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Fiske steps in intrinsic Bi2Sr2CaCu2O81x stacked Josephson junctions
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Current-voltage characteristics in thec-axis direction were studied experimentally for small-area
Bi2Sr2CaCu2O81x mesas containing only a few intrinsic stacked Josephson junctions. Fiske steps in such
junctions were observed. This is direct evidence for the existence of the ac Josephson effect in intrinsic high-
Tc Josephson junctions. From observation of a periodic modulation of Fiske step amplitude as a function of
magnetic field we obtain that the spacing between intrinsic Josephson junctions, 15.5 Å , is equal to that given
by the crystalline structure of Bi2Sr2CaCu2O81x . @S0163-1829~99!04813-4#
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The intrinsic Josephson effect,1 observed in high-Tc su-
perconductors~HTSC’s!, is attributed to Josephson couplin
between atomic-scale superconducting layers. Theref
highly anisotropic HTSC compounds can be considered
stacks of intrinsic Josephson junctions. Such natural stac
Josephson junctions~SJJ’s! could be promising objects fo
applications in cryoelectronics.

Basically, the existence of the intrinsic Josephson eff
in HTSC’s is supported experimentally.1,2 However, the be-
havior of intrinsic SJJ’s is far from being totally understoo
Recently, evidence for the existence of Josephson pla
waves in HTSC’s was provided from microwave absorptio
reflection experiments.3–5 On the other hand, the main fin
gerprints of the ac Josephson effect such as Shapiro
Fiske steps in current-voltage characteristics~IVC’s! have
not yet been observed in HTSC intrinsic SJJ’s~see, e.g.,
Refs. 6 and 7!, although they were observed for low-Tc su-
perconducting~LTSC! SJJ’s.8,9

Fiske steps in IVC’s of Josephson junctions are caused
an interaction~geometric resonance! of the ac Josephson e
fect with electromagnetic cavity modes in a transmission l
formed by the junction.10–12 This results in the formation o
standing-wave patterns in the junction.13 We should note tha
the cavity modes are different from the Josephson pla
modes and have a different dispersion relation. Due to th
Josephson effect, a current inside the junction is oscilla
at a Josephson frequency,

vJ5
2e

\
V,

where V is the dc voltage across the junction. Fiske ste
appear when the Josephson frequency approaches the
nant frequencies of cavity modes. Geometric resonan
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manifest themselves in the IVC’s as a series of steps wi
constant voltage separation when the magnetic field is
plied parallel to the junction plane.

In the current paper, we study experimentally thec-axis
transport properties of small-area Bi2Sr2CaCu2O81x mesa
structures containing only a few intrinsic SJJ’s. A we
defined Fiske step structure was observed. This is direct
dence for the ac Josephson effect in intrinsic HTSC SJ
The dependence of the steps on the junction size and
plane magnetic field was studied. Clear periodic modulat
of the step amplitude as a function of magnetic field w
observed. From this we estimate the spacing between in
sic Josephson junctions to be 15.5 Å , in excellent agreemen
with that given by the crystalline structure. This confirm
that it is indeed the layered structure of Bi2Sr2CaCu2O81x
which causes the appearance of atomic-scale intrinsic
sephson junctions.

We phenomenologically describe HTSC’s as a stack
intrinsic Josephson junctions with the following paramete
d and lS , the thickness and London penetration depth
superconducting layers;t, the thickness of the tunnel barrie
between the layers;s5t1d, the space periodicity of the
stack; andL, the length of the stack. We assume thatlS
@s.

The characteristic feature of SJJ’s consisting ofN junc-
tions is that the dispersion relation of electromagnetic wa
is split into N branches14 with characteristic velocities15,16

cn5c0F12cosS pn

N11D G21/2

, n51,2, . . . ,N, ~1!

wherec05cAtd/2lS
2«c is the Swihart velocity of the single

junction, c is the velocity of light in vacuum, and«c is the
8463 ©1999 The American Physical Society
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dielectric constant of the tunnel barrier. The lowest veloc
cN characterizes the motion of a triangular fluxon lattic
which is energetically the most favorable fluxon mode in
static case at high magnetic fields. ForN@1, the lowest ve-
locity may be written as

cN.
c

2A ts

lab
2 «c

, ~2!

where lab5lSAs/d is the effective London penetra
tion depth of the stack.17 Taking reasonable paramete
for Bi2Sr2CaCu2O81x , s515.5 Å , t.12 Å , lab
.1700Å , «c.25, and N55, we estimatecN /c.0.83
31023. Note that the velocity in Eq.~2! is similar to that
obtained in Ref. 18, but takes into account the nonzero th
ness ofS layers. However,cN cannot be identified as a lim
iting velocity for fluxon propagation. In SJJ’s, certain fluxo
modes can propagate with velocityu.cN .14 Recently, it was
shown that the motion of a single fluxon atu.cN accompa-
nied by emission of electromagnetic waves is possible.19,20

The time-averaged voltage across the junction gener
by fluxon motion is proportional to the velocity and numb
of fluxons in the junction and therefore is proportional to t
applied magnetic field, for large enoughH. Thus the ratio
V/H for fluxon motion with velocityu can be estimated as

V/H5Nsu. ~3!

We note that this ratio is independent of the junction leng
Geometric resonances occur when an integer numbe

half the wavelength fits into the junction length. This giv
the positions of Fiske step voltages in SJJ’s:

VFS5 (
n51

N

mn

F0cn

2L
, ~4!

whereF0 is the flux quantum andmn is an arbitrary integer.
In Eq. ~4! we did not disregard phase unlocked states; i
we allowed any of the SJJ’s to be in any of the geome
resonances. On the other hand, phase locking plays an
portant role for strongly coupled SJJ’s. In Ref. 15 tw
dimensional geometric resonances were considered re
senting various phase-locked states. We can expect tha
most prominent Fiske steps will occur at

Vm5mN
F0cN

2L
, ~5!

when all the SJJ’s are synchronized at the lowest ca
mode branch. For a Bi2Sr2CaCu2O81x mesa with L
520 mm and N55, this gives a voltage spacing betwe
such Fiske steps ofDVN565 mV.

The amplitude of Fiske steps in current is oscillating w
H with periodicity12,15

DH5
F0

Ls
, ~6!

i.e., with the same periodicity as the critical current. Mo
over, the field dependence of the amplitudes of even and
Fiske steps are out of phase with each other. That is, F
step maxima of even steps occur at fields giving minima
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odd steps and vice versa. We note that the periodicityDH in
Eq. ~6! depends only on the junction length and the cryst
line structure. For a Bi2Sr2CaCu2O81x mesa with L
520 mm, DH50.0667 T.

For studying the intrinsic Josephson effect, mesa str
tures were fabricated on surfaces of Bi2Sr2CaCu2O81x single
crystals.2 Mesas with different dimensions 5
310 m m2(M50) and 20310 mm2(M20) were fabricated
simultaneously for each single crystal. The procedure ma
it possible to fabricate mesas containing only a few intrin
SJJ’s. Several contacts on the top of the mesas allow for
probe measurements. The inset~a! in Fig. 1 shows thec-axis
IVC’s for mesaM20 atT54.2 K. It is seen that the intrinsic
Josephson junctions have tunnel-type IVC’s with we
defined superconducting and quasiparticle branches.
mesa studied consists of five SJJ’s. Similar gap features w
observed for mesaM50.

When a magnetic fieldH was applied perpendicular to th
longest junction side and along theab plane, a low-resistance
branch developed in the IVC’s. Figure 1 shows su
branches for three different magnetic fields. It is seen that
voltage increases withH. Inset ~b! in Fig. 1 shows the de-
pendence of the voltage of the low-resistance branch ve
the magnetic field for both mesasM50 andM20. The current
in inset~b! is equal to the maximum bias current at which t
voltage jumps to the quasiparticle branch at the highest
plied magnetic field. From inset~b! it is seen that the voltage
of the low-resistance branch increases approximately line
with H and is independent of the length of the mesa. The

FIG. 1. Flux-flow branches of the IVC’s forM20 at three dif-
ferent Huuab. Fiske steps are seen. Arrows indicate the expec
positions of the phase-locked geometrical resonances, Fs1,2,
the lowest cavity mode branch.~a! The quasiparticle branches in th
IVC’s. ~b! The dependence of the maximum flux-flow voltage
the magnetic field for mesasM50 andM20.
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fore, we identify the low-resistance branch with the Jose
son flux-flow branch; see Eq.~3!.

In Fig. 2 the IVC’s of ~a! 20-mm and~b! 50-mm mesas
are shown for a continuous sweep of the magnetic field.
development of the flux-flow branch withH is clearly seen.
The maximum flux-flow voltage divided byH increases
slightly ~but nonmonotonously! with H. From Eq. ~3! we
obtain for the maximum fluxon velocity umax/c
.0.94–1.1831023, in agreement with previously reporte
values.6,21,22 The valueumax/c is somewhat larger than th
estimated valuecN /c.0.8331023. We note that the flux-
flow branch consists of multiple closely spaced but disti
subbranches, with the number of subbranches larger than
number of intrinsic SJJ’s in the mesa. Some of the s
branches can be seen in Fig. 1. Sweeping IVC’s back
forth with the same applied field we observed a hyster
switching between subbranches. Previously similar beha
was observed for LTSC~Ref. 23! and HTSC~Ref. 24! SJJ’s.
Observation of flux-flow subbranches may be further e
dence for the existence of multiple quasiequilibrium Jose
son fluxon modes in intrinsic SJJ’s~Refs. 19 and 25! in the
dynamic state, with each subbranch corresponding to the
tion of a particular fluxon mode. Previously, experimen
evidence for the existence of such modes in the static c
was observed both for HTSC~Refs. 25 and 26! and LTSC
~Ref. 23! SJJ’s.

The most striking feature of Figs. 1 and 2 is the existen

FIG. 2. Flux-flow branches in IVC’s recorded during contin
ously sweeping the magnetic field for~a! M20 and~b! M50. The
development of the flux-flow branch and the Fiske step structur
seen. Arrows in~a! show the expected positions of the four fir
phase-locked geometrical resonances, Fs1–4, for the lowest c
mode branch. The voltage scale in~b! was made 2.5 times smalle
than in ~a! to show that the voltage is inversely proportional to t
length of the mesas.
-

e

t
the
-
d

ic
or

-
-

o-
l
se

e

of well-defined steps of nearly constant voltage. The volta
of the steps are independent of the magnetic field; howe
their amplitude in current does change withH. From Figs. 1
and 2~a! it can be seen that steps with the largest amplitu
form a step structure with the voltage separationDV565
65 mV, which is in the range of the estimated value of t
voltage spacingDVN565 mV for the lowest phase-locked
Fiske steps, Eq.~5!, for our 20-mm mesa. The expected po
sitions for the first four such resonances are shown by arr
in Figs. 1 and 2~a!. The important consequence of the ge
metric resonance is that the voltage at the resonance sh
be inversely proportional to the junction length; see Eqs.~4!
and ~5!. To check this we made a comparison with me
M50, which is 2.5 times longer thanM20. In Fig. 2~b!, the
first step atV.26 mV is clearly seen forM50. It has 2.5
times smaller voltage than that forM20. To show this more
clearly, we have plotted Fig. 2~b! with the voltage scale 2.5
times smaller than that in Fig. 2~a!, so that Fiske steps shoul
occur at the same position on the horizontal axes in b
Figs. 2~a! and 2~b!. A step sequence with voltage spacin
about 26 mV was also seen for the longer mesa. Howev
the steps were not as sharp, which can be explained b
decrease of the resonance quality factor12 with increasingL.
Besides the main resonances, corresponding to the lo
phase-locked Fiske steps, other steps with a smaller am
tude and a smaller voltage separation are also visible in
1. Those steps might be due to other geometric resonan
described by Eq.~4!.

From Fig. 2~a! it can be seen that the steps are stratifi
along the current axis. Such stratification is due to the os
latory behavior of the step amplitude with magnetic fie
Figure 3 shows the magnetic field dependence of cur
amplitudes for Fiske steps of different orders for the 20-mm
mesa:~a! the critical currentI c , m50, V50 mV; ~b! m
51, V.65 mV; and ~c! m54,V.260 mV. In Fig. 3~a!,
circles and diamonds correspond to increasing and decr

is

ity

FIG. 3. The magnetic field dependence of~a! the critical current
(m50) and the current amplitudes of~b! the first and~c! the fourth-
order phase-locked Fiske steps forM20 at T54.2 K. Clear peri-
odic modulations of the Fiske step amplitudes are seen. The
spacing is equal to the periodicity expected for intrinsic Joseph
junctions.
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ing the magnetic field, respectively. The critical current w
measured in the following manner: for each magnetic fi
several thousand switching events from zero voltage to
resistive state were measured and the probability distribu
histogramP(I c) was drawn. Large and small symbols repr
sent main and secondary peaks ofP(I c). For more details
see Refs. 25 and 26. From Fig. 3~a! it is seen that theI c(H)
pattern is very complicated. It consists of multiple branch
and does not exhibit clear periodicity. Such behavior is
tributed to existence of multiple quasiequilibrium Josephs
fluxon modes in long strongly coupled SJJ’s.19,25 A drop in
I c at H.0.05 T represents the lower critical fieldHc1

uu of the
mesa. Note that this value is about two orders of magnit
larger thanHc1

uu of bulk HTSC single crystals.27 This is due to
the ineffectiveness of screening in our mesa consisting
only a few intrinsic SJJ’s with extremely thin layers,19 which
are almost transparent forHuuab.

In Figs. 3~b! and 3~c! small and large symbols represe
single-run measurements and the results of averaging
several hundred successive current sweeps, respectively
solid lines are quasiperiodic Fraunhofer-type functio
which are guides for the eye. From Figs. 3~b! and 3~c! a clear
periodic modulation of the step amplitudes is seen. The
served periodicity is in excellent agreement withDH
50.0667 T, Eq.~6!, expected for the modulation of th
Fiske step amplitude for the intrinsic SJJ’s in this me
which is also used as a grid spacing in Fig. 3. To our kno
edge, such a clear periodic behavior, which can be un
biguously attributed to intrinsic Josephson junctions, is
served for the first time. Note that a modulation with t
same characteristic field interval can also be seen for par
lar I c(H) branches in Fig. 3~a!. From Figs. 3~b! and 3~c! it is
also seen that oscillations of the amplitude of an odd s
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m51, are out of phase with those of an even step,m54, as
it should be for Fiske steps both in single and stacked
sephson junctions.12,15

In summary, Fiske steps in Bi2Sr2CaCu2O81x intrinsic
stacked Josephson junctions were observed. This is d
evidence for the existence of the ac Josephson effect in
trinsic HTSC Josephson junctions. Our conclusion is s
ported by~i! observation of the step structure in thec-axis
IVC’s consisting of steps with nearly constant voltage a
with the spacing between steps corresponding to the ph
locked geometric resonance at the lowest cavity mo
branch, Eq.~5!; ~ii ! by the inverse proportionality of the ste
voltage to the length of the stack; and~iii ! the current ampli-
tudes of the steps being periodic in applied magnetic field
the ab plane with the periodicity defined by the crystallin
structure and the length of the mesa, Eq.~6!. This confirms
that it is indeed the layered structure of Bi2Sr2CaCu2O81x
which causes the appearance of atomic-scale intrinsic
sephson junctions.~iv! We observe that oscillations of cur
rent amplitudes of odd and even steps are out of phase
function of H. From the observed value of Fiske step vo
ages we obtain the lowest Swihart velocityc(N55).2.51
3107 (cm/s) for our mesas containingN55 intrinsic SJJ’s.
For bulk Bi2Sr2CaCu2O81x material withN@1 we estimate,
from Eqs.~1! and ~2!, c(N→`).2.423107 (cm/s). Finally,
we note that geometric resonances may be also visible
reflection-absorption experiments as a series of peaks at
quency intervalsDn5cn/2L, since Josephson plasma res
nances can couple to geometric resonances.28
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