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Giant Radiation Linewidth of Multifluxon States in Long Josephson Junctions
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Millimeter-wave band radiation measurements of flux-flow states in long Josephson junctions are
reported. At low fluxon density, the radiation linewidth is found by factor16f larger than that
of a lumped Josephson oscillator. With increasing the fluxon density, a sharp crossover is observed
to a much smaller linewidth approaching the lumped oscillator limit. Numerical simulations using
perturbed sine-Gordon model show that the observed behavior is related to internal degrees of freedom
in the moving fluxon chain. [S0031-9007(96)01509-8]

PACS numbers: 74.50.+r, 03.40.Kf, 74.80.Dm

A time-dependent response of a distributed nonlineanature of the phase slippage in small and long junctions, the
oscillator is a signature of its intrinsic spatial dynamics.linewidth of the resonant single-fluxon radiation in a long
A long Josephson junction is a well-known example ofjunction is given by the same Eq. (1), except for a missing
such an oscillator. The external magnetic field penetratefactor of 4 due to the modified Josephson relatipn=
into the junction in the form of Josephson vortices, orV /2d, at the ZFS. Experiment [3] showed a reasonable
fluxons, each of them carrying one magnetic flux quantunagreement with that theory, though some excess linewidth
®,. Fluxons can be moved by a current flowing throughbroadening has been seen.
the junction, and their motion leads to an electromagnetic It can be argued that internal degrees of freedom in the
radiation. The frequency of the radiation is given by the moving fluxon chain may give a significant contribution
Josephson relatiofi = V/®,, whereV is a dc voltage into Af. Here, in contrast to the resonant single-fluxon
induced by the fluxon motion. case, local variations of the fluxon spacidg change

In general, the linewidtiA f of the Josephson radiation the radiation frequency. Recent FFS radiation linewidth
is determined by thermal fluctuations of current passingneasurements by Koshelattsal. [4] showed the scaling
through the junction. Assuming a Nyquist noise spec-of Afrr as predicted by Eq. (1) but with an effective
trum, for a current-biased lumped (short) Josephson turtemperaturel.ss being by a factor of8 larger than the
nel junction the full linewidth at half power is given by physical temperature of their experiment. The reason for
expression [1,2] the excess noise was not resolved.

drkeT R In this Letter we report radiation measurements of flux-
B D . . . .

Af = —— —, (1) flow states in long Josephson junctions which show the
®o  Rs radiation linewidthA f by a factor of10* larger than that
wherekg is Boltzmann's constanf is the temperature. predicted by Eq. (1). With increasing the fluxon density,

The linewidth depends on the differential resistaRge=  a sharp crossover to much small®y is observed. We
dV /dI at the junction bias point and the static resistancgresent numerical simulations which consistently show
Rs = V/I, where I is the bias current through the that the experimentally observed broadband radiation can

junction. be related to self-induced chaotic oscillations in the
There are two main regimes which characterize thanoving fluxon chain.
fluxon motion in long junctions. First, a shuttlelikeso- The samples were fabricated using a standard niobium-

nant fluxon motiorgives rise to zero-field steps (ZFSs) in based process on thermally oxidized silicon wafers. The
the dc current-voltagd {V) characteristics of the junction. investigated long Josephson junctions of the size&

In this regime fluxons and antifluxons undergo reflections¥ = 400 X 5 um? had the critical current density,
from the junction boundaries and the radiation frequencyf about 100 A/cn? which corresponds to the Joseph-
is determined by the junction length and the fluxon son penetration depth; = 35 um and plasma frequency
velocity v asfzrs = v/2L. Second, in a magnetic field, f, = 30 GHz. The sample layout is schematically shown
the so-calledlux-flow regimeoccurs and is manifested by in the inset in Fig. 1. Each junction had overlap geome-
a flux-flow step (FFS) on thé-V curve. In this regime try and was integrated in a microstripline ending with a
fluxons are created at one boundary of the junction anfinline antenna [5] inserted into a slit in a waveguide.
annihilate at the other boundary. The radiation frequencyrhe magnetic fieldd parallel to the junction plane and
f = v/dy is determined by the spacing between movingperpendicular to its larger dimensidnwas provided by
fluxons dy. In general, for both ZFS and FFS regimes,a control current/y through the bottom Nb electrode.
the radiation linewidthA f should be related to thermal Measurements were performed 42 K. Radiation at
fluctuations of the fluxon velocity vs Joergensaral. [3] 80-120 GHz was measured with a room temperature su-
obtained a striking general result that, in spite of a differenperheterodyne receiver with an effective noise figure of
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FIG. 1. [-V characteristic of two Fiske steps (FSs) measured V(1V)

atly = 5.5 mA. I-V data (solid symbols) are shown together i 5 part of a high-order Fiske step (open circles) together

with the detected radiation power (open symbols)fay = ; e ; g
86.0 GHz. The inset shows schematic top view of a Josephso%\”th radiation spectra (insets) measured at indicdt@tstates.

junction with a finline antenna. o ) ) )
1-V characteristics. DLS received a considerable inter-

about 13 dB referred to the receiver input (including iso-est in the past and was found in distributed junctions
lation). Typical radiation power at the receiver input wasof various geometries [6]. In spite of many observa-
aboutl pW. The receiver was operated either as a spedions, the physical nature of DLS remained obscure un-
trometer or as a radiometer. In the spectrometer modél now. In long quasi-one-dimensional junctions, DLS
the radiation spectrum in the intermediate frequency (IF)s typically seen at magnetic fields near the critical field
band0.1 < fir < 1.5 GHz was detected using a spec- H¢; of the junction [7]. The DLS does not have a
trum analyzer. In this case a high spectral resolution wapronounced resonant shape and, in a limited range, its
achieved using an externally phase-locked local oscillavoltage can be smoothly tuned by the magnetic field.
tor with an effective linewidth smaller thahkHz. The Compared to FSs, we found substantially lower radia-
alternative, input-modulated radiometer mode is charaction power and much broader linewidth for DLS regimes.
terized by a much higher sensitivigfP = 6 X 107> W Typical measurements of DLS regime in the radiometer
but with a much lower spectral resolution limited by the mode are shown in Fig. 3. When increasing the mag-
double-side IF band of the receivarfr = 3 GHz. netic field from zero, the critical current of the junc-
Flux-flow behavior was observed IRV characteristics tion decreases and df; =~ 4.4 mA a smooth flux-flow
of the junctions in the applied magnetic field. In the branch (DLS) appears on theV curve. As shows the
intermediate field range (corresponding fo< Iy < insetin Fig. 3, with increasing the field DLS branch shifts
10 mA), the FFS was split into a series of Fiske stepsapproximately linearly with/y towards higher voltages.
(FSs). The FSs correspond to cavity resonances of thehe differential resistanc®p of DLS is almost constant
Josephson generation frequency on the junction lengths a function of/ and Iy. At Iy = I = 5.1 mA
with the voltage spacing between théngs = ®oc/2L, the DLS changes dramatically and splits into seve-
where¢ is the Swihart velocity. Typical measurementsral FSs. Such data for the same junction/gat> I
of the FS regime in the radiometer mode are showrare presented in Fig. 1. The radiation linewidth in the
in Fig. 1. The radiation poweP,,q around fixed local DLS regime at low fieldslf; < I5*") was found to be
oscillator frequency o was detected while recording the larger thanAfir. Thus, it was impossible to measure
I-V curve. The voltage widtlAV of the emission peak the DLS linewidth in the spectrometer mode. In the ra-
corresponds to the double-side band of the recelvge.  diometer mode, the half-power radiation linewidihf =
Figure 2 presents spectrometer mode measurements ofAd/ /®, — A fr estimated from the voltage widthV of
FS which indicate that the linewidth of FS radiatiarf is  the emission peak is as large B3 GHz, for both DLSs
much smaller tham f1g. Typically, Af of about several shown in Fig. 3. Such a giadtf, ranging from about0
MHz was measured for various FSs. Within 1 orderto 20 GHz, was systematically observed for DLS branches
of magnitude, thisAf agrees with that calculated from in all measured samples, using variofis frequencies.
Eq. (1) using experimental values fBp andRg. In contrast to that, as illustrated in Fig. 1, FSs appear-
In the lower magnetic field range we observed anding atH > H..ss always showed\V/dy = Afig. The
other distinct flux-flow feature of long Josephson junc-large discrepancy between the radiation linewidth of DLS
tions, the so-calleddisplaced linear slope(DLS) on and FSs cannot be explained by the difference between
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1.8 Figure 4 shows the numerically calculated current-
16[ <0 L 1250 voltage ¢ vs V) characteristics foh = 1.7, 1.9, and2.2.
- . In good qualitative agreement with experiment shown
141 1o o in Fig. 3, starting from low magnetic fields: (= 1.7)
12l Zede 1200 a DLS-like branch first appears if-V characteristics.
17 e o Increasing of the field{ = 1.9 and2.2) induces several
__ 1ot t (mA) / 1150 & steep cavitylike resonances corresponding to low Fiske
<E’: 0.8 § steps. One can see that the DLS preserves at larger bias
- i currents ¢ > 0.2) and, in agreement with experiment,
Y 1100 § smoothly shifts towards high voltages with increaskng
oab——"" v % ko) We found that voltage oscillations in the junction are
' - 50 extremely nonperiodic in the DLS regime. In order to
0.2 b, simulate the expected radiation spectrum from the junc-
0.0 T 0l P tion, we calculated Fourier power spectra of the volt-
’ 50 10 150 200 250 age oscillations)¢ /dr at one of the junction boundaries
V (uV) x = £ using FFT. Figure 5 illustrates such spectra for

two selected points P1 and P2 of the current-voltage char-
i acteristics shown in Fig. 4. Point P1 corresponds to pe-

measured afy = 4.5 mA (squares) andy = 5.0 mA (trian- L P
gles). I-v data (solid symbols) are shown together with the”OFj'C oscillations at one of the FS modes. In contrast,
detected radiation power (open symbolsyas = 89.2 GHz. point P2 shows a typical response of the states along all
DLS branches: oscillations are strongly irregular and the

their differential resistance®) through Eq. (1). The radiation spectrum resembles chaotic state. One may no-

ratio RBUS /RFS varies for different states between 3 anglice that at P2 there is a visible harmonic amplitude modu-

5, while theirRg ~ 0.4-0.5 () remains about the same. Iati.on with the angular frequency spacirgy = 0.025.

For DLS Eq. (1) predictd fPS ~ 3 MHz which is by a This value accounts for the fundamental cavity mode of
factor of nearlyl0* smaller than that found in experiment. the junction. Mpre or less pronou_nced, this behawor_was
In order to find an origin of the experimentally ob- fpund along various DLS. Thus, irregular fluxon OSC|II§—
served anomalous radiation properties, we performed fulfons at DLS regime re:;semble ﬂ:at of a bg’afrf’a’?d n:_nse
numerical simulations of the fluxon dynamics in the rele-SOUrce pumping a cavily resonator given by the junction
vant magnetic field range. The dynamics of a Ionglength' Comparing oscillation spectra for various bias

one-dimensional Josephson junction is described by theoints,lweffo#nd that_yvithfincreasinlg} bias culgrfntatzpicgl
perturbed sine-Gordon equation [8], scenario of the transition from regular (type P1) to chaotic

. e P2) oscillations takes place via period doubling and
O — @i =SiNE + ag;, — Bey +¥. (2) (typ ) P P g

. i i , generation of subharmonics.
The spatial coordinate is normalized to the Josephson = \we associate the reason for extremely large radiation
penetration depth\;, and the time: is normalized to

. o “ linewidth in DLS regime with a complicated spatiotempo-
the inverse plasma frequenay,” = (27f,)"". The (g1 dynamics of fluxons, possibly a chaotic state, which de-

coefficientsa: and B correspond to the damping arising yelops in the junction. A hypothesis that such a state may
from the quasiparticle tunneling and the surface losses in

the electrodes, respectively. In simulations we assumed
a spatially independent normalized bias current density
v = I/I., wherel, is the critical current of the junction.

Eqg. (2) was solved together with the boundary conditions,

@:(0) + Beu(0) = @:(€) + Bou() =h, (3)
where the normalized field = 27 HA;A/ Dy = Iy and
the normalized junction length = L/A;. For simplicity,
we neglect the surface losses takjpg= 0. For moderate
fluxon velocities the effective damping can be accounted
by aer ~ a« + B/3 [8]. Simulations were performed
using £ = 10 and « = 0.1. The calculated average
voltage V is normalized to the voltage of the first FS.

FIG. 3. -V characteristics of displaced linear slope (DLS)

Current-voltage characteristics were calculated for the 0.0 N s s
magnetic field range around the critical fielc; of 0 2 4 6
the junction, which corresponds to the normalized field \Y

h ~ 2. Because of compllcated_ dynamlcs found in SOM& . 4. Numerically simulated current-voltage characteristics
parameter ranges, the voltage integration was made OVEf the junction. The arrows show points where the voltage
long time intervals, up to 20 000 time units. spectra shown in Fig. 5 are calculated.
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1 ' ; ' - 3 intrinsic oscillation modes in the fluxon chain might be
(@) responsible for the observed excess radiation linewidth
04 ] of such oscillators [4]. For their best performance, such
o flux-flow oscillators should be operated at high enough
5)':’— P1 magnetic fields in order to avoid the DLS region. The
g ]

DLS regime itself can possibly be used as a broadband
noise generator for the millimeter wave range.

In summary, we reported radiation detection experi-
ments and numerical simulations for multifluxon states
in long Josephson junctions. Depending on the applied
magnetic field, we were able to detect radiation from both
displaced linear slope and Fiske steps in current-voltage
characteristics. Our conclusion is that the displaced lin-
ear slope for long junctions is characterized by intrinsi-
cally chaotic fluxon dynamics.

We thank A.l. Braginski for a critical reading of
the manuscript, and M. Cirillo, U. Gambardella, V.P.
Koshelets, and S. Shitov for useful discussions.

FIG. 5. Fourier power spectra of voltage oscillations for two
selected points P1 and P2 shown in Fig. 4: (a) point P1,;
(b) point P2.
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