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Effect of twin planes in the magnetization hysteresis loops of NdBa2Cu3O7 single crystals
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The angular dependence of the critical currents is investigated in a moderately twinned NdBa2Cu3O72d

~NdBCO! single crystal in the temperature range 30<T<90 K. In intermediate fields around the fishtail peak
a reduction of critical current density due to twin structure is observed up to 90 K. This effect implies that
vortices retain their three-dimensional character practically up toTc . The effect of twin planes disappeared at
external fields declined more thanu'15° from thec axis ~twin planes!. In this case, the hysteresis loops
exhibited a clear fishtail shape. The intermediate peak observed previously in NdBCO single crystal atu
50° is identified with the low-field limit of the twin plane activity.@S0163-1829~98!51946-7#
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NdBa2Cu3O72d ~NdBCO! occupies an exceptional pos
tion among the superconductors with the 123 structure~RE-
123; RE denoting rare earths!. The high superconducting
transition temperature,Tc ~93–95 K!,1,2 critical current den-
sity j c , and irreversibility field make this material particu
larly interesting for applications. Therefore, it is extreme
important to understand the physical origin of these exc
tional magnetic properties.

As in many other RE-123 materials,j c is enhanced espe
cially at higher fields due to the presence of the peak eff
However, the magnetic hysteresis loops~MHL’s ! of NdBCO
single crystals, measured with the field applied along thc
axis, exhibit usually even two high-field maxima. Besid
the central peak located close to zero field and the high-fi
fishtail maximum~which shifts progressively with tempera
ture! an intermediate peak is observed, appearing typicall
'2 – 3 T. The position of this peak is nearly temperatu
independent, especially at low temperatures.2 When the fish-
tail peak comes close at highT to the intermediate peak, bot
peaks merge together. The resulting peak continues shi
with increasing temperature to lower fields, which impli
that the peak still exhibits the properties of the fishtail pe
The shape becomes now slightly modified by a shoulder
the low-field side.2,3 In some samples a dominating interm
diate peak was observed shifting with increasingT towards
lower fields~observed up to 92 K! but much slower than the
high-field fishtail peak.4

Here, we report on angular measurements of MHL’s
corded on a NdBCO single crystal exhibiting a simple tw
structure ~Fig. 1!. The magnetic measurements were p
formed by means of a commercial superconducting quan
interference device magnetometer.5 Magnetic data were re
corded under different anglesu between the applied fieldBa
and thec axis ~twin plane orientation!. Figure 1 shows the
orientation of the rotation axis with respect to the twin stru
ture, ata517° out of the plane of the main twin direction

In Fig. 2 we show the development of the MHL sha
with u at four significantly different temperatures. At all th
temperatures the scenario is qualitatively similar: Wh
declining the applied magnetic field from twin plan
(u50°), the flat top of the MHL athigh fields gradually fills
up and changes into the typical fishtail shape
PRB 580163-1829/98/58~22!/14771~4!/$15.00
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uuu'15° – 20°. At temperatures below 60 K, this flat part
u50° consists of two small peaks separated by a shal
minimum. The low-field peak is nearly field-independent, t
high-field one shifts with increasing temperature to low
fields. Due to this behavior the high-field peak has be
sometimes identified with the fishtail peak. The present
periment shows that if the twins are not active, the real fi
tail maximum is significantly higher and lies at about t
center of the depressed region@as indicated by arrows in
Figs. 2~a!–2~d!#. The correct coordinates can be estimated
extrapolating the angle-scaled data taken atuuu.15°. At suf-
ficiently high temperatures the high-field peak atu50°
comes close to the position of the intermediate peak and b
peaks merge@Fig. 2~c!#. Even in this case, however, th
MHL at u50° remains depressed and only at largeu does a
regular fishtail peak develop. Figure 2~d! presents evidence
of the same behavior even atT590 K. In this case, the sig

FIG. 1. Polarized light image of the sample. The white li
indicates the axis of rotation.
R14 771 ©1998 The American Physical Society
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FIG. 2. Magnetic hysteresis loops measured at different anglesu between the applied field andc axis of the sample.~a! 30 K, lower
branch of MHL;~b! 60 K, lower branch of MHL;~c! 90 K. In the last case, the signal was quite low and the MHL was significantly disto
b
th
e.
th
nd
e
a

n
s
na

m
in
ws
is
f
e

u
e
b

n
nd
i-
.

c

p

en
ini-
tem-
ch-
e

of
he
ive

re
he
n a
ux
f
e-
nge

cal
n-
by
ical

n-
lly
nal was rather small and the MHL was strongly distorted
the paramagnetic contribution from Nd atoms. However,
basic features of the twin activity are still clearly visibl
Figure 2 shows that the twin structure is active mainly in
field region around the fishtail maximum. Both below a
above this region the MHL follows the fishtail shape. Figur
2~a! and 2~b! show that the intermediate peak observed
low u marks the onset of the twin structure activity.

Oussenaet al.6 and others3,4 argued that the reduction i
critical currents at lowu is due to channeling of vortice
along twin planes, which results in a reduction of the inter
field gradient, and, consequently, in a decrease ofj c . Let us
look closer at this effect. The pinning at twin planes is co
monly expected to be stronger than the pinning on the po
like noncorrelated pinning structure. This conclusion follo
from the fact that the pinning efficiency of pinning sites
proportional to the effective pinning volume. In the case o
vortex inclined close to the twin plane, the pinning volum
of the twin plane is naturally larger than that of even a gro
of disordered point defects. Twin boundaries present a s
ous obstacle for the flux movement, which is documented
magneto-optic~MO! experiments at low fields. It was show
that magnetic flux propagates more easily along twin bou
aries than across them,7 especially if the twin planes are or
ented parallel or perpendicular to the edge of the sample
this case the orientation of the twin ‘‘channels’’ coincides~at
least in one direction! with the natural way that magneti
flux penetrates the sample.8 On the other hand, for twin
boundaries being declined from the orientation of the sam
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edges, no significant anisotropy in the flux entry has be
observed. However, all these experiments show only the
tial stage of the magnetization process. In the necessary
perature and field window, none of the present imaging te
niques is effective.9 We can therefore only speculate how th
vortices behave at high fields.

It is natural to expect that they are pinned by all types
the present pinning sites, according to their effectivity. In t
case of twin planes the pinning will become more effect
when the angleu will be small and the projection of the
vortex length onto the twin planes~i.e., the effective pinning
volume! will be large. If the twin plane pinning is more
effective than that of the isotropic pinning disorder, why a
the resulting critical currents not higher and why is just t
opposite observed? It is quite difficult to understand why i
sample at the critical state a global redistribution of the fl
pattern via twinchannelingwould start. The low values o
relaxation rate observed in the field range of the MHL d
pression as well as the scaling of the depression field ra
with temperature speak against such interpretation.

We suggest an alternative approach, in terms of criti
current flow. The flux distribution in a sample with a ra
domly distributed isotropic pinning disorder is governed
the sample geometry. In a rectangular sample the crit
currents flow preferentially along the sample edges@Fig.
3~a!#, so that a typical double-Y shape of the current disco
tinuity lines results. In a rectangular platelet they are usua
oriented nearly diagonally, alonĝ110& and/or^11̄0& direc-
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tion. The twin structure introduces a strong in-plane anis
ropy that should significantly change the current flow p
tern, especially when vortices are close to the twin pla
~smallu!. In the case of the ideal twin plane pinning and on
one twin direction, the current flow pattern would be as d
picted in Fig. 3~b!. Along twin planes vortices can mov
without large obstacles and therefore the field gradients
this direction and the associated currents would not proba
differ much from those in Fig. 3~a!. However, on the nar-
rower sides of the sample vortices meet the twin boundar
their movement is significantly limited, and the area of t
flux penetration in this direction is strongly reduced. Th
means that the field gradient in these regions~normal to twin
planes! and the corresponding current density~along the twin
boundaries! significantly increase. The current density, ho
ever, cannot exceed the limits set for the given tempera
and field. This limit might result in limitation of the mea
critical current value in the whole sample. The current p
terns in the sample with and without twins are most proba
quite different and the simple comparison of the correspo
ing total currents is not possible. In the case of twin plan
declined from the sample edges~the natural TB orientation is
along ^110& and ^11̄0& directions!, the current distribution is
probably more complex but the principle of the total curre
reduction should be the same. In real crystals, even m
complicated patterns can be expected.

The interpretation of the twin structure activity in terms
pinning instead ofchannelingis in agreement with the angu
lar measurements, the low relaxation rate observed in
range of the twin activity, and the development of this p
cess with temperature~Fig. 2!.

The field range, in which the suppression of critical cu
rents is observed, as well as the position of this range s
with temperature in the same manner as the fishtail p
position. It is well known that the fishtail peak in gener
shifts with temperature in accord with the temperatu
change of irreversibility field, which is explained as a res
of a thermal activation. We can conclude that the twin eff
is also a thermally activated process and it is natural to s
pose that the thermal activation enters via fluxpinning.

It is worth mentioning that both the character of the MH
depression and its angular dependence differ somewha
low and above the temperature where the secondary p

FIG. 3. Schematic view of the critical current distribution in th
case of the isotropic random pinning structure~a! and a dominating
twin plane pinning structure~b!. In the first case, mainly geometr
of the sample governs the current pattern; in the second cas
pattern is controlled by the twin planes. In reality a mixed state
probably formed.
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merge together~in our sample'70 K, see Fig. 2!. The illus-
tration of the behavior below'70 K is shown in Fig. 4 for
T545 K: With external field inclining towards the twin
planes, the MHL becomes more and more depressed an
u.26° a shallow minimum develops in the middle of th
depression, separating two narrow secondary maxima.
further decrease ofu, the minimum becomes deeper, up
u50. On declining the field from the twin planes to th
opposite side, the MHL depression as a whole decrea
~MHL height increases! but the two-peak structure remain
unchanged up to aboutu.15.5°. Only above this angle th
minimum fills up and the low-field maximum transforms in
a shoulder on the ‘‘fishtail’’ peak. This shoulder disappea
behindu.120°. Comparison of the curves foru.28.5°
andu.15.5° oru.26.5° andu.13.5° shows the asym
metry of the angular dependence with respect to twin plan

At temperatures above 70 K, the MHL depression co
sists of only one high-field secondary peak and a shoulde
its low-field side. This shape of the depression does not
nificantly change with the angle, only the MHL height vari
with u, becoming lowest atu50. The angular dependence
nearly symmetric with respect tou50.

Note that in heavily twinned NdBCO single crystals th
twin structure does not manifest itself in the above-descri
manner.10,11 In this case the in-plane anisotropy introduc
by twin boundaries is probably so complicated that the
ometry effect prevails and the complicated twin structu
does not result in a significant statistical redistribution
currents.

The twin plane pinning can be effective only for thre
dimensional~3D! vortices. As the twin structure effect i
observed in the whole temperature range up to 90 K, we
conclude that the vortices exist in the 3D state practically
to Tc . The high-field limit for the effective twin plane activ

the
s

FIG. 4. MHL’s measured at different anglesu between the ap-
plied field and thec axis of the sample at 45 K. Note the asym
metrical development with respect tou50 and the gradual devel
opment of the double peak structure.
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ity ~Fig. 2! might indicate the 3D-2D transition. This expla
nation is in accord with our observation that the critical c
rent at high fields is only insignificantly increased aft
lock-in of vortices in the twin boundary structure. We no
however, that the experimental data in this field range
rather contradictory; e.g., Pradhanet al.11 found a significant
increase of pinning due to twins in this range.

The present angular experiments show that not only
intermediate peak observed at smallu at low temperatures is
due to twin pinning but also its high-field counterpart
strongly influenced by the twin structure activity. In the pre
ence of twins, the height and position of the ‘‘true’’ fishta
peak have to be extrapolated from the angle scaled mea
ments in fields strongly declined from the twin planes.

The intermediate peak is related to the start of the tw
plane activity. The temperature independence of the posi
of this peak implies that some kind of matching effect c
stay behind. The relevant pinning site distance should
around 35 nm. This value is close to the fine structure of tw
planes as observed in Ref. 12. An alternative ‘‘matrix’’ f
the matching effect might be the structure of the Nd-r
clusters that were shown to be just of the order of 30–
nm.13

We note that at temperatures below 70 K a shoulder ap-
pears on the low-field side of the true fishtail@extrapolated
from the angle-scaled measurements at largeu ~Fig. 2!#. This
shoulder lies approximately at the same field as the abo
mentioned start of the twin activity for low values ofu. It is
possible that at low temperatures the pinning strength of
twins is so large that they pin at least fragments of the v
tices even outside the optimum angle range for the lock
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Alternatively, this shoulder may be an evidence for t
matching effect due to Nd-rich clusters.13 An independent
support for this hypothesis is the fact that a similar shoul
is observed also in melt-textured samples of various RE-
compounds containing Nd,14 where no intermediate peak ha
been observed so far.

In conclusion, we found in the NdBCO single crystal
competition between pinning on twin planes and on an
tropic random pinning disorder. We suggest that the red
tion of the critical current density around the fishtail peak
due to redistribution of the critical current pattern in t
sample.Pinning on the twin planes is in this case decisiv
This effect is observed up to 90 K, which indicates that v
tices retain the 3D character up to temperatures close toTc .
The reduction of critical currents scales with temperature
the same manner as the fishtail peak. This implies that s
lar thermally activated physical processes are causing
effects. The intermediate peak observed previously in
BCO samples magnetized alongc axis is identified with the
start of the twin structure activity. The analysis shows tha
the samples with a simple twin structure the actual fish
peak position and size for smallu have to be inferred from
angle-scaled out-of-c-axis measurements. Otherwise, t
identification of the secondary high-field peak on the
pressed MHL with the fishtail peak leads to overestimat
of the normalized pinning force at high fields.
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