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The microwave response of small stacks of intrinsic Josephson junctions ip-irtgicalated
Bi,Sr,CaCyOg, s single crystals was studied. When irradiated with a microwave of frequencies higher than
the junction plasma frequency, the supercurrent branch becomes resistive and splits into multiple subbranches.
The number of subbranches turns out to be identical to the number of intrinsic Josephson junctions in the mesa
within the experimental error. The behavior of the subbranches fits well the predicted Josephson fluxon
dynamics in a strongly coupled stack of junctions.
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Recently, the dynamics of Josephson vortices in verticallthat the spacing between the neighboring Gldayers ex-
stacked superconducting tunnel junctions has attracted supands by 7.2 A due to the intercalation. The superconduct-
stantial theoreticé’r3 and experimental intere‘éT.g Repre- mg transition temperature wag,=76.8 K, lower than that
sented by a set of coupled sine-Gordon equations, the vortex the pristine Bi2212, which was 82 ¥.A mesa structure
system is not only a good example of coupled nonlineagyas formed on the surface of HgBi2212 single crystals
systems but also has a high potential for applications tqsing conventional photolithography and an Ar-ion etching
tetrahertz-range devices, such as local oscillators angkchnique® We studied three mesd2, R3, andL4, fab-

H 10 . . . .
mixers: ricated with almost the same lateral dimensions, 20

Highly anisotropic layered superconductors, such as<40 nm?2. The junction critical current, at 4.2 K and the
Bi,Sr,CaCy0g. 5 (Bi2212) single crystals, can be consid- ¢.axis normal-state resistiviy, extracted from the high-bias
ered as natural superlattices of the intrinsic Josephson jungnear portion ofl-V curves were 2.5 mA1.2 and 1.6 mA
tions (1JJ's), in which thec-axis transport is dominated by ang 1200 cm (79 and 86Q cm) for mesaR2 (R3 and
the Josephson tunnelidgSince the thickness of the super- L4). A microwave of frequencie§=73-76 GHz from a
conducting electrodes is much smaller than the London perrequency-locked Gunn diode oscillator was inductively
etration depthn, the Josephson vortices in different layers coupled to the specimens through a rectangular waveguide.
are strongly coupled and their collective motion is expectedror the application of a microwave of relatively low frequen-
Applied with a static magnetic field, a stack of 1JJ’s has beerties (3—20 GH3z, a synthesized sweep@dP83751B and
observed to exhibit Josephson flux-flow motitshgeometric  coaxial waveguide were used. All the dc measurements were
resonance§and non-Josephson radiatidheoretical stud-  carried out using a four-probe configuration with a low-pass
ies have shown that for a system withstrongly coupled filter connected to each electrode terminal located at room
Josephson junctions, there shouldNbeifferent characteris- temperature.
tic modes of Josephson vortex motibhPrevious studies The 1-V characteristics of mesR3 without microwave
have exhibited signatures of such coherent mbtesindis- irradiation is shown in the inset of Fig. 1. Clearly shown are
putable evidence is still lacking. multiple quasiparticle branches with maximum voltage spac-

In this paper, we report the microwave response of mesasg of ~15 mV. The number of quasiparticle branches is
of 1JJ’'s fabricated on the surface of Hghtercalated N=23, corresponding to the number of 1JJ’s in the stack.
Bi,Sr,CaCyOg, s (Hgl,-Bi2212) single crystals. Interca- With irradiation of a microwave of =75 GHz and power
lated single crystals have a plasma frequency that easily bé2=17.7 dBm, the junction critical current, decreases
comes lower than the available microwave irradiation fre-drastically, together with shrinking of the quasiparticle
qguency, while maintaining a sufficiently strong interlayer branches as in Fig. 1, but the voltage interval between the
coupling to allow a collective vortex motion. We have ob- branches remains almost unchanged.
served that with irradiation by a 73—76-GHz microwave, the Figure Za) shows the gradual evolution of the supercur-
supercurrent branch becomes resistive, splitting into multipleent branch with increasing. |, keeps decreasing with the
subbranches. The total number of subbranches is close to tirecrease of the microwave powé. Before the complete
number of 13J’s in the mesa and the maximum cutoff voltageaeduction ofl., however, the supercurrent branch becomes
of each subbranch fits qualitatively well the theoretical pretesistive whenP exceeds a certain onset vali . Each
diction based on the coherent motion of Josephson vorticegurve has a linear region for low biases with its slope in-

Hgl,-Bi2212 single crystals were synthesized by the stepereasing with increasing. One can also notice that each
wise reaction methotl: X-ray-diffraction analysis indicated resistive branch splits into multiple subbranches for higher
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FIG. 1. 1-V curves of mes&3 atT=4.2 K with irradiation of
a microwave off=75 GHz and poweP=17.7 dBm. Inseti-V

curves without irradiation of a microwave. The total number of

13J’s in the mesa idl=23.
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given bias current. At the cutoff voltage of the subbranch,
thel-V curve jumps to the neighboring subbranch, accompa-
nied by a sudden drop of the output voltage. By sweeping the
bias current back and forth repeatedly, all the subbranches
were identified. The number of distinguishable subbranches
in the fully scanned data foP=13.9 and 17.7 dBm is 23
+2, which is identical to the number of 13J’s in the stack
within the experimental error.

A few possible causes for the multiple subbranches can be
considered. When irradiated with a microwave of frequency
f, a Josephson junction may exhibit discrete current steps at
voltagesV,,=md,f, wherem is an integer andb, is the
flux quantumt* But the observed voltage spacing between
adjacent subbranches does not satisfy the above relation. We
believe that the plasma frequency of our intercalated 13J’s
f,=51 GHz, estimated from the junction capacitarCe
=4.3 uF/en? and the dielectric constart=9.5, was not
sufficiently lower than the irradiation frequency to satisfy the

A more detailed view of the subbranches in the rang&erion for the observation of Shapiro stépsHere, the

of 0.35sV=0.55 mV for P=17.7 dBm is shown in Fig.

value of e was estimated from the ratio between the critical

2(b). The voltage spacing between neighboring subbranches,rent and the return curreht.

is about 3—20uV, depending on the microwave power and

Geometric resonance can be another mechanism of the

the bias current level. Respective subbranches have maxiyppranched’ Considering phase locking between fluxons
mum cutoff voltages denoted as arrows in Figh)2Increas-

ing the dc bias current from zero, theV curve first follows

the outermost subbranch with maximum voltage value for
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FIG. 2. (8) The evolution of the supercurrent branch with irra-

diation of a microwave of =75 GHz atT=4.2 K. The micro-

wave power wasP =

for a mesa ofN strongly coupled 1JJ’s, the most prominent
Fiske steps are expected at voltéde‘szsym= mN® ¢\ /2L,

&vheremis an integerl. is the lateral dimension of the mesa,

andcy is the lowest velocity of a triangular fluxon lattice as
given by cy=co/\2. Herec, is the Swihart velocit}f c,
=2mf,\;. For mesaR3, the Josephson penetration dépth
\; is about 0.6 um, giving cy=1.3x10° m/s or the corre-
sponding voltage spacing oAVys~160 wV. However,
since the observed voltage spacing is in the range of
3-20 wV, the geometrical resonance cannot be the origin of
the branch splitting.

Branch splitting similar to our observation has been ob-
tained by Leeet al.in a mesa of Bi2212 with magnetic fields
applied parallel to theb plane® In their study each sub-
branch has been attributed to a specific mode of coherent
Josephson vortex motion in coupled Josephson junctions.
However, since the number of identified subbranches
(=10) is far smaller than the number of 1JJ’s in the mesa
(=200) their study cannot be considered extensive enough
to allow a quantitative comparison to the theoretical
prediction? In this study, instead of an external magnetic
field a microwave was applied. Like a static magnetic field, a
high-power microwave is known to produce Josephson vor-
tices in a long Josephson junction, giving rise to flux-flow
steps in thel-V characteristicS. The average effect of an
applied microwave on a Josephson junction can be taken into
account by introducing an effective magnetic inductiyy
that is proportional to the microwave amplitude or a square
root of the microwave powe??. P, may correspond to the

—», 12.8, 13.9, 14.9, 16.5, and 17.7 dBm, lower critical field of the 1JJ's and Josephson vortices are

: 18
from left to right. The arrows indicate switching to nearby quasi- 9enerated in a stack f&?>P.

particle branches. Inset:V curves with voltages rescaled by the

microwave-induced effective magnetic inductiBg,. (b) The en-
larged view of the multiple subbranches fBr=17.7 dBm. The
lines are guides to the eyes. The arrows indicate the cutoff voltagdow-bias linear slope of each resistive branch in Fi@)2is

for different modes.

Our observation results support the predicted dynamical
behavior of microwave-induced Josephson vortices. In the
inset of Fig. 3 the flux-flow resistivitys , extracted from the

exhibited as a function @2 The inset shows that above an
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FIG. 3. Th? cuto_ff voltagd, as a function of t_he mode ir_ldex FIG. 4. |-V characteristics with irradiation of a microwave of
for P=13.9 (filled circle) and 17.7 dBm(open circlg. The filled frequencyf =18 GHz and poweP=18 dBm. Inset: detailed view

Iinei a;.e .calculated results “?‘"‘9 &) with the Sv;ihart \éelocity f hof the low-bias flux-flow branches with microwave power Bf
as the fitting parameter. Inset: microwave power dependence of t €5 8 10, 12, 13, 15, 16, and 18 dBm, from left to right.

flux-flow resistivity py andBgy. The lines are guides to the eyes.

velocity ¢o=3.5x10° m/s (2.0<10° m/s) for P=13.9

onset powelP, , py increases almost linearly with'2 con-  dBm (17.7 dBm), respectively, which correspond 8
sistent with the previous observatioh$he linear slope and =0.011 T(0.064 T as determined in relation to the inset of
P. depend on the microwave coupling to a mesa. InFig. 3. These values are close to the estimated value of the
Josephson-coupled layered superconductors, the viscous flggihart velocity 1. 10° m/s. But the data deviate signifi-
motion due to a magnetic inductidhcan be expressedds cantly for low indexn or fast fluxon modes. Such deviation
p=2.822B/B*)p. for B<B*, in which B* is the critical  may be attributed to the unstable flux configurations for the
field defined asB*=®d,/[\j(t+d)] and p. is the normal-  fast modes. A possible slowdown of the vortex motion due to
statec-axis tunneling resistivity. Herd,andd are the thick-  the energy loss following the Cherenkov radiafimanother
ness of the barrier of each junction and that of a e{®c- cause of the deviation.
trode, respectively. For HglBi2212 we havet=1.9 andd With irradiation of a microwave of frequencies 3-20
=0.35 nm, givingB*=2.3 T (1.5 T) for mesaR2 (R3).  GHz, no subbranches were observed. In this case, as illus-
For mesaR3, P=17.7 dBm induces an effective field of trated in Fig. 4, only single resistive branches were observed
Bef=0.064 T that is comparable to an external magnetianith a step featurdinside the circle in the insgfor some
field used in previous studies by othéré Dividing the volt- power levels, similar to the ones reported by otHefar a
ages by the value dB.y for each power level, the resistive long Josephson junction only a wave bff, can travel
branches in Fig. @) exhibit an excellent scaling behavior as through the junctior’rf3 For f<f,, due to the resulting non-
illustrated in the inset of Fig.(8). This behavior, similar to uniform distribution of a microwave, each 1JJ in the mesa
the one obtained previously in a static magnetic iélds  may have a different number of Josephson vortices along
consistent with the idea of flux-flow motion of microwave- with a different vortex velocity that in turn results in an
induced Josephson vortices. incoherent vortex motion. Thus a microwave fof f, with

Splitting into multiple subbranches can be explained inP>P_ is required for the observation of the coherent fluxon
terms of the coherent Josephson vortex motion. Ror modes. Fof =73-76 GHz used in this study, the frequency
stacked Josephson junctiom$different collective modes of = requirement was satisfied by suppressing the junction critical
an electromagnetic wave are available with the characteristigurrent via the intercalation of the inert molecules. Although

velocities given by? further studies are required to clarify the detailed dynamics

of microwave-induced Josephson vortices, to our best

Co knowledge, our data provide the observation in 13J’s of the

Ch= , h=12,...N. (1) coherent mode splitting consistent with the existing theoret-
Vi—cogmn/(N+1)] ical prediction®?

In summary, we have observed multiple subbranches in
e |-V characteristics of stacks of 1JJ’s, irradiated with a
microwave of frequencies higher than the plasma frequency.
mode velocity of an electromagnetic wave corresponds to g)ur data provide a strong indication that ef_i"h subpranch

represents a coherent mode of the collective motion of

different maximum flux-flow velocity, giving rise to a differ- ™ . :

: i microwave-induced Josephson fluxons with the cutoff volt-
ent maximum output voltage. It indicates that each sub:,j1 e in aood aareement with the theoretical prediction
branch in Fig. 2b) represents a specific mode of Josephson 9 9 9 P :
vortex motion. The cutoff voltage of theth mode is given This work was supported in part by KRISS Project No.
by>®V,=Nc,Ben(t+d). Figure 3 show&/, for mesaR3 as  00-0502-030. This work was also supported by BSRI and
a function of the mode index. The solid lines are calculated MARC in POSTECH, and by the Center for Excellency

results using Eq(1) with the best-fit values for the Swihart (SRO administered by KOSEF.

The velocity of Josephson vortices increases with the biaﬁ1
current until it is bounded by the mode velocity of an elec-
tromagnetic wave as represented by Ef). Thus, each
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