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Flux-front motion parallel to Cuo2 planes in YBa2Cu3Q& s observed with a scanning Hall probe
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The motion of the Aux front in YBa2Cu307 q with the field applied parallel to the layers is studied us-
ing a scanning Hall probe. By tracking the peak positions versus field in the remanence, we determine
directly the critical current density perpendicular to the layers (J, =8.3 X 10 A/cm at 4.2 K). The ob-
served critical-current anisotropy ( —500) is much larger than indicated by high-temperature measure-
ments. By scanning the Aux profiles in the direction perpendicular to the layers, we find direct evidence
that Aux motion occurs parallel to the layers. A model that accounts for the observed mountain-pass to-
pography in the remanence is presented.

The layered structure of the cuprate superconductors
leads to strong anisotropy in the vortex motion. ' Al-
though the anisotropy of quantities such as the critical
transport current has been intensively studied at tempera-
tures near the transition temperature T„much less is
known about the low-temperature anisotropy, especially
with the field aligned parallel to the layers. In this field
geometry, calculations suggest that vortices sit in deep
potential troughs created by the modulation of the order
parameter along the c axis. Motion along the troughs is
relatively unimpeded whereas motion parallel to c is op-
posed by a large energy barrier. The aim of our experi-
ment is to study vortex motion in this geometry in 90 K
YBa2Cu307 &, using a scanning Hall probe to image
directly motion of the Aux front. Roas, Schultz, and
Saemann-Ischenko (RSS) report that, in thin-film
YBa2Cu3O7 & at 4.2 K, the critical current density paral-
lel to the Cu02 layers with Hlc is —10 times larger than
with H~~c. However, the value of J, in the direction per
pendicu1ar to the layers (corresponding to vortex motion
along the troughs) has not been measured. We demon-
strate that the scanning probe technique enables a direct
measurement of J, (the critical current density parallel to
c) without assumptions on the fiux distribution (such as
in the Bean model ). We present evidence for an anisot-
ropy that is so large that the motion of vortices is essen-
tially one dimensional in this geometry. Unexpectedly,
the observed remanence consists of two prominent peaks
bracketing a mountain-pass feature. The latter feature is
produced by an interesting instability in the advancing
fiux front, which we account for by slightly generalizing
the one-dimensional model of Vinokur, Feigel'man, and
Geshkenbein (VFG).

The Hall probe is comprised of a thin bismuth film
lithographically etched into a Hall device with an active
area of 2X4 pm . With a probe current of 0.3 mA, the
device can resolve 0.3 G in a background field of 7 T.
The probe is scanned slowly (1—3 pm/s) at a height b,z
above the ac face of the crystal. By comparing the scan

taken in the Meissner state with the field distribution
around a perfectly screened sample of ellipsoidal
geometry, we estimate bz to be 10 pm. The ab face is of
dimension 600X400 pm while the thickness along c is
150 pm. Because of the heavy twinning, we will not dis-
tinguish the a axis from the b axis. As shown in the inset
in Fig. 1, we take x((a, y((c, and H~(z. At any stage of the
magnetization cycle, the Hall-probe signal is proportional
to the z component of the local induction (hereafter
called 8). The large dimension of the crystal (400 pm)
along the field direction makes demagnetization effects
unimportant.

The sample is cooled in zero field (all scans are taken at
4.2 K). After the field is increased to some value H, a
scan is performed, either parallel to perpendicular to the
layers (along x or y, respectively). These "in-field" scans
capture the variation of the Aux density B with x. The
field is then returned to zero, and a scan repeated to im-
age the trapped fiux (the "reinanence profile" ). The two
scans are repeated at successively higher fields. We dis-
cuss first the scans parallel to the layers. The in-field
scans in Fig. 1 show profiles of the Aux density B, with H
fixed at the values indicated (the 8 =0 level is
suppressed). The sharp decrease in B for the scan at the
lowest field locates the Aux-front position. As Aux
penetrates further into the crystal along +x with increas-
ing H, the gradient of the front decreases significantly
(compare, especially, the left fronts for H =430 Oe with
the ones at fields above 810 Oe). The asymmetry in the
scans arises from a slight misalignment which makes b,z
increase slightly with x. The magnetization M, given by
the "depth" of the minimum relative to the value of B
outside the sample, also may be seen to increase in mag-
nitude between 430 Oe and 2530 Oe. Above 2530 Oe, it
gradually decreases with increasing field in a way charac-
teristic of M vs H curves. In principle, the critical
current J, may be determined from the slope dB/dx.
However, this is unreliable because the scale factor s that
relates the Hall-probe signal to the actual value of B
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within the sample is difticult to calculate reliably in the
mixed state (s decreases if b,z increases). Instead, we
adopt the technique of tracking the position of the peaks
in the remanence. The remanent profiles parallel to the
layers (Fig. 2) display the double-peak structure reminis-
cent of the Bean model. It is clear that, with increasing
field, the two peaks move closer and eventually coalesce.
As in the usual critical-state picture, the peak positions
denote the depth (measured from the nearest edge) to
which vortices are swept out when the field is ramped to
zero. Within our uncertainty, we find that the peak posi-
tion x varies linearly with H. A straight-line fit to the
data enables us to determine J, =(dH/dx )/2, without
knowing s. The value of J, is found to be 8.3X10
A/cm . This J„together with the length of the crystal
(600 pm) implies that the remanence should saturate
(merge into a single peak) at an applied field of 6 kOe, i.e.,
the fronts meet at the center at the characteristic field
H* -3 kOe. We have confirmed this by direct measure-

II

6ment (not shown in Fig. 2). In previous experiments, we
performed a similar determination of J, with H aligned
perpendicular to the layers. (With Hiic, the critical-state
current, denoted by J,', Rows entirely within the ab
plane. ) There, we found that J; equals 4X10 A/cm atab 6 2

4.2 K. Thus, J, is approximately 50 times smaller than
J,'. Actually, the current anisotropy relevant to our

geometry is even larger. With field parallel to the layers,
th critical-state current has components perpendiculare
and parallel to the layers. The former is J„whereas the
1 tt r (which we call J~') opposes vortex motion perpendicC

II
'ular to the layers. In the experiment of RSS, J, is found

to be —10 times larger than J,' at 4.2 K. This ratio im-
1' that J"-4X10 A/cm in our crystal. Thus, with

8 parallel to the layers, the ratio J,II/J, is of the order o
500. This extreme anisotropy, much larger than indicat-
ed by previous experiments at temperatures near T„
shows that the intrinsic barrier, in fact, dominates vortex
Pinning and motion at low temperatures. Wu and
Sridhar infer from ac penetration depth measurements a
critical current anisotropy of —10. We note that their
ratio (five times less than our J; /J, ) is deduced from a
simple linear-response model for vortex displacement,
whereas the present measurements probe directly motion
of the Aux front.

If Aux enters and leaves the crystal in the direction per-
pendicular to the layers, we should expect the corre-
sponding in-field and remanence profiles to be similar to
those in Figs. 1 and 2. Instead, we find that they are

fqualitatively different. Figure 3 displays in-field scans o
8 (zero suppressed) taken along c through the center of
the ac face. The steepness of the Aux fronts does not
change appreciably with increasing field. Moreover, the
magnetization profiles for the three highest fields in Fig. 3
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FIG. 1. Scans of flux density B vs x parallel to layers at the
fixed fields H (as indicated) in Yaa2Cu307 z crystal at 4.2 K
(zero suppressed). The decrease in slope with increasing H
reflects flux penetration along +x. The inset shows the scan
directions and the field orientation. The top surface is calle
the ac face in the text.
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FICx. 2. Remanence profiles scanned parallel to layers (along
x) after the field is increased to the maximum value indicated.
The two- eak structure is caused by flux expulsion along +x.
The linear variation of x~ vs H determines J, to be
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the effective critical-state current J, . Along y, however,
the steep gradient is maintained by a much larger Meiss-
ner "surface current" JM on the ab faces that prevents
any vortex penetration as sketched in the lowest inset in
Fig. 4 (JM-H/A, ,b where A,,b is the penetration depth).
An essential feature of JM is that it is completely reversi-
ble, unlike the critical-state currents in the interior.
Moreover, the fIux-front instability leads to much faster
vortex diffusion at the midplane than at the sides. Thus,
in a scan along y the minimum in the Aux density does
not occur at the center, but at two points near the edge.
(The high-field scans in Fig. 3 show evidence for the
double-well minima despite the skewing caused by varia-
tion of the sensor scan-height. ) The pronounced curva-
ture of the fIux front and the large value of J~ lead to the
"anvil" pattern for the current distribution, as depicted
in the lowest inset in Fig. 4.

Next, as the field is decreased to zero, vortices are ex-
pelled in the direction parallel to the layers. On the ab
faces, J~ reverses direction. However, in the interior, the
critical-state current reverses direction only within a strip
of width H/J, near the surface (outer current loop in the
lowest inset in Fig. 4). Everywhere else the fiux density
and the current distribution are unaffected (inner loop).
It is readily seen that this results in (i) a current pattern
that is counterclockwise everywhere and (ii) a remanence
that resembles a mountain pass bracketed by two prom-
inent peaks. The single-peak profiles in Fig. 4 simply
refIect the deeper penetration of the vortices in the mid-
plane compared with the sides during the invasion phase
of the experiment.

Finally, we discuss the origin of the instability of the
invading fIux front. In the 2D approximation where
B=B(x,y)z and the vortex velocity v=u(x, y)x, the in-
duction law simplifies to dB(x,y)/"dt = B(Bv )/Bx. —At
low temperatures where vortex motion is activated, the
velocity is a highly nonlinear function of the x com-
ponent of the driving Lorentz force J B. Generalizing
the 1D model of Vinokur, Feigel'man, and Geshkenbein
to accommodate a 2D current, we have
u(x, y) =uo(J„/J, )

~
J /J, ~

where uo sets the hopping ve-
locity scale and the exponent o. equals Uo/k~T. For
small changes in B, the induction law reduces to a
diffusion equation dB/Bt= —B[D(J )BB/t)x]/Bx, with
a current-dependent diffusion coefFicient

D (J~)=(Bvo/poJ, )
~ J~/J, ~

(1)

(po is the free-space permeability). At 4.2 K, o is estimat-
ed from relaxation of the magnetization to be larger than
30 (this is for the geometry with H~~c, however). '

The strong dependence of the diffusion coefficient on Jy
implied by Eq. (1) and the boundary conditions on the
current distribution are sufficient to produce an instabili-
ty in the Aux front. At the boundaries of the xy plane
(i.e., on the ab faces), the vortex difFusion rate is strongly
suppressed since J must be zero. Suppression of the
diffusion rate at the boundaries causes an advancing Aux
front that is initially planar to develop curvature, as
sketched in the inset in Fig. 4. Because J follows the con-
tour of B, curving of the front reduces J everywhere rel-
ative to its value at the midplane (where J„ is zero by
symmetry). The nonlinear dependence of D(J ) on J
[Eq. (1)] strongly amplifies this difference, thereby greatly
enhancing the diffusion rate in the midplane relative to
the sides. In turn, this leads to a further increase in the
curvature of the front. Thus, the 2D boundary condi-
tions for J and the sensitivity of D (J ) to J together
cause the planar Aux front to be unstable towards devel-
oping strong curvature.

In summary, we have used a scanning Hall microprobe
to track the progress of the Aux front when a field is
aligned parallel to the layers in YBa2Cu307 &. At 4.2 K,
the critical current anisotropy (-500) is much larger
than expected, implying that the vortex motion is one di-
mensional. For vortex motion parallel to the layers, the
relevant critical current J, is still quite considerable
(8X10 A/cm ). The topography of the remanence, two
peaks separated by a saddle point, is qualitatively
different from that expected from the usual Bean picture.
We account for the unexpected remanent profile by
adapting the VFG model for vortex diffusion with a
strongly current-dependent diffusion coefficient. The
model also shows that the advancing Aux front is unstable
towards developing strong curvature. We argue that this
instability, together with the reversible nature of the sur-
face currents on the ab faces, results in the observed
mountain-pass remanence.
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