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Measurements and modeling of the microwave impedance in high-Tc grain-boundary Josephson
junctions: Fluxon generation and rf Josephson-vortex dynamics
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Measurements and modeling of the microwave-frequency~rf! power dependence of the impedance in
Y-Ba-Cu-O thin-film grain-boundary Josephson junctions~JJ’s! are presented. Microwave impedance mea-
surements were performed using a stripline resonator with an engineered grain-boundary JJ as a function of rf
current ~1024–1 A! and temperature~5–70 K!. To understand the observed power dependence, we have
developed a long-junction model which allows for Josephson-vortex creation, annihilation, and motion. The
impedance calculated using the long-junction model fits the measured data qualitatively. We show that Joseph-
son vortices generated by the rf fields cause nonlinearities in the impedance, resulting in increases in both
resistance and reactance with steps in the resistance due to flux quantization. These observations and analysis
of Josephson-vortex effects at microwave frequencies have important implications for understanding rf power
handling in high-Tc films. @S0163-1829~98!04621-9#
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I. INTRODUCTION

Josephson-junction~JJ! effects in high-Tc superconduct-
ing thin films at microwave frequencies are a source
power loss. The nucleation and motion of Josephson vort
by microwave currents has been proposed as a cause of
linearities in the surface impedance.1 We are studying the rf
power dependence of engineered Y-Ba-Cu-O grain-bound
JJ’s to further the fundamental understanding of the phy
governing Josephson effects and loss mechanisms in higTc
films. This study provides evidence for the observation a
quantification of the power losses associated with Joseph
vortex creation and annihilation by rf currents.

The rf surface impedance,Zs5Rs1 iXs , in high-Tc thin-
film superconductors is linear at low power levels but b
comes nonlinear at higher powers.2 Nonlinearities limit
power-handling capabilities, and hence, limit possible dev
applications. The power dependence has been attribute
defect structures within the superconducting material.3 While
the morphology and distribution of these defects vary gre
from film to film,3 the observed granular nature of the film
has led to a coupled-grain model for the measured sur
570163-1829/98/57~21!/13833~12!/$15.00
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impedance as a function of rf current, which in many ca
has yielded good agreement with experiment.2,4–6 In this
coupled-grain model, the superconducting film is mode
by many ideal superconducting grains that are separate
grain-boundary weak links, thus forming a random netwo
of coupled Josephson junctions with a distribution of pro
erties. A systematic study of the microwave power-handl
capabilities of engineered high-Tc grain-boundary JJ’s is
useful for interpreting the observed rf power dependence
thin films within the context of a coupled-grain model. U
derstanding these extrinsic loss mechanisms could lead to
production of films with greater power-handling capabilitie

In this paper, we report on measurements and modelin
the power-dependent rf impedance of grain-boundary
engineered by growing high-quality Y-Ba-Cu-O films o
sapphire bicrystal substrates. This comprehensive st
quantifies many of the rf power-handling properties of gra
boundary JJ’s. Microwave measurements are performed
ing a stripline resonator technique which allows us to dist
guish the electrodynamic characteristics of the JJ from
rest of the film in the resonator structure. The measured
sistance and reactance as a function of rf current are
13 833 © 1998 The American Physical Society
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13 834 57Y. M. HABIB et al.
sented and the measured data are fit using a long-junc
model that we have developed to simulate solutions of
sine-Gordon equation while imposing the unique input c
ditions associated with the current distribution in the stripl
resonator. This model provides a means to examine
mechanism of fluxon nucleation and the dynamics of Jose
son vortices generated by rf currents in the grain-bound
JJ. Analysis of the measured and modeled data specific
shows that Josephson vortices created by rf currents c
nonlinearities in the impedance.

This paper is organized as follows: in Sec. II, we pres
our experimental technique and show the results of rf and
measurements. In Sec. III, we introduce the extended re
tively shunted junction~ERSJ! model that we have devel
oped to investigate long-junction effects at microwave f
quencies. In Sec. IV, we compare the results of
measurements with the modeling. In Sec. V, we explain h
fluxon nucleation in the grain-boundary JJ by rf currents c
ates Josephson vortices and how these vortices affect t
impedance.

II. EXPERIMENTAL TECHNIQUE

A. Device preparation

The grain-boundary junctions used in this study were f
ricated by growing 1400-Å-thick, epitaxial,c-axis-oriented
YBa2Cu3O72d ~YBCO! films on 1-cm by 1-cm r-plane
~1012! commercially obtained sapphire bicrystal substra
with a 24°-misorientation angle. Sapphire is a useful s
strate for microwave applications due to its relatively sm
dielectric constant (e'9) and low loss tangent (tand
,1027). The film was grown by pulsed-laser depositio
~PLD! after an epitaxial buffer layer of CeO2 was deposited
on the bicrystal substrate as has been described in d
elsewhere.7

After YBCO deposition, the film was patterned usin
standard photolithographic techniques and was etched u
a 0.25% phosphoric acid solution. On a single bicrystal s
strate we pattern both a resonator line to be used for rf m
surements and a four-point test structure for perform
critical-temperatureTc and dc current-voltageI -V measure-
ments. Since both the rf and dc measurements are perfor
on lines patterned from a film grown on a single substra
we expect the separate test structures to have similar phy
characteristics. The width of the lines, which corresponds
the length of the JJ, is 150mm in both cases. Once the d
measurements were completed, the dc test structure wa
moved by etching so that it did not electrically couple to t
resonator line during rf measurements. Such a coup
could produce spurious resonances or could lower theQ of
the designed resonances. The dc measurements require
electrical contacts to be deposited on the YBCO and th
fore cannot be done on the resonator line used for th
measurements. The resonator line is shown schematical
Fig. 1. This structure is packaged with 1400-Å-thick YBCO
on-sapphire ground planes on either side to prevent radia
losses. This results in the standard stripline-resonator st
ture. Two of the above-mentioned devices were prepared
this study and dc measurements performed on both sho
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similar results. The rf measurements were performed on
of these devices and all data presented here are for tha
vice.

B. dc measurements

The dc measurements were performed on the test st
tures discussed above using standard four-point techniq
Measurement of the resistiveTc showed a midpoint transi
tion of 89.6 K and a 10–90 % transition width of approx
mately 2 K.

We performedI -V measurements from 5 to 80 K to ob
tain the Josephson critical currentI c and the normal-channe
resistanceRn as a function of temperature. In Fig. 2 we sho
the temperature dependence ofI c with a typical I -V curve
(T540 K!, from which theI c and Rn data were extracted
shown in the inset.I -V curves, such as the one in the inset
Fig. 2, were taken at each temperature shown by the
points. TheRn remained constant over the entire temperat
range with a value ofRn580610 mV. Films from the same
laser deposition grown on single-crystal sapphire substr
had a critical current about three orders of magnitude gre
than those grown on bicrystal substrates. TheI -V curves
show no hysteresis which is typical of RSJ-like, ove
damped junctions.8 The I -V curves also show no evidenc
for flux-flow rounding at the resistive transition. We als
note that these grain-boundary junctions show a large ex
current,I ex5I 2V/Rn'I c , which has also been reported b
other researchers in similar systems.9,10 The measured criti-
cal current is very sensitive to magnetic fields and he
magnetic shielding was used to ensure an ambient fielB
, 1027 T in the sample-measurement space for all meas
ments reported here.

C. rf measurements

We have developed a stripline resonator configurat
with an engineered JJ which allows us to distinguish the

FIG. 1. The upper figure shows the patterned YBCO stripl
resonator used in this study. The schematic includes the capac
coupling strips at the resonator ends. The width of the line is 1
mm with a film thickness of 1400 Å. The grain-boundary junction
positioned at the midpoint of the stripline as shown. The low
figure shows the rf current distributionI rf(x) along the lengthL of
the stripline for the standing waves of the first two resonant mod
The first (n51) mode has a current peak at the junction, while t
second (n52) mode has a current node at the position of the J
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57 13 835MEASUREMENTS AND MODELING OF THE MICROWAVE . . .
power-handling properties of the JJ from those of the res
the film. Our experimental technique has been previou
employed for measurements on superconducting–norm
metal–superconducting~SNS! ramp junctions.11,12 The reso-
nator structure is patterned such that the grain-boundary
positioned precisely at the midpoint of the stripline leng
L' 2 cm and spanning the entire width as shown in
upper part of Fig. 1. The resonant frequency of the fun
mental mode isf 153.0 GHz with overtone resonant mode
at f n'n f1 wheren is an integer. At resonance, the fund
mentaln51 mode is a half-wavelength standing wave with
current maximum at the midpoint of the resonator lin
where the fabricated JJ is positioned. In contrast, then52
mode is a full-wavelength standing wave with a current no
at the position of the JJ. Thus, then51 mode will be maxi-
mally affected by the JJ, while then52 mode will be mini-
mally affected. The current distributions along the length
the stripline for the first two modes are shown in the low
part of Fig. 1. Comparing the measured results on these
modes is the method we employ to separate the rf prope
of the engineered grain-boundary JJ from those of the
mainder of the superconducting film constituting the maj
ity of the resonator structure.

Microwave measurements were performed on the reso
tor for the first two modes as a function of input power a
temperature. The measurements were carried out usin
vector network analyzer with post-device and predevice a
plifiers to facilitate measurement over an input power ran
from 0.1 nW to 1 W. The temperature was controlled usin
canister cryostat immersed in a magnetically shielded liqu
helium dewar. Temperature stability of one part in 103 was
consistently achieved over the entire measurement ra
The experimental procedure in this study directly measu
the quality factorQ, the resonant frequencyf n , and the in-
sertion loss IL, of the resonator as a function of the rf inp
power. From these measurements we calculate the pe
current in the standing waves13

FIG. 2. Measured temperature dependence of the junction c
cal currentI c . The inset is a typicalI -V curve measured at 40 K
from which theI c andRn at each temperature were determined. A
the observed temperature dependence was inI c , with Rn remaining
temperature independent,Rn'80 mV610 mV.
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npZ0
, ~1!

wherer v is the voltage insertion ratio, which is related to th
IL by IL 5220 log10 r v , while Qu denotes the unloadedQ.
The input power to the resonator is given byP, while n is
the resonant mode number, andZ0550 V is the characteris-
tic impedance of the stripline. The rf current distribution as
function of positiony along the lengthL of the stripline is
I rf(y,t)5I 0sin(npy/L)cos(vt) where v is the angular fre-
quency of the rf signal.

We also must consider the current distribution across
width of the line and through the thickness of the film. T
width w of the patterned striplinew5150 mm is large com-
pared with the London penetration depth,l l'0.2 mm ~at T
<70 K!, while the thicknesst of the film t50.14mm is less
thanl l , so thatw@l l.t. Thus, the current density is esse
tially uniform through the thickness of the film, but ver
nonuniform across the width of the line. The normalized c
rent density as a function of positionx across the stripline
width J(x)/JAVG is shown in Fig. 3, which was calculate
using the method of Sheenet al.14 The current is peaked a
the edges of the line with an edge value approximately
times greater than at the center of the line. The JJ is con
ered a small perturbation to the overall current distribution
the stripline structure, since theQ remains over 103 even at
high rf current levels. We expect the JJ to have essentially
effect on the measured properties of the resonator in the l
power limit, when the current density at the stripline edges
much less than the JJ critical-current densityJc . As the input
power is increased, a levelPc is reached where the rf curren
density in the stripline first begins to exceed theJc of the JJ
at the edges of the line. At power levels abovePc , we expect
to observe JJ effects on then51 mode measurements but w
do not expect such JJ effects to influence then52 mode
data.

ti-
FIG. 3. The current density distribution in the stripline showi

the normalized current densityJrf(x)/JAVG as a function of position
x across the width (w5150mm) of the stripline. The current den
sity is peaked at the edges of the line and is approximately ten ti
greater at the edges than at the center. The current density is
form through the thickness of the film.
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13 836 57Y. M. HABIB et al.
To demonstrate the effectiveness of our experime
technique, in Fig. 4 we compare the normalized freque
shift D f n / f n ~which is proportional to the reactance! and the
inverse quality factor 1/Q ~which is proportional to the re
sistance! as a function of rf current at 50 K for both then
51 and n52 modes. In the small current limit, 0.1 mA
,I rf, 1 mA, before the onset of the JJ effects, theD f n / f n
data are relatively constant~independent ofI rf) and nearly
zero for both modes, and the 1/Q data are also nearly con
stant vsI rf but with an f 2 ~factor of 4! difference separating
the measured values of the two modes. This low-powerf 2

dependence is predicted by the two-fluid model and has b
observed by many researchers.15 At I rf'1 mA, both the
D f n / f n and 1/Q data rise sharply for then51 mode. In
contrast, then52 mode data still remains constant atI rf'1
mA, and remains so for almost two more orders of mag
tude of rf current increase. The significant rise in theD f n / f n
and 1/Q data for then51 mode at rf current levels where th
n52 mode remains constant is due to the JJ. When the
rent is increased toI rf'8 mA, then51 modeD f n / f n and
1/Q data become constant in current because the entire j
tion has reached a normal resistive state. The 1/Q data is
used to calculate the effective JJ resistance in Sec. IV wh
shows the saturation value to beRn . Once the saturation is
reached, JJ effects can no longer change the value
D f n / f n and 1/Q. In the high-current limits then51 mode
D f n / f n and 1/Q data curve upward atI rf'200 mA which is
due to effects in the superconducting film separate from

FIG. 4. This figure shows~a! the measured 1/Q and~b! D f n / f n

data as a function of rf current for the first two@n51 ~filled circles!
andn52 ~open squares!# resonant modes at 50 K. Notice that bo
1/Q and D f n / f n rise sharply atI rf'1 mA for the n51 resonant
mode, while both 1/Q and D f n / f n for the n52 mode remain al-
most constant for nearly two more orders of magnitude of curr
increase. In the range 1 mA,I rf, 200 mA then51 mode data are
dominated by the effect of the JJ. The data for then52 mode is
similar to that seen in resonators without fabricated JJ’s. Also
tice the steplike structures in the 1/Q data for then51 mode which
we show to be related to fluxon nucleation.
al
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JJ. Then52 mode data begin increasing atI rf'100 mA and
turn sharply atI rf'400 mA and this also is attributed t
losses in the superconducting film. Both theD f n / f n and 1/Q
data change at the same values ofI rf for the n51 and n
52 modes, respectively. In previous studies of YBCO film
without engineered JJ’s,16 and in recent measurements w
have performed on films grown by PLD on single-crys
sapphire substrates, results similar to those shown here
the n52 mode were observed for all resonant frequenc
Step structures are observed in Fig. 4 in then51 mode 1/Q
data atI rf'1 mA, which are not seen anywhere in the da
for the n52 mode. As we demonstrate below, the origin
these steps, and the measured sharp rise in 1/Q andD f n / f n
for then51 mode is the nucleation of Josephson vortices
the grain-boundary JJ’s by the microwave input current.

III. MODELING

The rf dynamics of a long Josephson junction are larg
governed by the Josephson penetration depthlJ , which de-
termines the spatial extent of Josephson vortices and the
ductance of the JJ. For the grain-boundary junctions use
this study,lJ5AF0/2pm0Jcheff'2mm, for a typicalJc of
20 kA/cm2 at 40 K, whereF0 is the flux quantum,F0
5h/2e52.07310215 Wb, andheff is the effective magnetic
thickness of the junction,heff52l l1d'2l l'0.4 mm with
d, the actual grain-boundary interlayer thickness, being n
ligible compared withl l . The width of the stripline, and
therefore the length of the junction, is large compared to
Josephson penetration depthlJ , while the thickness is small
w@lJ.t, making this a long junction.17 To properly de-
scribe the dynamics of the long junction, one needs to kn
how f(x,t), the gauge-invariant phase difference of the s
perconducting wave function, varies in time and space
variation inf of 2p constitutes a Josephson current oscil
tion in time and a Josephson vortex in space. The differen
equation governing the long-junction system is the si
Gordon equation18,19

lJ
2 ]2f

]x2
5sin f1tJ

]f

]t
1tRCtJ

]2f

]t2
, ~2!

where tJ5F0/2pI cRn and tRC5RnC where C is the ca-
pacitance of the junction. For our case of an overdam
junction, the capacitive term is negligible.18

The rf impedance of our long junction could be calculat
using solutions of Eq.~2! for f(x,t) subject to the condition
that the rf current applied to the junction has the nonunifo
distribution across the width of the stripline shown in Fig.
Rather than analytically solving Eq.~2!, we have developed
an equivalent circuit model shown in Fig. 5, which simulat
Eq. ~2! while simultaneously imposing the appropriate inp
conditions. This model treats a long junction as a para
array of one-dimensional resistively shunted junction~RSJ!
circuit elements each of which is governed by the RSJ
ferential equation,

I

I C
5sin f1tJ

]f

]t
, ~3!

t

-
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which describes the local time dependence off in each RSJ
cell. To model the spatial dependence off as a continuous
function over distances greater thanl j , the individual RSJ
cells in the model are coupled laterally by inductorsL l that
represent both the magnetic coupling along the JJ and
current paths through the superconducting electrodes on
ther side of the grain-boundary interlayer. The model e
ploys enough RSJ unit cells~approximately 100! so that the
effective spacing between adjacent cells is less thanlJ .
Each of them RSJ unit cells has a separate current sourc
impose the requirement that the input current distribution
the long-junction model is that of the unperturbed striplin
We refer to this model as the ERSJ model. There are th
related yet adjustable parametersI c , Rn , andL l that are the
inputs to the model. We assign identical parameter value
all the circuit elements in the model to simulate a unifo
long junction. The input parameters are related to the lo
values in each circuit element by,I c5( i 51

m I ci , 1/Rn

5( i 51
m 1/Rni , and L l 5( i 51

2m22L l i for m RSJ cells. The ini-
tial values ofI c andRn used in the model are determined b
the measured dc values and are then varied by no more
a factor of 2 in fitting the measured rf data.

We obtain an initial value of the lateral inductance an
lytically by calculating the inductance per unit length ass
ciated with a stationary single Josephson-vortex in a long
The vortex has no transport current so that the circula
vortex currentI v is conserved. In the ERSJ model, the cu
rent flowing in thex direction is through the lateral induc
tors, and the current flowing in they direction passes throug
the RSJ unit cells, whilez is the thickness through which th
current does not vary. We find the lateral currentI v l(x)
5*z50

t *y50
` Jxdydz5(t/m0)Bz(x) using Ampere’s lawm0J

5¹3B and integrating from thex axis to infinity. Then
using the flux-phase relationBz(x)5(F0/2pheff)]f/]x, we
obtain the inductance usingF5LI under the condition of
quantization of magnetic flux from the vortex,

L l 5
m0heffw

t
5

F0

2pI c
S w

l j
D 2

'10210 H ~4!

for the total lateral inductance of this long junction. ThisL l

value is the same result obtained for a parallel plate tra

FIG. 5. The extended resistively shunted junction~ERSJ!
model. In this circuit model, RSJ unit circuit elements are repea
in parallel and these unit cells are coupled by lateral inductorsL l .
Each RSJ unit has an independent current source to apply the
line current density distributionJrf(x) as the input to the model. In
the model used to simulate a uniform junction, all theI c , Rn , and
L l circuit elements have the same value.
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mission line.20 Based on this calculated value, we vary t
L l used in the model between 10210 and 10211 H when
fitting the measured data.

The ERSJ model is used to calculate the complex imp
ance of the long junction as a function of rf input current. W
useJSIM,21 a circuit-simulation program similar toSPICE, that
includes small JJ circuit elements. TheJSIM program calcu-
latesf(t) at each JJ in the ERSJ circuit which we then use
calculate the voltagesVi(t) and currentsI i(t) of each of the
circuit elements. The impedance is found by first calculat
an effective voltage from the power relation for an applied
currentI rf5I asinvt, wherev is the measured resonant fre
quency of the stripline device,

Veff5
( i 51

m Vi~ t !I i~ t !

I asin vt
, ~5!

where the sum is over each circuit element in all them
individual RSJ unit cells and inductors making up the ent
ERSJ model. The effective total impedance of the JJ is
culated from theVeff in phase and out of phase with the
current. The resistance is given by the ratio of the time
erage instantaneous power dissipated at the rf frequenc
the time average of the currentI RMS squared,

RERSJ5

E
0

t

Veff~ t !I asin vt

~ I RMS!2t
, ~6!

with t being the period of one rf cycle. The reactance
similarly given by

XERSJ5

E
0

t

Veff~ t !I acosvt

~ I RMS!2t
, ~7!

which represents the energy stored in the JJ.

IV. COMPARISON BETWEEN EXPERIMENT
AND MODEL

In Sec. II C, we explained the rf measurement techniq
and presented the measured 1/Q and frequency shiftD f n / f n
as a function of rf current in Fig. 4, illustrating how w
directly measure rf JJ effects in then51 mode using the
stripline JJ device. In Sec. III, we introduced the ERSJ mo
used to calculate the effective JJ resistance and reactan
a function of rf input current for a long JJ. To make a prop
comparison between the power-dependence measurem
on the stripline resonator and the model calculations, we
tain the effective JJ resistance from the measuredQ and the
reactance from the measuredD f n / f n from the n51 mode
data as follows.

To obtain the resistance from the measuredQ we first
calculate the unloadedQ denoted byQu , which is related to
the ratio of the power dissipated in the resonator to the
erage energy stored in it,

1

Qu
5

1

v

Power Dissipated

Energy Stored
, ~8!

d
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13 838 57Y. M. HABIB et al.
with v being the resonant angular frequency of the rf sign
The resonator resistance is proportional to the power d
pated by the rf current, and hence 1/Qu . To obtain the ef-
fective JJ resistance from the 1/Q data, we consider a supe
conducting stripline, but represent the resistance of
fabricated JJ with a very thin piece of material of unifor
resistivityrn placed at the center of the line across the en
width. The power dissipated per unit volume by the rf cu
rent densityJ is (1/2)rJ2 for both the resistive and supe
conducting parts of the line. The resistivity of the superco
ducting line rs is obtained from the complex conductivit
s5s11 is2. At rf frequencies, we havers's1 /s2

2

52Rsl l , for s1!s2. Strictly speaking, these approxima
tions only hold forl l!t, wheret is the film thickness. For
the films studied in this paperl l't so we havers'2Rst.
The stored energy per unit volume is (1/2)m0H rf

2 , whereH rf

is the rf magnetic field generated by the rf current densitJ
in the resonator. The power dissipated and energy stored
unit volume are integrated over the lengthL of the stripline.
With the stripline differential cross section beingdA, we
arrive at the following relationship:11,15

1

Qu
5F2Rsl l1

2wtRJ

L G E J2dA

vE m0H rf
2dA

. ~9!

The first term in the brackets is proportional to the pow
dissipated in the superconducting line, while the second t
is proportional to the power dissipated in the JJ for which
have defined an effective JJ resistanceRJ5rns/wt wheres
is the thickness of the resistive material. The ratio of the a
integrals in Eq.~9! is a constant geometrical factor which ca
be calculated by the method of Sheenet al.14

As shown in Fig. 4, the measured 1/Q data for then51
mode increases by over an order of magnitude in the rf c
rent range 1 mA,I rf, 4 mA, while the 1/Q data for the
n52 mode remains constant. The 1/Q for the n51 mode
also saturates in the range 4 mA,I rf, 200 mA. Both the
sharp rise and the saturation of 1/Q are due to the grain
boundary junction. WhenI rf, 1 mA, theRs term in Eq.~9!
is important, but in the current range of interest, 1 m
,I rf, 200 mA, theRJ term in Eq.~9! dominates as Fig. 4
shows. We obtain the measured effective total JJ resista
RJ(I rf) by properly normalizing the 1/Q(I rf) data on the en-
tire grain-boundary JJ resonator structure with the coe
cients of theRJ term in Eq. ~9!. This analysis gives the
effective JJ resistance as a function of rf current,

RJ~ I rf!5
1

Qu~ I rf!

L

2wt

vE m0H rf
2dA

E J2dA

5
G f 1

Qu~ I rf!
~10!

with f 1 being the resonant frequency of then51 mode in
GHz andG516.7 V/GHz. This analysis allows direct com
parison between the measured data and the modeling re
since the JJ resistance is calculated in both cases.

We presentRJ(I rf) as obtained above for a range of tem
peratures in Fig. 6. In the low-current limit, whereRJ is
approximately constant as a function of rf current, the m
l.
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nitude ofRJ is due to the surface resistance of the superc
ducting film which is strongly temperature dependent. As
current is increased, Fig. 6 shows the existence of a critica
current value where the resistance begins to increase pre
tously. The rise inRJ is due to losses in the JJ and th
increase inRJ occurs at lower rf current values with increa
ing temperature, similar to the measured dc temperature
pendence ofI c shown in Fig. 2. Step structures appear in t
resistance curves above this critical rf current value. T
steps are most pronounced at intermediate temperatures
explained in more detail in Sec. V these steps result fr
quantization of the magnetic flux, and the sharp increase
resistance are due to Josephson vortices being created
annihilated by the rf current. As the current is further i
creased beyond the steps,RJ becomes independent of the
current with all the curves saturating at essentially the sa
value independent of temperature:RJ

sat583 mV63 mV,
which agrees with the measured dcRn presented in Sec. II B

We obtain the JJ reactanceXJ from the measured shifts in
the resonant frequency as follows. The total reactanceXT of
the entire stripline JJ device is proportional to the total
ductanceLT of the device,XT5vLT . The resonant fre-
quency has a functional dependence onLT given by f
51/2pALTC, with C, the capacitance, being a consta
From these relations we obtain

DXT

XT
5

DLT

LT
5

22D f

f
. ~11!

The total inductance has three contributing terms,LT5Lg
1Lk1LJ where Lg is the geometrical inductance of th
stripline resonator,Lk is the kinetic inductance of the supe
conducting electrons, andLJ is the inductance due to the J
TheLg andLk terms are constants as functions of rf curre
so that DXT5XT(I rf)2XT(0)5XJ . Unlike the resistance
where the contribution from the JJ is very large compared

FIG. 6. The measured effective resistance,RJ(I rf) as a function
of rf current presented on a log-log plot for a range of temperatu
In the low-current limit theRJ(I rf) is almost constant and is due t
the surface resistance of the film, rather than to the junction. As
rf current is increased, there is a very sharp rise in the resista
curves, and step structures associated with fluxon quantization
observed. Also note that all curves saturate at the sameRJ

sat whose
value is about the same as theRn obtained from the dc measure
ments. AsT is increased, the sharp rise inRJ occurs at lower values
of I rf .
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the rest of the film, the reactance due to the JJ is sm
compared to the reactance of the rest of the film. We ob
a value forXT5Xg1Xk1XJ'Xg1Xk , using values forLg
andLk obtained from Sheenet al.14 Hence, the JJ reactanc
is given by

XJ~ I rf!5
22D f

f
~Xg1Xk!5L

f ~0!2 f ~ I rf!

f ~0!
~12!

with the geometrical factorL593.2V.
The JJ reactanceXJ as obtained above is shown in Fig.

for three different temperatures. As with the resistan
shown in Fig. 6, the JJ reactance data shows the existen
a critical rf current value above which the reactance
creases sharply. For a given temperature, the reactanc
creases occur at the same rf current level as the resist
increases with both increases being attributed to JJ dynam
The change in reactance is attributed to the inducta
change associated with fluxon generation in the grain bou
ary by the rf currents as explained in Sec. V. The reacta
change at all temperatures in Fig. 7 is seen to rise sha
and then level off. On comparing Figs. 6 and 7, we see
the current range from the initial rise ofXJ to saturation is
comparable to that ofRJ for a given temperature, while th
magnitude of the reactance change is much smaller than
of the resistance.

In order to verify that our ERSJ model is working pro
erly, we explored the limiting behavior by changingL l sub-
stantially from the value of 10210 H obtained in Eq.~4!. By
making L l very small (L l →0 limit! we simulate a case
wherelJ.w which is a small junction RSJ limit. In this cas
the ERSJ model reduces to the one-dimensional RSJ m
without a current distribution. This smallL l limit is identical
to results obtained by solving Eq.~3! numerically for a single
small junction. On the other hand, if we increaseL l substan-
tially (L l →` limit ! without decreasing the junction spacin
we obtain results identical to those obtained by solving
one-dimensional RSJ model Eq.~3! and then averaging th
results over the current distribution in the stripline shown

FIG. 7. The measured JJ reactance,XJ(I rf), as a function of rf
current presented on a semilog plot for three different temperatu
The increase inXJ is due to an inductance increase associated w
the formation of fluxons in the junction by rf currents. AsT is
increased, the sharp rise inXJ(I rf) occurs at lower values ofI rf . For
a given temperature, the rise inXJ occurs at the same value ofI rf as
the RJ in Fig. 6.
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Fig. 3. This current averaged RSJ model has been previo
presented for fitting measurements on ramp-type S
junctions.11,12 The effect of increasingL l is to uncouple
neighboring cells in the ERSJ model so that each junctio
independent and lateral currents are negligible. In this c
Josephson vortices are not relevant.

We show in Fig. 8 the measured JJ resistance and r
tanceRJ(I rf) andXJ(I rf) ~points! as a function of rf current
I rf with fits from the modeling~lines! at 20 and 50 K in Figs.
8~a! and 8~b!, respectively. The solid lines in Fig. 8 are th
result of the ERSJ model which uses the inductance ca
lated in Eq.~4!, while the dashed line is the model result
the L l →` uncoupled~no vortices! limit, equivalent to the
current averaged RSJ model. We define a critical rf curr
level I f , the rf fluxon nucleation current where the resistan
and reactance first increase abruptly, which is marked in
8 with arrows. TheI f is the rf current level that exceeds th
JJ critical-current density sufficiently on the edges of t
stripline that a Josephson oscillation will occur at the li
edge, nucleating a fluxon, and resulting in a Josephson
tex moving into the junction. This concept is further deve
oped in Sec. V.

Examination of the resistance plots shows step structu
evident in the measuredRJ(I rf) in Fig. 8 in the vicinity ofI f .
There are also steps in the result of the ERSJ model w
currents are allowed to redistribute and form vortices~solid
lines! however, when current redistribution cannot occ
(L l →` limit !, the modeling does not show steps~dashed
lines!. The steps in the modeled and measured data h
different heights, but the overall character of the curves
qualitatively the same. The lack of quantitative agreem
could be due to imperfections in the engineered junct
which are not accounted for in the idealized model. The o
gin of the steps in the calculatedRJ(I rf) curve is fluxon
quantization and the increases in resistance are due to
creation, annihilation and motion of Josephson vortices
we show in Sec. V.

We compare the values ofI c andRn obtained from the dc
measurements with those obtained from the modeling by
ting the rf measurements in Table I. The same parame
were used to fit theRJ andXJ data. However, a constantRJ
value belowI F is added to the model result to account for t
RS of the film. The values ofRn obtained for rf and dc are
about the same. TheRn is the saturation value of theRJ(I rf)
data. TheI c obtained from the rf measurements is high
than the dc value. The rf value ofI c is determined by fitting
the measured data and is larger thanI f . The modeling pre-
dicts that the rf value ofI c is 4–5 times greater thanI f .

Examination of theXJ plots in Fig. 8 shows the reactanc
increasing sharply aboveI f . This increase is attributed to th
increased inductance due to Josephson fluxons nucleatin
the long JJ. The ERSJ model with vortices shows the sa
overall features as the measured data, including a rise
then a leveling off ofXJ , with the height, onset, and slope o
the rise showing good agreement. On the other hand, the
limit without vortices~dashed line in Fig. 8! predicts a slight
decrease inXJ(I rf) aboveI f , while the measurements do no
show such a decrease. This agreement between the E
model and the measured data adds credence to the idea
fluxons are responsible for the observed reactance, and
we are directly observing the effects of rf Josephson vorti

s.
h
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in the measured data. The modeling is not presented ove
large a current range as the data because the modelin
computationally intensive, thus limiting the number and s
of the simulations that were carried out in the present wo

FIG. 8. Measured effective JJ resistance and reactance v
current,RJ(I rf) andXJ(I rf) ~points!, for the grain boundary JJ at~a!
20 and~b! 50 K compared with two fits from the modeling~lines!.
The solid lines are from the ERSJ model which allows for Jose
son vortex formation, while the dashed lines correspond to
model in theL l →` limit where vortices~fluxons! play no role.
The fluxon nucleation currentI f is marked with arrows in each plot
When fluxons are allowed to exist in the model stepped increase
resistance and reactance change increases occur as is also ob
in the measured data.
as
is

e
.

V. FLUXON GENERATION BY RF CURRENTS AND
JOSEPHSON-VORTEX DYNAMICS

As we have asserted in the previous sections, the nu
ation of fluxons in the JJ is the origin of the step structures
RJ(I rf), and of the sharp increases inXJ(I rf) and inRJ(I rf).
Fluxon nucleation in the stripline geometry is initiated by t
rf current at the edges of the junction, where the curr
density is greatest. When the rf input-current level to t
ERSJ model is small enough to be well belowI c of the edge
junctions in the circuit, all the current can flow through th
JJ’s and no currents flow throughL l . As theI rf to the circuit
is increased to a level approachingI c of the edge JJ’s, some
currents will go throughL l and then flow through the inne
junctions. Even when the inputI rf is sufficient to exceedI c of
the edge JJ’s, the currents can redistribute and avoid trig
ing a Josephson oscillation at the edge. It is whenI rf reaches
a level that causes a Josephson current oscillation (2p phase
slip! at the edges of the long junction that stepped losses
sharp increases in the resistance and reactance begin. A
sephson oscillation occurs when the current in the junct
first passes throughI c and then goes back to zero~phase
change ofp) in one half of an rf cycle. In the pendulum
model17 of an overdamped JJf is analogous to the deflec
tion angle u of an overdamped pendulum which whe
pushed past an angle ofu5p will certainly fall to 2p. Simi-
larly, oncef5p in the JJ,f will necessarily slip anotherp
in phase which completely nucleates a fluxon as the ph
change is directly related to the flux through the junctio
Df(t)/2p5F(t)/F0. Concurrent with the 2p change inf,
the current redistributes itself through the ERSJ circuit for
ing a Josephson vortex. The Josephson oscillations c
current to flow through the resistors in the RSJ cells, res
ing in resistive losses. Fluxon nucleation is responsible
increases inXJ while fluxon quantization results in the step
in RJ observed at 20 K@Fig. 8~a!# and at 50 K@Fig. 8~b!#.

On one edge of the JJ, whenI rf>I f , fluxons are nucleated
on the positive half of the rf cycle and antifluxons are nuc
ated on the negative half of the cycle. These fluxons a
antifluxons correspond directly to Josephson vortices and
tivortices where an antivortex has current circulating in t
opposite direction to the current circulation for a vorte
When vortices meet antivortices in the junction, they anni
late each other. Power is dissipated due to normal curr
when Josephson vortices are created or annihilated, with
sistive losses also being attributable to the motion of vorti
under the influence of the rf currents. Since the junction
overdamped, the Josephson vortices move only under
influence of the rf current. As the rf current increases, m
and more Josephson vortices and antivortices move in
out of the junction. When vortices are created on one edg

rf

-
e

in
rved

TABLE I. Comparison of theI c and Rn obtained from the dc
measurements and from fitting the rf measurements using the E
model.

Temperature I c mA Rn mV

dc rf dc rf

20 K 8.9 14.0 80 81
50 K 3.5 4.8 80 86
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the JJ, antivortices are created on the opposite edge. M
over, when the rf current is large enough to create a vorte
the edge and move it to the center of the long JJ, the vo
will meet an antivortex from the other side. A saturati
level is reached whereRJ5Rn and XJ no longer increases
with increasingI rf as shown in Figs. 8~a! and 8~b!.

We have investigated the effect of fluxon generation a
the creation of Josephson vortices by rf currents in a lo
junction by examining sequentially the magnetic flux in t
ERSJ circuit as a function of timeF(t) ~which shows fluxon
nucleation! and the current distribution as a function of p
sition I (x) ~which shows Josephson vortex formation!. In
Fig. 9, we show theRJ(I rf) which was used to fit the 20-K
data in Fig. 8~a!; theRJ(I rf) curve shows clear stepped stru
ture ~the plot is on a linear scale, while the fitted data in F
8 are plotted on a log-log scale!. Marked with arrows in Fig.
9 are four positions on the curvea, b, c, andd, which cor-
respond to rf current levels we denoteI a, I b, I c andI d. Also
shown is the fluxon nucleation currentI f , which was intro-
duced in Fig. 8. When the input currentI rf is equal toI a,
which is slightly belowI f , the magnitude ofRJ(I rf) is al-
most constant in current and has about the same valu
RJ(I rf'0). No appreciable losses have occurred in the ju
tion at this current level. When the current is increas
slightly to I rf5I b, with I b5I f1e, it is apparent thatRJ(I rf)
has risen abruptly@there is a very small plateau at (b), which
is not resolved in Fig. 9#. The junction is dissipating appre
ciable power atI rf5I b. When the current is increased toI rf
5I c, then RJ(I rf) has further increased and reached a p
teau. Finally, whenI rf5I d, the RJ(I rf) has again increase
and has reached another plateau which is smaller than
one markedc in Fig. 9. As the current is further increase
steps continue to develop, alternating between smaller
larger plateaus. Each stepped increase is due to an addit
fluxon nucleating in the long JJ during each rf cycle. T

FIG. 9. Calcuated resistance as a function of rf current obtai
from the ERSJ model showing stepped structures due to flu
generation by rf currents. Four step positions are markeda, b, c,
andd, each corresponding to a currentI a, I b, I c, andI d. Each step
is due to an additional fluxon being generated in the JJ in eac
cycle.
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plateaus correspond to ranges where the number of flux
generated per cycle by the rf current is a constant. As
show below, the large plateaus correspond to symme
fluxon states, while the small plateaus correspond to as
metric fluxon states.

We show the total magnetic fluxF(t) existing in half the
ERSJ circuit~i.e., half the 150-mm-long JJ! in Fig. 10. Only
half needs to be shown because the long junction is symm
ric about its midpoint, as is the current distribution in th
stripline. In addition, when fluxons are generated on one s
of the junction, antifluxons are generated on the other s
and while the nucleation of both fluxons and antifluxo
causes losses, if we calculated the total flux through

d
n

rf

FIG. 10. Fluxon number as a function of time,F(t)/F0, for half
the long junction as calculated by the ERSJ model. The four p
~a!, ~b!, ~c!, and~d! correspond to the current levels marked acco
ingly in Fig. 9. This figure demonstrates how the flux increases
discrete quantized units. The bottom shows the rf source cur
using a common time scale for the source current and the flux.
flux present at the source current nodes is due to Josephson vor
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13 842 57Y. M. HABIB et al.
whole junction it would sum to zero. We show four differe
F(t) plots in Figs. 10~a!, 10~b!, 10~c!, and 10~d!, with each
plot showing theF(t) generated in the JJ by rf current leve
corresponding toI a, I b, I c, andI d in Fig. 9, respectively. The
F(t) is calculated from the ERSJ model by summing t
flux due to the currents flowing inL l such that F(t)
5S i 51

m21L l i I i(t), where the sum oni is over them21 in-
ductors in half the ERSJ circuit. Shown below theF(t) plots
in Fig. 10 is the rf source currentI rf(t) ( f 53 GHz! on the
same time scale asF(t). The up and down nodes in the sin
wave are marked because any flux present in the junctio
the nodes is due only to Josephson vortices. Figure 1~a!
depictsF(t) for the rf current levelI a in Fig. 9 which is
slightly less thanI f . A small background flux (uFu,F0/2)
is seen with the same periodicity as the source current,
responding to a maximum phase change along the junc
of just less thanp, showing an incipient but not fully formed
Josephson oscillation~fluxon!. We note that there is no flux
present@i.e., F(t)50# in Fig. 10~a! at the rf source curren
nodes which implies that the periodic flux seen is due to
source current.

When the current is increased toI b in Fig. 9, which is a
very small amount greater than the fluxon nucleation curr
I b5I f1e, the correspondingF(t) plot, Fig. 10~b!, shows
one fluxon nucleating in the first half of the rf cycle and th
annihilating in the second half of the rf cycle. The phase
the JJ changes by 2p ~one fluxon! in each half of the rf
cycle, indicating that a Josephson oscillation is occurring
each half cycle. Figure 10~b! shows that there is a fluxon i
the junction@F(t)5F0# at the time of the down nodes i
I rf , but the fluxon gets annihilated on the negative half of
rf cycle so that at the up node of the source current the
is zero. We note that the nucleation occurs on the downw
part of the positive rf cycle as the source current amplitud
decreasing. The nucleation and annihilation of one fluxon
rf cycle causes an abrupt and substantial increase inRJ(I rf)
as shown in Fig. 9.

When we increase the current toI c in Fig. 9 the corre-
spondingF(t) plot, Fig. 10~c!, shows that a fluxon nucleate
and annihilates in each half of the rf cycle. Figure 10~c!
shows that there is a fluxon in the junction at the time of
down nodes in the source current as in Fig. 10~b!, but on the
up nodes of the rf cycle an antifluxon@F(t)52F0# is in the
junction. There are now two fully nucleated flux quanta e
isting in the JJ per rf cycle and consequentlyRJ(I rf) in Fig. 9
has increased another step.

Figure 10~d!, which corresponds to the current levelI d in
Fig. 9, shows two fluxons present at the down nodes of th
source current and only one antifluxon at the up node. E
time the magnitude ofI rf increases sufficiently to add anoth
flux quantum~fluxon or antifluxon! to the junction per rf
cycle, there is a step in theRJ(I rf) in Fig. 9. The rf currents
nucleate and annihilate fluxons in the long junction result
in quantifiable losses. Note that there is no gradual incre
in the flux present in the JJ at the rf nodes from one curr
level to the next, but only quantized increases one fluxon
time. This type of bifurcation of phase, or equivalently flu
has been calculated by other researchers investigating sim
systems.22–24

Figure 10 showed that fluxons can exist in the junct
when the rf current is zero. The fluxons are sustained
at
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circulating supercurrents that constitute Josephson vorti
In Fig. 11 we show the currentI (x,t) in the ERSJ circuit as
a function of positionx at the times when the rf sourc
current is zero, i.e., at the nodes. We show four plots, F
11~a!, 11~b!, 11~c!, and 11~d!, each corresponding to th
similarly labeled current levels in Fig. 9 and theF(t) plots
in Fig. 10. In each plot in Fig. 11 two current distribution
are shown: the solid line is the current as a function of p
sition at the down nodes of the rf source current shown
Fig. 10, while the dashed line is the current as a function
position at the up node of the rf source current. The plots
Fig. 11 show the current distribution starting at the JJ ed
and extending 75mm into the 150-mm-long junction. In Fig.
11~a! there is no current present in the junction at either
the rf source nodes. The absence of current results from
condition of zero flux at the rf nodes shown in Fig. 10~a!. In
Fig. 11~b! there is one vortex present in the junction. T
vortex is present at the down node of the rf source curr
but there is no antivortex~current distribution of opposite
circulation! present in the up node. Again, this follows fro
Fig. 10~b! that shows a fluxon present at the down nodes
the rf source but no flux at the up nodes. Figure 11~c! shows
one vortex in the junction at the down nodes as in Fig. 11~b!,

FIG. 11. Normalized current as a function of positionI (x) taken
at the rf source current nodes shown in Fig. 10. The four plots~a!,
~b!, ~c!, and ~d!, correspond to the current levels marked acco
ingly in Fig. 9. The solid lines show the current at the down nod
of the source current, while the dashed lines show the current in
junction at the up nodes of the rf source. These plots show wh
the Josephson vortices are located in the junction at the so
current nodes and how they move farther into the JJ with increa
rf current.
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and also an antivortex at the up node of the rf source curr
This follows from Fig. 10~c! that shows a fluxon at the dow
nodes and an antifluxon at the up nodes of the rf sou
current. In Fig. 11~d! there are now two vortices at the dow
node of the rf source current and one antivortex at the
node. Again this follows from theF(t) plot in Fig. 10~d!.
We note that as more vortices~or antivortices! are generated
by the rf current, they move farther into the long junction
is apparent in Fig. 11.

It is interesting to examine the symmetry in Figs. 10 a
11. In Fig. 10 plots~a! and ~c! are symmetric about the
F(t)50 axis and they have the same periodicity as the
source current, while~b! and ~d! are asymmetric about this
axis. This symmetry breaking is also seen in Fig. 11 wh
plots ~a! and~c! have equal but opposite current distributio
at the up and down nodes of the source current, while~b! and
~d! have completely different current distributions at the
and down nodes of the source current. Since the ERSJ m
and the rf source current are symmetric, these asymme
states were unexpected. Upon further investigation of
ERSJ model results we found that the asymmetric states
erate second harmonic signals. We believe that second
monic generation is a clear indication of Josephson vor
creation by rf currents.25

VI. CONCLUSION

The results of the measurements and modeling prese
in this paper give strong evidence that we are directly m
suring the complex impedance due to fluxons being nuc
ated in bicrystal grain-boundary junctions. The effect of t
nucleation and motion of Josephson vortices by rf curre
gives rise to a nonlinear impedance, that includes step st
tures in the resistance, due to the quantization of the m
netic flux in the Josephson junction, and reactance chan
due to the increased inductance associated with fluxon g
eration. The engineered JJ has very little effect on the po
handling of the stripline resonator until the rf current reach
a level sufficient to nucleate the first fluxon in the JJ. Flux
creation causes a sharp increase in the resistance and a
sociated rise in the reactance. As the rf current is furt
-
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increased, more fluxons are generated in the junction
there is a step in theRJ(I rf) every time an additional fluxon
is generated in an rf cycle. The junction then alternates
tween states with one more fluxon than antifluxon~asymmet-
ric states! and those with equal numbers of fluxons and a
tifluxons ~symmetric states! during each rf cycle. The
asymmetric states produce second harmonics as a sign
of the generation of Josephson vortices.

We believe that this work supports the premise that
observed nonlinear microwave power-handling effects o
served in high-Tc films are due to grain-boundary weak link
separating superconducting grains to form a mosaic
coupled JJ’s. To the best of our knowledge this is the fi
direct observation and quantification of rf Josephson vor
effects in grain-boundary junctions. Recent work has sho
that the nonlinearities in the high-Tc films can be explained
by the coupled-grain model using a distribution ofI cRn
products in the grain boundaries.26 Since grain-boundary
weak links are an extrinsic property of the superconduct
film, we believe that a further understanding of the rf ele
trodynamics of these structures should lead to the produc
of films with greater power-handling capabilities.
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