Cu3O6.9 specimen before~a! and after~b! atom-probe analysis
It is evident that the twin boundary closest to the tip apex in~a! has
been analyzed.
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FIG. 3. Concentration profiles of Y~a!, Ba ~b!, Cu ~c!, and O~d! in a YBa2Cu3O6.9 specimen, with group size of 550 and average gro
length 1 nm. The curves are the smoothened curves~running mean over 3 blocks!. Circles are measured data points. Error bars repre
values of 2s.
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identified. In addition, the sequence of arrival of those ions
the detector is registered. As the analysis proceeds, a
from a cylinder of about 1–5 nm in diameter and up to ab
100 nm in length are collected. For the purpose of examin
the concentration variation of the elements, concentra
profiles are constructed by first dividing the whole detect
sequence into groups of atoms. Each group, called a bl
contains an equal number of atoms. The number of atom
a block is referred to as the block sizes, and the correspo
ing length in the specimen~in nanometers! is called the
block length. The variation in composition along the an
lyzed direction can therefore be obtained from the comp
tion calculated for each block~see Ref. 15, pp. 29–31!.

III. RESULTS

A field-ion micrograph of YBa2Cu3O6.9 is shown in Fig.
1. The concentric rings represent consecutive atomic pla
It was established from TEM that an arrowhead bright ba
t
ms
t
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n
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d-

-
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d

corresponds to a twin boundary. Unfortunately, in this cas
was not possible to tilt the specimen so far that the bound
could reach the probe hole and atom-probe analysis of
boundary could not be made.

However, atom-probe analyses of twin boundaries in t
other specimens were successful. In these cases the
boundaries lay approximately perpendicular to the analy
direction. Figure 2 shows a YBa2Cu3O6.9 specimen before
and after atom-probe analysis, Figs. 2~a! and 2~b!, respec-
tively. It is evident that the twin boundary closest to the
apex in Fig. 2~a! has been analyzed. However, the compo
tion profiles of this sample did not show any variation th
could be connected to a boundary, Fig. 3.

TEM micrographs of a YBa2Cu3O6.6 specimen before and
after APFIM analysis are shown in Figs. 4~a! and 4~b!. Since
the probe aperture was at the center of the FIM images
position on the tip surface should be at the place where lo
radius of the curvature of the tip profile was minimum in t
TEM micrographs shown in Figs. 4~a! and 4~b!. From Figs.
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4~a! and 4~b! the analyzed direction was determined as 2
from the ^110& direction. However, this orientation relation
was insufficient to determine the crystallographic orientati
of the analysis direction. By tilting the specimen 20°, anoth
orientation of the tip was obtained, Fig. 5. In this orientatio
the electron-diffraction pattern is a^001& pattern, and the tip
axis was perpendicular to the~110! twin plane. From these
pieces of information, we could conclude that the analyz
direction lay on the (2110) plane, 20° tilting up from the
basal plane, Fig. 6.

In this analysis a total of 15 139 atoms were collecte
The length of the analyzed volume was 42 nm as measu
by comparing the two micrographs in Fig. 4. From these tw
numbers, we can get the average number of analyzed at
per unit length: 360 atoms/nm, or the average block length
should be kept in mind that the analyzed volume is not
ideal cylinder rather a truncated cone, since a constant tip
probe aperture distance~3 cm! is used in the analysis. There
fore, for a given block size, the block length is larger in th
beginning of the analysis and smaller in the end of the ana
sis. However, the difference in the block length between j
a few adjacent blocks is very small. In the present cas
local concentration variation is in consideration, the avera
block length can be used.

The concentration profiles were constructed using a blo
size of 300 atoms, i.e., a block length of 0.8 nm. In contra
to the previous analysis, the boundary in the YBa2Cu3O6.6
specimen showed a depletion of oxygen at the twin bou
ary. The oxygen content at the boundary region decrease
about 5–6 at. %. In the same region, the copper, barium,
yttrium contents were slightly higher than the average v
ues. This is mostly due to the balance of oxygen depleti
The variation in oxygen concentration across the bound
region was slightly asymmetric. Concentration profiles of

FIG. 4. Dark field transmission electron micrographs of
YBa2Cu3O6.6 specimen before~a! and after~b! atom-probe analysis.
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Ba, Cu, and O are shown in Fig. 7. Besides the chang
oxygen concentration at the boundary region, the width
the region is an equally important piece of information,
long as the coherence length is concerned. For the ana
across a thin plate precipitate inclined to the cylinder
analysis in a general context, the concentration profile w
qualitatively presented and discussed previously~see, for ex-
ample, Ref. 14, p. 203!. The profile is reproduced as th
lower panel of Fig. 8, whereCm andCb denote the concen
tration of matrix and the plate, respectively. For the partic
lar purpose of obtaining the width of the oxygen-depleti
region in the present work, it is discovered that the thickn
of the plate can be calculated from the information contain
in the concentration profile. Given the measured width ofCb
in the profile, denoted byWcb , let Wtb be the width of the
depletion region in the material,dap be the diameter of the
cylinder of analysis, andf the inclination angle. The geo
metric relation between these variables can be establis
from the upper panel of Fig. 8.Wtb can thus be obtained:

Wtb5Wcbcosf1dap sinf.

In this particular analysis, the average diameter of aper
was 8 nm. The inclination angle was 20°.Wcb can be deter-
mined as 3 or 4 nm from Fig. 7~d!. The correspondingWtb
values are 6 or 7 nm as calculated from the above formu

IV. DISCUSSION

The mechanism of theT-O transition has been identifie
as nucleation-and-growth mechanism,22,23 in which the
orthorhombic phase nucleates predominantly along g
boundaries, and grows into the tetragonal matrix. The gro
rate is controlled by diffusion of oxygen. Based on th
mechanism of the twin formation, an oxygen-depleted tw
boundary model was constructed by Jou and Washbur24

The model gives a rather detailed account of twin bound
width, overall oxygen stoichiometry of samples, avera
twin domain width, and lattice parameters on the basal pla
The model assumed a perfect stoichiometric YBa2Cu3O7
within the twin domains and YBa2Cu3O6 at the twin bound-
aries. The oxygen-depleted twin boundary width can then
expressed asWtb52 jab/(a21b2)1/2 ~referring to Fig. 4 in
Ref. 24!, where j is the number of oxygen-depleted plane
and a, b are the lattice parameters on the basal plane
YBa2Cu3O7. For a material with an average oxygen conte
x, the relation between thex, average twin domain width
and the twin boundary width is

x5x~ j !561
Wt2Wtb~ j !

Wt
.

The twin domain width Wt can be calculated byW1
'ab/(b2a).25

Using this model, we can calculate the width of oxyg
depletion at twin boundaries of YBa2Cu3O6.6 material. Tak-
ing a50.382 27 nm,b50.3891 nm from the work of Jor-
gensenet al.,17 the calculated twin domain width is 21.5 nm
and the width of oxygen depletion region is 8.5 nm. The
values givej 516. In the present work, the twin domain siz
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56 12 001CONCENTRATION PROFILES ACROSS TWIN . . .
is 22 nm as measured from TEM, and the width of th
oxygen-depletion region is about 6–7 nm from atom-prob
analysis. Evidently, the measured values agree well with t
values calculated from the model.

It has been, in fact, reported that twin boundaries are n
monatomic planes, rather transitional regions extending up
about 4 nm, depending on cation substitution, level of oxy
genation, and heat treatment. These values were obtain
from high-resolution transmission electron microscop
~HREM! observations.26,27 However, the width of the twin
boundary region obtained from HREM is essentially th
width of image distortion region at the boundary. This dis
tortion reflects the change of electrostatic potential across t
twin boundary, which scatters incident electrons. The cont
bution to this potential is mainly from the heavy Y and Ba
atoms. Therefore, the contrast of distortion is not sensitive
oxygen. To correlate the width of image distortion to oxyge
depletion other factors have to be considered. Therefore
twin boundary width determined from HREM should not be
expected directly comparable to the width of oxygen depl
tion measured by APFIM, nor the width predicted by Jou an
Washburn’s model.

From the comparison of the twin boundary width obtaine
by HREM and by APFIM it is clear that the boundary width

FIG. 5. TEM micrograph and selected area electron-diffractio
pattern of the same tip as shown in Fig. 4.
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has different physical meanings depending on the way i
measured. For the purpose of correlating twin bound
structure to superconducting properties, the width of oxyg
depletion seems to be a good parameter. Nevertheles
order to obtain complete information about twin bounda
structure, one should investigate the same boundary u
both HREM and APFIM techniques.

It is easy to visualize that there are two variants of$110%
planes along each@110# direction in YBa2Cu3O61d, one con-
sisting of oxygen atoms and oxygen vacancies, which can
referred to as the OV plane, and the other consisting of
Ba, Cu, and O atoms, which can be referred to as the ca
plane. Due to the requirement of mirror symmetry impos
on a pair of twins with the twin boundary as the mirror pla
and the fact that$110% planes are indeed twinning planes,
is natural to expect that there should be two types of tw
boundaries, the OV boundaries~twin boundaries with the
OV plane as the boundary plane!, and the cation boundarie
~twin boundaries with the cation plane as the bound
plane!. These two types of twin boundaries have been
served by means of HREM.10,28 Important observations wer
that the OV boundaries were found only in fully oxygenat
samples, and the cation boundaries were found only
oxygen-deficient samples.10 These observations indicate a
apparent correlation between the boundary type and oxy
stoichiometry of the sample. They possibly imply that t
T-O transition occurring in an oxygen-rich atmosphere ten
to produce OV boundaries, whereas the transition occur
in an oxygen-depleted atmosphere tends to produce ca
boundaries. However, a single boundary of mixed OV a
cation types has also been observed in a fully oxygena
sample. The two parts of the twin boundary kinked at a tw
boundary dislocation.29 This observation provided a finger
print of a possible way of twin boundary motion inT-O
transformation and possible evidence of inhomogeneity

n

FIG. 6. Orientation relation of the direction of analysis and t
twin plane,n, normal to the boundary plane, andl , direction of
analysis.
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FIG. 7. Concentration profiles of Y~a!, Ba ~b!, Cu ~c!, and O~d! in a YBa2Cu3O6.6 specimen. The curves are the smoothened cur
~running mean over 3 blocks!. Circles are measured data points. Error bars represent values of 2s. The region of oxygen depletion at the twi
boundary is marked in~d!.
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oxygen content. It also marked the two possible direction
the dislocation motion in a subsequent heat treatment,
wards cation boundary in oxygen-rich atmosphere or towa
the OV boundary in a reducing atmosphere. Based on
observations concerning the OV and the cation twin bou
aries, it is reasonable to conclude that the measured
boundary in YBa2Cu3O6.6 is a cation boundary. This can b
further confirmed by first imaging the outmost twin boun
ary in a YBa2Cu3O61d tip by HREM and subsequently ana
lyzing it by APFIM.

By combining HREM and APFIM in this way it would be
possible to investigate which type of boundaries is energ
cally favorable under certain processing conditions. We
lieve that results from such studies will provide valuab
knowledge on theT-O transition and twin boundary struc
ture in YBa2Cu3O61d. It would also be possible to tailor th
twin boundary structure by controlling level of oxygenatio
cation substitution, heat treatment, and impurity segrega
in order to obtain desired electrical properties of twin boun
aries for the purpose of making superconducting electro
devices, like what has been done with grain boundarie30

The narrowDTc , from 0.2 to 2 K,4,5 and broad resistive
transition in applied magnetic field in single crystals4 indi-
f
o-
s
e
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in

ti-
-

,
n
-
ic

FIG. 8. The upper panel: schematic diagram of an atom pr
analysis across an inclined thin plate precipitate;n, normal to the
boundary plane;l , direction of analysis;f, angle of inclination; and
dap , diameter of the cylinder of analysis. The lower panel: cor
sponding schematic diagram of concentration profile.
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cated that twin boundaries may act as Josephson junctio31

These therefore indicate the possibility of making very hig
density devices based on twin boundaries.

V. CONCLUSION

APFIM of twin boundaries in YBa2Cu3O61d was per-
formed. Oxygen depletion with the spatial extension of ab
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6–7 nm was found at a twin boundary in the material
YBa2Cu3O6.6. No depletion or enrichment was found i
YBa2Cu3O6.9 material. This study provided direct evidenc
of oxygen depletion at twin boundaries in polycrystallin
YBa2Cu3O61d ceramics.
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