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Influence of Sr doping on twin-wall structure and flux pinning of YBa,Cu;0-_ s single crystals
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The twin textures of two differently synthesized types of ¥B&0,_ s single crystals, differing strongly in
their critical current densityj() levels, have been investigated by high-resolution transmission electron mi-
croscopy. One type of crystal which has highgwvalues and contains 1 at. % Sr shows twin lamellae with
boundaries decorated by many small local strain fields. It is suggested that this twin boundary structure is due
to Sr doping. The Sr clusters present in the lattice are assumed to enhance flux pinning, and thus to result in the
higherj. values observed S0163-182€08)03734-5

In a number of experimental studies, a substantial envariation in the nature of the defect structure between these
hancement of the flux pinning effect in YB2u;0,_sby the  two types of crystals that could explain the differences in the
boundaries of polysynthetic twin lamellae has been demonj, values.
strated.(For an introduction, see Refs. 1)-3n spite of this, The fabrication processes for the two different types of
a controversy still exists as to whether the existence of twircrystals of YBaCu;O,_s were very similar and these crys-
boundaries is the crucial condition for effective flux pinning tals resembled each other in some of their physical and mi-
[which is then a main cause for high critical current densitycrostructural properties. The pertinent data on the synthesis
(o) valued in these YBaCu;O,_ s single crystals. Since the as well as the previously measured physical propériés
early stages of research in this field, there have been a nunboth types of sample&lesignated batchA andB) are listed
ber of observatiorfsthat can be taken as evidence that dop-in Table I. The batchA crystals with lowj. values were
ing with certain transition-metal elements could have a siggrown from a mixture of M purity chemicals, and they were
nificant effect on the internal microstructures of the crystalsthen quenched, while the batdh crystals were prepared
including their twin textures. The present authors have prewithout quenching. The batchB crystals were doped with
viously investigated the size distributions of twin lamellae of 1% Sr atoms(9290 ppn). Critical current density values
YBa,Cuw0_4 single crystals as well as of their Sr-doped were determined by magnetic hysteresis measurements for
analogues,and it was found, for instance, that doping with 1 both types of crystals. A magnetic field was applied parallel
at. % of Sr resulted in finer lamellae and in a more regulato the c axis, and the supercurrent parallel to the plane
size distribution of the twin domains. Several previous high-was determined. Thg, values for the batci and B speci-
resolution transmission electron microscdpiRTEM) stud-  mens presented in Table | are assumed to be representative
ies of twin boundaries of YB&£u;0,_ ;s single crystals have examples for each of the two types of crystals. The crystals
indicated variations in the nature of the twin boundary inter-described above were subsequently prepared for electron mi-
face in YBaCuO,_ 5 crystals and their doped analoge8. croscopic investigation, mainly by the powdering method.
Zhu et al. presented evidence by HRTEM observations thatSmall pieces of these crystals were crushed in an agate mor-
incoherent twin boundaries, which involved not only a 180°tar and then transferred in water-free alcohol onto a copper
rotation of the lattice across the boundary but also a translagrid covered with a holey carbon foil. A transmission elec-
tion along that boundary, actually occurred in fully oxidized tron microscope, Philips CM30ST00 kV, spherical aber-
YBay(Cly 9ZNp 023075 Crystal§'” as well as in very pure ration constanC,=1.1 mm was used for the HRTEM im-
(fully oxidized) YBa,Cu0;_52 Thus, a variability in the ages together with selected area electron diffraction.
twin boundary interface can be assumed to be an intrinsic Figures 1a) and Xb) present HRTEM 001] micrographs
property of YBaCu;O,_ s crystals. Consequently, different in two different magnifications obtained from a crystal frag-
pinning properties of the twin boundaries may result fromment of batchA, in which twin lamellae are a prominent
variations of the twin boundary structutédowever, the de- microstructural feature. In this figure, a small-scale contrast
tails of the possible effects of local twin boundary structurefeature, consisting of either bright or dark dots arranged in a
on the critical current density are not yet fully understood.rectangular cell, corresponds to the projected fundamental
The present HRTEM observations of twin textures wereunits of the perovskite cell in the YBEu;O_ 5 crystal struc-
therefore made on two different types of YRasO,_ s ture. In YBgCuO,;_ 5 the cations Y and Ba, are chiefly
single crystals having a large difference in their level of criti- responsible for the HRTEM contrast. Figurgcil is a
cal current densitie$® The aim of this study was to find any Fourier-filtered image obtained from tii00) and(010) re-
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TABLE |. Data on the synthesis and composition of baAcéndB crystals used in this study., j., and
B;, denote critical temperature, critical current density, and irreversibility field, respectively. The peak field
of batchBis 1 T.

Sample batch Batch (low j.) BatchB (high j.)
starting with starting with
1 mol% Y,03, 1 mol% Y,0s,
Preparation 26 mol% BaGp 26 mol% BaO doped with Sr,
72 mol% CuO 72 mol% CuO
(approx. 9290 ppm $r
990 °C—939.1 °C:-0.6 °C/h 980 °G-»940.6 °C=0.5°C/h
Cooling mode —quenching —934.1°C=0.3°C/h
—slow cooling
600 °C/50 h 590 °C/20 h
—560 °C/100 h —550 °C/100 h
Oxidation process —500 °C/100 h —500 °C/100 h
—470°C/100 h —465 °C/100 h
—450 °C/150 h —445 °C/50 h
—380°C/140 h —400°C/70 h
T. [K] 90.0 89.5
jc AT, 77 K [Alem?] 900 75 000
Peak effect No Yesg=1T)
Bir (77 K) [T] 7 5

flections in the region corresponding to Fig(bl The servation was made several times for many different areas,
Fourier-filtered image was made by a circular mask with arand this confirmed that the displacement occurs in all crys-
apparent radius of 2a*. The set of lattice planes along the tals of batchB, while it is rare in batchA crystals. We con-
[100] (or [010]) direction is slightly bent exactly at the twin jecture that this characteristic microstructure with its regular
boundary; however, they continue without interruption intodistributiof®> may be the consequence of the Sr doping,
the adjacent domains. This feature is typical for the usualwhereby the Sr originates from the BaO material used in the
coherent twin boundaries, which are commonly observed isynthesigsee Table)l
YBa,CuO;_ 4 crystals. Zhu and Suenad@found twinning steps associated with a
Figure 2a) is a HRTEM [001] image in intermediate [100]-lattice displacement in YB&u;O,;_ 5 crystals, and
magnification obtained from a batd® crystal. This image proposed that dislocations at the twin boundaries were the
contains twin lamellae with horizontal boundaries marked byessential cause for a translational shiff ®80}-lattice planes
arrows. The contrast arising from this lamella is a typicalalong the twin boundaries, attributing it to oxygen disorder
microstructural feature in batdB crystals and is rather dif- in the boundary region. By contrast, the local structure of the
ferent from the contrast of the twin lamellae typically found twin interface of the present batéhcrystals differs from that
in batchA crystals. This is evident from a comparison of Fig. described in the previous studies mentioned above: The
2(a) with Fig. 1(a) (notice that both images are in the sametwin boundary contrast in batcB crystals more frequently
magnification. The contrast of every twin boundary in this indicates a local strain field, which causes lattice distortions
crystal appears as a broad band of dark contrast and, moreear these boundaries, while the interfaces observed by Zhu
over, the contrast consists of a sequence of many small das¢ al. do not involve any strong distortion of the atomic
patches, a few of which are marked by vertical white arrowsstructure.
These dark patches in Fig(a&2 are considered here to be  This characteristic feature of the twin boundary interface
associated with inhomogeneities of the strain field adjaceninay be correlated with the Sr dopingverage Sr content
to the twin boundaries. In order to recognize the lattice dis9290 ppm, since it was only very rarely found in the batéh
tortions at the twin boundaries more clearly, computer-aidearystals that did not contain any Sr. This allows the tentative
image processing was applied to tti®0)-lattice plane, us- conclusion that the lattice distortion along the twin boundary
ing Fourier filtering by a circular mask with an apparentresults from Sr atoms located in the vicinity of the twin
radius of~ 2a*. The result is shown in Fig.(8). Thisimage boundary planes: These Sr atoms substitute for certain cat-
allows us to clearly recognize the mode of continuation ofions and may form clusters in the interstitial regions. A pre-
the [100] lattice at the twin boundary: The lattice planes vious study* by neutron-scattering measurements combined
abruptly change their orientation, and in certain places, e.gwith Rietveld refinement indicated that Sr atoms preferen-
in the area enclosed by an oval in FidcR a small lateral tially replace Ba atoms in the structure. Assuming th&t Sr
displacement along the boundary can be observed. This olslominantly substitutes for B4, this substitution leads to a
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FIG. 1. HRTEM[001] image and the corresponding Fourier-  FIG. 2. HRTEM[001] image and the corresponding Fourier-
filtered image obtained from a batdh crystal. (@) The image in filtered image obtained from a batd crystal. (a) The image in
intermediate magnificatiorip) portion of (a) in high magnification.  intermediate magnification an¢tb) an enlarged HRTEM image
This area is marked by a rectangle(@. The narrow strip of dark  from a region enclosed by a rectangle(@. (c) The corresponding
contrast recognized in the center corresponds to a region containirfgourier-filtered image fof100]-lattice planes obtained from a re-

a twin boundary;(c) the corresponding Fourier-filtered image for gion marked by a rectangle in Fig(al. The image was made by
[100]-lattice planes obtained from a region marked by a rectangle irselecting the (100 and (010 intensities from the Fourier-
Fig. 1(@). The image was made by selecting t#i®0 and (010  transformed image using a circular mask of radiu$ a*. In the
intensities from the Fourier-transformed image using a circulararea enclosed by an oval, the lattice planes are seen to be discon-
mask of approximate radius a*. Note that the lattice planes con- tinuous when they pass over the twin boundary.
tinue coherently across the twin domain.

additional defects have to be introduced. The most pro-
substantial contraction of the unit cell, since the ionic radiusmounced increase in pinning, the so-called fishtail or peak
of SP* is considerably smaller than that of Ba Such a effect ofj.(B), is created by pointlike defects or defect clus-
situation can lead to the contrast phenomena observed in thers, e.g., clusters of oxygen vacanci€sor dopants. There
HRTEM images, i.e., that the crystal lattice is severely dis-s experimental evidence from the present results that the Sr
torted near the twin boundaries and that this distortion in-content of the batcB crystals results in isotropically distrib-
volves translational displacements of tf00]-atom rows. uted Sr clusters surrounded by local strain fields. This defect
The formation of Sr clusters in the interstitial regions maystructure is responsible for the peak effect, i.e., the pro-
have the same effect as well. In order to obtain informatiomounced maximum of at the peak fieldB e, around 1 T.
on the effects of different contents of Sr, additional observaThis is observed in batcB, but not in batchA crystals® The
tions on twin textures were made in another type of crystabr clusters become visible in the TEM investigation as local
containing larger amounts of Sapprox. 4 at. % It was strain fields adjacent to the twin boundaries, whereas homo-
found that the twin texture characterized by local strain fieldggeneously distributed Sr clusters in the bulk have no similar
along the twin boundaries could only form in specimens coneffect on the contrast of the HRTEM images. In the Sr-free,
taining a very small amount of Sr, e.g., 1%. well-oxygenated andalsg twinned batchA crystals, the

It is well known from recent work® that “clean” twins  twin boundaries are intact and do not show distortions. A
do not cause strong flux pinning. In order to enhajgce  comparison of batc andB crystals in Table | demonstrates
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108 ——————— — T ous decrease if with rising magnetic field for the batch

E 77K crystal, in contrast to the observed peak of the current den-
sity for the Sr-doped batdh crystal. The significant increase
in pinning is shown here to be caused isgptropically dis-
o tributed Sr clusters, which is due to distortion of these
£ : boundaries. A detailed discussion of the interplay between
0 I ] pinning by clusters and twin boundaries is given in Ref. 3.
< 1 It should be noted that the bat&hcrystals have a higher
102 . . level of j. values than the batch crystals, but that its irre-

‘ ] versibility field (B;,) is considerably lower than in batch
crystals. Theories of the vortex state in superconductor ox-
Batch A crystal ides predict!*that correlated defects such as twin bound-

102 oL . . aries as well as columnar defects artificially nucleated by ion

0 1 2 3 4 5 6 irradiation allow for a characteristic vortex state, i.e., a Bose-
B(T) glass state below the melting transition line in the magnetic
phase diagram, and that this results in a prominent enhance-

FIG. 3. Diagrams ofj. vs B for batchA and batchB crystals  ment of the irreversibility field in the vicinity oBlic. It was
which were determined from measurements of magnetic hysteresjgsgo suggestécthat the variation in the twin texture signifi-
at 77 K. The geometric arrangement was chosen so that a magne@(anﬂy changed th8;, values. The twin boundaries of batch
figld_ was applied along the axis, while the supercurrent flowed B crystals, which are decorated by the strain fields, are not
within the ab plane. atomically planar. This lowers the efficiency obrrelated
pinning of the twin boundaries, and may be the reason for
batchB crystals having considerably low&;,, values than
batchA crystals.

In conclusion, our TEM observations, combined with
computer image processing, allow us to differentiate the twin
textures of crystals of batcB from those of batchA. The
B?esent results therefore lead to the conclusion that the twin
boundaries of batclB crystals are decorated with localized
Strain fields, having an extension of 20-50 A, in which the
crystallographic lattice is significantly distorted. The Fourier
i ) iltering executed by computer confirms the presence of lat-
demonstrates that the twin structure in ballerystals has yice gistortions. We ascribe this characteristic twin texture to
only a minor influence orj, and is therefore not at all o pyresence of a specific, critical trace amount of Sr atoms
responsible for the peak effect. In addition, the fact that thc’(approx. 1 at. 9%in batchB crystals in a probably homoge-
influence of the twins orj. is only small shows that an eqys distribution. We propose that strain field clusters are

isotropic defect structure is the cause of the peak injthe ofective flux pinning centers in Sr-doped Y0,
values, i.e., the observed Sr clusters mentioned above. Tl?ﬁystals causing the peak effectjig(B).

twin density in batchB is about three times larger than in
batchA crystals® This difference alone cannot account for ~ The present work has profited much from discussions
the j. increase by a factor of 80 compared to fheof batch  with Professor K. Hiraga, to whom we are very grateful. We
A crystals. This finding also corroborates our conclusion thatvould also like to acknowledge technical assistance in elec-
isotropically distributed Sr clusters, whose contrast is obtron microscopic work by R. Wessicken, P. @¥a and A.
served by TEM at the twin boundaries, are responsible foSigg. We are indebted to D. Grindatto, S. Ritsch, and T.
the peak effect, rather than the twin structures. The pro©hsuna for efficient help with the computer work. This re-
nounced difference between the current dengityf batchA  search has been supported by the Swiss National Foundation,
and batchB is shown in Fig. 3. It demonstrates the continu- Grant No. 20-40403.94/1, for which we are also grateful.

Batch B crystal }

the increase of; by a factor of approximately 80 at the peak
field arourd 1 T due to Sr-induced strain field clusters.

The influence of twins o, becomes visible for the field
orientationBll c|l twin planes, and below th¢.(B) peak,
e.g., atB=0.5T, even if it is not the dominant pinning
mechanism. Angle-dependent measurements of the magne
moment of batctB crystals reveal that the difference jg
between the two field orientations outside and inside th
trapping range of twins is less than 1G%n the latter case
(Bllc=15°), the twins act as planar pinning centers. Thi
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