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Abstract—We consider THz emission due to fluxon dynamics in | Y Co
a stack of inductively coupled long Josephson junctions carected \ LJJ } H
electrically to a resonant cavity. By comparing to experimats f G
on Josephson junction parametric amplifiers we consider the LJJ

role of a negative resistance in connection with THz emissio T L
experiments. We suggest that indeed the negative resistantas
a big influence on the experimental results. T

G
Index Terms—THz oscillator, negative resistance, BSCCO ‘ LJJ }—Hi R
T G
|. INTRODUCTION | LJJ —— =

THz emission from intrinsic Josephson junctions of the Ty
BSCCQ type has received much attention recgntly. Seveﬁﬂ_ 1. A simplified drawing of a BSCCO single crystal coupledcavity.
experiments have been reported [1]-[7], in which THz ra-
diation emitted from BSCCO single crystals was observed.
However in most cases the detected power is rather small, or o _ .
the frequency is rather low, or the emitted radiation is diet¢ connected with (internal fiske) resonances, or (i) with a
indirectly in an on-chip detector. It has also been dematetr N€gative differential resistance near the energy gap - due t
that a BSCCO single crystal is a (stacked) Josephson junctf¥£ating. The two mechanisms may be described as follows:
with ac Josephson effect even at frequencies as high as 2 THI¢ increase of the bias current near the energy gap gives
[8]. Recently a very convincing experiment with THz emissio!1S€ to heating, and the energy gap decreases with the higher

was reported [9], [10] and it has attracted a lot of focus 0tﬁ:mper::?ture._The re_sult is_a back bending IV curve resul_ting
THz emission, as well as renewed experimental efforts. & negative differential resistance. The second mechanim f

THz radiation involves the Josephson junctions in the stack
coupled to an internal (Fiske) resonance. In the followirey w
will describe in a simplified way the fluxon dynamics.

Parallel_to the experimental work t_her_e has been theoreti—A simplified drawing of a BSCCO single crystal in a cavity
cal/numerical work on fluxon dynamics in in layered SUPeF: shown in Fig. 1 [15], [16]. The individual iong Josephson
conductors of the BSCCO type [11]-{14]. The CalCUIat'O'gEmctions are inductively coupled to each other and also

derrjons_trate that the_ best way to obtajn THz _radiation is %upled to the cavity [15], [16]. Thus there is a competition
having in phase motion of the fluxons in the different Iayer%etween the junction - junction coupling and the junction

Typically - both theoretically and exp(_arimentz_ally - it hm - cavity coupling. The mechanism of the junction - cavity
assumed that the best way to obtain that is by having fl, ing is the following: Fluxons in the junctions move kac
flow generated by a magnetic field applied parallel tp the nd forth driven by the bias current. Fluxons in neighboring
b pIanﬁ or by coufplllng thg BSC_CO sample to a caV|ty_ [15 nctions are repulsive, typically leading to anti-phasation
[16]. The successful experiment in [9], [10] was done W'thOLbf the fluxons in the different junctions. Each time a fluxon

a magnetic field, and_ it was suggested that an |_nterna| _Cavﬁf’fs the boundary to the cavity it injects a (small) amount of
related to so_called Fiske steps [17] played a major role én tIEharge as input to the cavity. If the fluxon shuttling freqexen
THz ggnera;uor?. I g _ is close to the cavity resonance frequency, a strong cavity
In view of the reﬁenty relporte experlrfner?t on THZ gerk ent gradually builds up. In the steady state, the cavity
eration [9], [10] where at least some of the experimentglia o ts hack on the junctions through current injectiamd
observatmnfs_are stﬂl_somr?what puzzling, W}? suggest hergyas e cavity current will tend to lock all the fluxons to the
new way o mterpretmg.t e THz emission from a BS(_:C, ame (cavity resonance) frequency. The cavity thus previde
single crystal. The experimental observation of THz enissi , (e \which perturbs the initial anti-phase motion, ang/ma
seem to have two different conditions: (i) the radiation i§, e, force the fluxons to perform in-phase motion at the gavit
Manuscript received August 17, 2008. Stimulating disaussi with resonance frequenCY [15], [16]. Th?_ stack-cavity SyStem wi
K.Kadowaki, U. Welp, X.Hu and Zhiseng Lin are greatly ackienged. in-phase fluxon motion may be utilized as a THz oscillator.
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may even be seen in the IV-curve [17]. The Fiske resonances Circulator
are linear and obey the condition

where L is the junction length in the direction of fluxon

motion. For junction lengths of order tens of micrometers

the Fiske resonances may be of order GHz or even THz.

If a magnetic field is applied, the symmetry is broken and

resonances witm = 1,2,3,... will also be exited [17] and

visible in the IV - curve. Here u is the Swihart velocity K j
corresponding to the exited mode.

Radiation emission at microwave frequencies may be ob-
tained in several ways. By applying a large magnetic field,
a unidirectional flux flow is obtained, and electromagnetic .
radiation is emitted where the fluxons leave the long Josephs Pump Josephson Junctic
junction [18], [19]. Here we are interested in the situation
without a magnetic field, but with the stacked junction inFig. 2. Josephson junction reflection parametric amplifier.
teracting with a cavity. The Fiske mode excitations exist at
equidistant voltages according to Eq. (1). Near a resonance
- and if the impedance mismatch to the wave guide or free (ii) backbending IV-curve due to heating in BSCCO
space in not too big - we can expect conditions for emission [4], [9], [10].
to be favorable and THz radiation may be observed. In a first (i) Josephson junction coupled to a cavity.
approximation the amount of radiation may be estimated by (iv) in general a non-linear IV-curve due to some
the impedance mismatch and the classical formula for the strong interaction with other junctions or surround-

transmission coefficient [20] ings.
47,75 A josephson junction reflection parametric amplifier [27],
=3 (2)  [28] utilizes th ive i i btained b
(Z1 + Z5)2 [28] utilizes the negative input resistance obtained by mpu

signal at the threshold of half harmonic generation. Fig. 2
where Z, and Z, are the impedances of the waveguidgnows the principle of a negative resistance reflection diepl
(possibly free space) and the junction, respectively. dg#y ith a circulator. A signal together with unavoidable theim
in experiments the measured emission is only a few percefise is applied to the input line, where it is directed to the
of the available power in the junction due to impedanG@nction mounted in the second arm of the circulator. The
mismatch. reflected signal from the junction goes to the third arm of the

In the recent THz emission paper [9], [10] radiation close tgrculator, the output line. The reflected signal is detewei
Fiske resonances was measured in general agreement withgi€he reflection coefficient' [20],

discussion above. Below we will show that near the resorsance )

we may get a region of negative differential resistanceslt i r— (21 — Z») . 3)
well known that for BSCCO the IV-curve may bend back (Zy + Z3)?

close to the energy gap [4], [9], [10] giving rise to & negativijere 7, is the waveguide characteristic impedanég, and
differential resistance. In both of these cited experirent; _ Rs + j X is the Josephson junction input impedance. If

[4], [9], [10] radiation with bias on the negative differgailt R, is negative as discussed above, and= 0 (at resonance)

resistance part was also observed. Such a negative difi@ren, e fing that the reflection coefficiertt, becomes larger than
has been observed by many authors and is believed to be dugig
heating. In the next section we will discuss the consequence (IR1| + |R2|)?

of a negative differential resistance. = (Rl = )2 L, (4)

i.e. the input signal is amplified to a larger output signal. |
experiments on the negative resistance parametric anmplifie
As is well known a resistance causes dissipation. If thg7] [28] it was found that the negative resistance coulasea
resistance is negative it will lead to emission. Recentbfeh a |arge amp”ﬁcaﬁon of Signa| as well as the noise, as |0ng
has been a renewed interest in negative resistance pheaomgnpoth were in the frequency window (band width) where
in Josephson junctions [21], [22] as well as semiconductg@fe input resistance was negative. Even without a signal the

IIl. NEGATIVE DIFFERENTIAL RESISTANCE

based THz emission systems [23]. amplified noise gave rise to a huge emission due to the noise
Negative differential resistance in a Josephson junctam Cinteracting with the negative resistance. This socalledis®a
be obtained in several ways: rise” was the subject of numerous studies [29], [30] but neve
(i) Applying a (large) microwave signal (half har- fully understood.

monic generation, Josephson parametric amplifiers) Fig. 3 shows schematically the negative resistance part of
[24]-[26]. a BSCCO junction similar to that in [9], [10]. Also shown is
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Fig. 4. Numerical and analytical IV curves for a single Jdsgm junction.
Note that only the analytical part has a negative resistaeggon. The
numerical curve shows switching instead.

of the IV curve with Fiske steps in [9], [10], emissions may
schematically the position of the Fiske resonances. Adagrd possibly be explained by a negative resistance in the I[Veurv
to the previous discussion there is a possibility that trand a reflection coefficient larger than one. If so it may be
negative resistance together with the Fiske resonanceaeaill difficult to distinguish the present interpretation from @ne
to amplification of whatever frequency components (Josgphsconventional one.
oscillations, harmonics, cavity enhanced oscillationg/el as
noise) are present in the negative input impedance window. IV. CONCLUSION

The result of this amplification is a large emission signal \ye pave proposed that the recent THz emission may be
particularly if the negative impedance is not very differensypjained in terms of a negative differential resistanagione
from free space or waveguide impedance, Eqg. (3). connected with the back bending IV curve near the energy gap.

In [9], [10] it was noted that the temperature dependence pbssibly the emission near the Fiske resonances may also be
the emission was quite unusual. The emission was found inartly due to a negative resistance region.
rather narrow temperature range. Both above and below this
temperature range the emission disappeared. This is tenisis
with Fig. 3, where the qualitative behavior of the IV curve fo
higher and lower temperatures are shown. We note in Fig. él,]
that at T=T the negative differential resistance coexist with
the Fiske resonance, where as for bothTg and T<Tj this
coexistance is not present.

We note that emission of electromagnetic radiation cor-
responding to this negative differential resistance wa® al 3]
observed in the experiment by Lee et al. [4].

In [9], [10] there was also observed emission at Fiske res-
onances well below the gap. This is apparently not consisteﬁ"]
with the negative impedance picture discussed in the pusvio
section. However Fig. 4 demonstrates that together with &
cavity resonance we also find a negative differential rapist
in the IV curve. The combination of the Josephson junctione]
McCumber curve and a cavity resonance curve leads to a
negative differential resistance region near a Fiske rasoa.

Fig. 4 shows the result of a numerical as well as an analyticat)
calculation of the IV-curve of a junction coupled to a cavity
Note that only the analytical curve has a negative difféadnt
resistance region. The numerical curve show switchingeambt (8]
- as would be the case in an experiment with DC current bias.
However the proximity of the negative resistance region tGg)
the resonance may possibly influence the emission. The slope
of the negative resistance region in the IV curve relative ° _ _ .

. . . . 11] S. Sakai, P. Bodin, and N. F. Pedersen, “Fluxons in fifin-
the SIOpe of the load line is important for negative resiséan superconductor-insulator superlattices”, J. Appl. Phyal. 73, pp. 2411,
emission. Thus we suggest that even for the low voltage part 1993.
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