Shapiro step response in the vortex state of BisSroCaCusOg s
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Abstract

We report the first observation of Shapiro step effect in the Josephson vortex state of BiSroCaCuz0sg45 in
high magnetic field (H > 1T'). We observed phase locking between external microwave radiation and Josephson
oscillation in whole stack of IV intrinsic Josephson junctions at fields tilted with respect to the c-axis. Steps were
observed in Josephson flux-flow (JFF) on the I — V characteristic at voltage V¢ = pNhv/2e, with p integer, v =
45-142 GHz. The amplitude of both Shapiro steps and Josephson critical current increase sharply with tilting angle
and then decrease. We attribute this behavior to the interaction between Josephson and pancake vortices.
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The most anisotropic high-T; superconductors such
as BizaSraCaCu20sg45 can be considered as a vertical c-
axis stack of superconductor-insulator-superconductor
Josephson junctions [1]. We study dynamics of Joseph-
son vortex lattice (JVL) driven by steady current
across the layers in tilted magnetic fields. We use
method based on Shapiro step effect for studying
phase-locking of Josephson junctions and JVL flux-
flow. Stacked intrinsic long Josephson junctions were
fabricated by double-sided processing of high quality
Bi2Sr2CaCuz0s4s (T.=80 K) whiskers by using a
focusing ion beam technique [2]. The oxygen doping
level was § ~0.25, indicating the slightly overdoped
regime. The inset of Fig. 1 shows schematically the ar-
rangement of the junctions. The length of the junction
is L=30pm with a width of W=2.0um. The critical
current density j. at 4.2 K in the absence of magnetic
field was 1-2x10% A/cm?. The magnetic field H > 1T
was rotated in plane perpendicular to the long dimen-
sion L by using split pair superconducting magnets
with fine goniometer having angular resolution 0.01°.
External microwaves at the frequencies ranging from
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45 GHz to 142 GHz were applied from the backward-
wave-oscillators. The microwave frequency was always
higher than Josephson plasma frequency at chosen
magnetic field and temperature in experiment [3]. The
sample was mounted on the substrate which was placed
at the center of the rectangular waveguide with the
electric component of the microwaves oriented along
the c-axis. The I — V' characteristics were measured at
several tenths of Hz using a low noise oscilloscope.
Under various field angles to the b-axis, 6, we find col-
lectively phase locked Shapiro steps shown in Figs. 1, 2.
Steps occurred at the same voltages given by Vi =
pNhv/2e, where N is the whole number of the junc-
tions in the stack. Amplitude of Shapiro steps AI,
scales as (H sinf)~ 1 in the wide angle range 6 >15°.
The step amplitude increases very rapidly at small an-
gles and has a maximum at 6 <0.6°. Josephson critical
current has the same angular dependence. We consider
the sharp increase of both I, and Al, to be related
with pinning of the Josephson vortices by pancake vor-
tices, the latter being pinned by crystal much stronger
because of normal vortex core. At the higher angles the
reduction of I. is caused by the Josephson strings that

20 June 2002



are created by the deviation from the straight align-
ment of the pancakes along the c-axis. The field af-
fects only through the the cosine of the gauge-invariant
phase difference between neighbor layers [3-5].

Fig. 1 shows the I — V' characteristics in the parallel
field. In the absence of microwave irradiation (P,=0),
the critical current is strongly suppressed to ~1/30 of
je at H=0. The linear slope with slight upturn in the
I — V characteristics at finite voltage corresponds to
the Josephson flux flow state. One can see multiple
Josephson flux flow branches above 36 mV. Shapiro
steps appeared on the first flux-flow branch when the
junction is irradiated by microwaves [6]. In the present
case Shapiro effect is markedly different from conven-
tional one because dc voltage appears due to Joseph-
son vortices flux-flow. Therefore the dc voltages of the
Shapiro steps are closely related to Josephson vortex
dynamics. If the Josephson vortices move at different
speed in some layers that changes voltage position of
step Vsi. At the matter of fact that Vi remains con-
stant it follows that the Josephson vortices move at the
same speed over the whole stack of junctions. The ob-
servation of sharp enough Shapiro steps indicates that
the Josephson vortices move keeping the high spatial
regularity.

In summary, we have observed Shapiro steps in
the Josephson flux-flow regime of BizSroCaCuzOsg4s
stacked junctions in the case of strong interaction of
JVL with pancake vortices. Pancake vortices signifi-
cantly affect the amplitude of Shapiro steps and keep
phase-locking all Josephson junctions to an external
frequency. The position and the magnitude of Shapiro
steps in the Josephson flux flow state provide strong
evidence of the coherent motion of the Josephson vor-
tex lattice in the lowest mode of vortex propagation.
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Fig. 1. I — V-characteristics of the stacked intrinsic Josephson
junction with and without microwave irradiation in magnetic
field of 2.25 T applied parallel to the layers at 6.3 K. The
applied microwave frequency is 75.0 GHz. N, estimated from
number of branches, is 60+3. For clarity, the zero levels of the
two curves are vertically shifted. Inset: Schematic view of the
stacked intrinsic Josephson junction.
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Fig. 2. The angular dependence of the Shapiro step response.



