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Direct Observation of Dissipative Flux Motion and Pinning

by Twin Boundaries in YBazCu307 —h Single Crystals

%. K. Kwok, U. Welp, G. %. Crabtree, K. G. Vandervoort, ' R. Hulscher, and J. Z. Liu

Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 28 November 1989)

We present the first direct observation of Lorentz-force-induced dissipative flux motion and the eff'ect

of twin boundaries as pinning centers in a single crystal of YBa2Cu307-b with twin planes oriented in a

single direction.

PACS numbers: 74.70.Ya, 74.60.Ec

The broad resistive transition of high-T, copper-oxide
superconductors in a magnetic field has been a topic of
great interest. Early measurements showed a large
featureless broadening which was qualitatively fitted by
Tinkham' using a flux-flow model based on a network of
Josephson junctions. In later measurements the resistive
broadening has been described by thermally activated
flux-creep or flux-flow behavior. However, the expected
angular dependence of these phenomena on the relative
orientation of transport current and magnetic field has
not been detected so far, leaving this interpre-
tation controversial. In this Letter we present care-
ful measurements of the resistive transition of
YBa2Cui07 z single crystals in magnetic fields applied
in the a-b plane. We observe for the first time, a resis-
tive contribution which shows the expected angular
dependence, thus giving strong evidence for the presence
of flux-motion effects. However, the flux-motion contri-
bution is only a fraction of the total resistivity below T, .

A major question in all flux-motion models is the na-
ture of the pinning center. Various defects have been
suggested including oxygen-vacancy clusters, growth flux

inclusions, second phases, and twin boundaries. Here we

present clear evidence that the twin-boundary planes act
as strong pinning centers in the flux-flow regime when

they are aligned parallel with the magnetic field.
The sample was prepared by a self-flux method de-

scribed elsewhere which yielded platelet single crystals.
A crystal with dimensions 0.8X0.6X0.04 mm contain-
ing twinning planes oriented in only one direction as
determined with a polarized light microscope was select-
ed from this batch. ac resistivity was measured by a
four-probe technique with gold wires attached to the
sample with silver paint and with typical measuring
current densities of J &16 A/cm at a frequency of 17
Hz.

In the present experiment, the transport current was

applied parallel to the crystallographic a (b) direction.
The magnetic field was applied in the a-b plane and the
crystal was rotated about its e axis from the maximum
Lorentz-force configuration (H J I) to the nominally
zero-Lorentz-force configuration (Hill). The high up-
per-critical-field slope in the a-b plane of —10 T/K
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FIG. 1. Resistive transition in zero field and 1.5 T for the
HIII and HJ I current-field orientation along the a-b plane of
the crystal. The excess resistivity indicated by the arrow is at-
tributed to Lorentz-force-driven flux motion. Inset: Current
dependence of the resistive transition in the region of the kink
for H 1.5 T perpendicular to I.

(Ref. 5) restricts measurements of the field dependence
of the superconduting properties along these directions to
a narrow temperature range. However, this geometry is
favorable for the study of Lorentz-force-induced flux
motion since within the a-b plane the superconducting
properties of YBa2Cuioi-q are almost isotropic.
Therefore, the orientation of the magnetic field with
respect to the transport current can be varied without en-
countering anisotropy of the superconducting properties.
The angular resolution is +' I' about the c axis with a
misorientation of the magnetic field of less than 0.5' off
the a-b plane.

Figure 1 shows the resistive transition curves in a mag-
netic field of 1.5 T with the current-field orientation H Il I
and HJ I and a measurement current density of 0.3
A/cm . For comparison, a zero-field transition curve is

also included. In zero field, the resistive transition is ex-
tremely sharp with a midpoint T, =92.49 K and a width
of hT, (10%-90%)&200 mK. The application of a
magnetic field leads to broad resistive transitions even in

the nominal force-free configuration (H II I), as has been
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reported earlier. The origin of this loss mechanism has
not yet been determined; flux cutting, curved flux lines
and flux entanglement, fluctuations, and Josephson net-
works' have been proposed as possible origins. In the
HJ I configuration we observe a considerably higher
resistance. This excess resistivity between the HJ I and
H II I configuration (indicated by the arrow in Fig. 1) can
be attributed to Lorentz-force-driven flux motion, as we

show in detail below. The excess resistivity begins at
-92.4 K close to the magnetically determined transition
temperature in this fields and gradually increases with

lower temperatures down to 91.6 K where a kink appears
in the H~I resistivity curve. Below this kink, the excess
resistivity rapidly decreases to zero, reaching zero resis-
tivity at the same temperature as the H II I curve

The origins of the broadening in the H II I
configuration and the kink are not yet understood, al-
though one can rule out pinning due to twinning planes
since both the kink and the broadening are also observed
in untwinned single crystals. 'o The temperature at
which the kink occurs separates the resistive behavior
into two regions as shown in the inset of Fig. 1. A strong
current dependence of the resistivity appears below the
kink, introducing a long resistive tail at high currents
which tends to conceal the presence of the kink. Above
the kink, a nearly Ohmic behavior is observed.

In a simple flux-motion model, the rate of energy dissi-
pation per unit length of vortex may be written as
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where FL is the Lorentz force and vL is the velocity of a
flux line. Since vL originates from a Lorentz force, its
magnitude is directly proportional to sin(8), where 8 is
the angle between the magnetic field and the transport
measuring current. Hence an angular dependence of the
form sin (8) is expected for a resistive component due to
Lorentz-force-driven flux motion.

Three angular scans at the temperatures indicated by
the vertical lines in Fig. 3 have been performed. The re-
sults shown in Fig. 2 (where a measuring current density
of —15 A/cm was used to obtain higher resolution) can
be nicely fitted to a sin (8) dependence. This strongly
supports an interpretation of the excess resistivity in

terms of Lorentz-force-driven flux motion. The smooth
sin (8) dependence we report in Fig. 2 is not seen in

similar experiments on thin films of YBaqCu307 —q with
twin boundaries oriented in both the (110) and (110)
directions. " A diAerence in the resistivity for H II I and
HJ I has been observed previously in single-crystal sam-
ples of YBaqCu307-q (Refs. 12-14) but without con-
firmation of the Lorentz-force mechanism by the sin (8)
dependence at intermediate angles. Apparently, the
Lorentz-force component of the resistivity can be seen
only in high-quality single crystals. '

With decreasing temperature the angular-independent
background resistivity strongly decreases (see Fig. 1), so

FIG. 2. Angular dependence of the resistivity at three tem-
peratures: above (91.88 K), near (91.53 K), and below (91.26
K) the kink. The circles in the middle panel show the onset of
pinning due to twin planes near the temperature of the resistive
kink.

that at the lowest temperature an almost pure flux-flow
contribution is left. At the same time a sharp drop in

resistivity almost going to zero appears at 45' from the
HJ I direction and repeats itself every 180', i.e., when-
ever the applied magnetic field is parallel to the twin
planes. The width of the drop is very narrow; ~2'
which is for the present setup probably determined by
the instrumental resolution.

The sharp drop in resistivity may be due to pinning of
the entire length of the vortex lines at the twin boun-
daries when the field is aligned along the twin planes in
contrast to pinning at only local points along the vortices
in the nonaligned case. These results are in contrast to
models of pinning forces due to homogeneous twinning
planes which predict no pinning force against motion in
the t~inning plane when the vortex line is parallel to the
t~inning plane. ' However, the twinning plane is associ-
ated with a strain field 10-30 A thick' which is a prob-
able location of atomic defects such as oxygen disorder.
These would contribute a pinning force against motion in
the c direction which is highest when the flux lines are

967



VOLUME 64, N UM BER 8 PHYSICAL REVIEW LETTERS 19 FEBRUARY 1990

aligned with the twin planes. A similar mechanism was

proposed' to explain a comparison of the magnetization
hysteresis of a twinned and untwinned YBa2Cu307 —b

crystal.
The onset of high pinning when the magnetic field is

aligned along the twin planes is evidenced in Fig. 2 for
the angular scan in the temperature region just above the
resistive kink at T=91.53 K. The resistivity deviates
slightly (highlighted by circles in Fig. 2) from the ex-
pected sin (8) behavior at this angle, whereas no sign of
any deviation is seen for the angular scan in the tempera-
ture region far above the kink at T 91.88 K. Hence it
seems that the twin planes pin the vortices in this orien-
tation only at temperatures below the resistive kink.

The spacing between vortices at 1.5 T is approximate-
ly 400 A, assuming an equilibrium hexagonal flux-line-
lattice (FLL) structure. The vortex spacing is only
slightly smaller than the distance between twin planes, of
order 10 k Thus the number of flux lines between the
twinning planes is small and the system is close to the
limit where each flux line could be pinned individually by
a twinning plane. This is consistent with the observation
that for H parallel to twin planes, the resistivity drops al-
most to zero. It also implies that a transition of the FLL
(Ref. 18) to a liquid state would not affect the pinning or
resistivity drastically at this temperature and field.

The peculiar temperature dependence of the pinning
due to twinning planes is also seen in the resistive-
transition curve for H parallel to twin planes shown in

Fig. 3, with a measuring current density of —6 A/cm .
At high temperatures, the resistivity is similar to that ob-
served for HJ I. However, below 91.5 K the resistivity
drops rapidly to zero. The behavior of the resistive tran-
sitions can be replotted in an Arrhenius plot (lower panel
of Fig. 3) and fitted using a simple thermal activation
model. The onset of pinning due to twin planes is seen
as a dramatic change in slope in the Arrhenius plot for H
parallel to twin planes, below the kink at T 91.5 K,
yielding an effective pinning potential (not corrected for
temperature dependence of the condensation energy or
coherence length) of U,g/k 1.38 x 10 K. This value of
U,a/k is approximately 5 times larger than the effective
pinning potential U,s/k 2.11 X 10 K obtained for the
HLI curve in the same temperature region. Tempera-
ture corrections for the coherence length and condensa-
tion energy will not alter the factor-of-5 anisotropy in

the pinning potential.
In summary, we have shown for the first time that the

Lorentz-force-induced vortex motion leads to a dissipa-
tion in the form of an excess resistivity between the H II I
and H&I resistive measurements in YBaqCu307 —q. This
excess resistivity follows a sin (8) behavior as expected
for Lorentz-force dissipation. In contrast, there is a
large background resistivity which is independent of the
angle between the magnetic field and measuring current
whose origin is yet undetermined. There is an anoma-
lous kink near the foot of the resistive transition in the

968

60 I I I i i I I I ~ I ~ I i I i I ~ I ~ I ~ I ~ ~ I ~ I I I
~ ~

H=1.5 T II ab piane
50

40
E
O

30

20 Hilt in

10

100

90

93

~ L ~

92
T(K)

H II I

91

93

90

10

0.1

0.01
II

twin

planes

0.001
0.01075 0.01087 0.01099 0.01111

FIG. 3. Upper panel: Resistive transition in 1.5 T for the
HIII, HJ I, and H parallel to twin planes configuration. The
three vertical lines give the position of the angular scans shown

in Fig. 2. Lower panel: An Arrhenius plot of the above data.

H J I configuration which appears to be the cutoff region
below which the angular-independent resistive back-
ground is approximately zero and the resistivity is non-

Ohmic.
We directly observe pinning by twin boundaries at

temperatures below the kink. The strength of the pin-

ning is highly dependent on the orientation of the mag-
netic field with the twin planes. When the magnetic field

is oriented along the twin planes, the pinning potential
U, ff/k is approximately 5 times larger than for the
nonaligned field orientations.
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