Microwave Losses of Interferometers with many Josephson Junctions
versus DC Magnetic Field
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Abstract-The average microwave losses of interferometers with  Both simulation models have the same quasiparticle
two and four strongly damped Josephson junctions biased by I,V-curve in a sufficient large magnetic field. The average
an microwave current source at 10 GHz much below the power dissipation versus frequency has been calculated.
plasma frequency have been simulated as a function of an With the above parameters, no essential difference between
external magnetic field. Microwave losses appear periodically the results of WA- and RCSJ-model at 4.2 K and a frequency
within distinct ranges of the magnetic field, with microwave of f =10 GHz has been found, where the microwave
amplitudes below and above threshold currents. The main absorption in a single YB&u,O, ; crystal has been measured
period corresponds to one flux quantum in every [4]-[6]. Since the WA-model needs more computation time,
interferometer loop. The absorption rate increases with the RCSJ-model has been used to get the results of this
microwave power in qualitative agreement with measurements. paper. The resistors are assumed to have no Johnson noise.
As the microwave has a finite penetration depth from one end
of a long interferometer with many Josephson junctions, the
absorption lines decrease within the main period

II. MICROWAVE LOSSES IN A SQUID

[. INTRODUCTION An interferometer with two identical strongly damped
Josephson junctions is chosen as a simple model to describe
One dimensional arrays of Josephson junctions can &gproximately microwave losses in a single YB3g0,
used to explain electrical and magnetical effects wrystal. With the mentioned parameters and a inductance
superconductor devices. The magnetic sensitivity of the= 4.97 pH the characteristic phase is
microwave absorption in a single YgaLO, ; crystal can be A= %f (LOo=0.1rm.

modeled by an interferometer with many Josephsamhe microwave is injected in the center of the inductance.
junctions. - The absorption of microwave power washe control current,|= @/ L represents the DC magnetic
calculated in [1] using a superconductor loop with mameld. The circuit diagram of the simulated SQUID is
junctions. Another method was proposed in [2], based orsRetched in Fig. 1.
model of weakly coupled superconducting loops. The static SQUID characteristics [7],[8] with different flux
In this work the microwave losses have been simulatggbdes, corresponding to 0, 1, 2 and 3 flux quanta in the
with the circuit analysis program SPICE. A simpleoop, are plotted in Fig. 2a. The static SQUID characteristic
RCSJ-model (McCumber) with a nonlinear quasiparticlg periodical with®,. The flux modes are stable inside the

current, has been compared with a more complex simulatigigsed curves. Outside the threshold characteristic the
model, based on the theory of Werthamer (WA-model) [3QuID switches into the voltage state.

The interferometer simulations assume a critical currentThe injected microwave current has a sinusoidal shape

density of j, =0.52 kA /cm The junction capacitance is| - ILo Bin(2rfLot) at a frequency § = 10 GHz far below

C; = 5uF / cnt, corresponding to a plasma frequency the plasma frequency. fThe control current is kept constant
fp = /an;me = 89.5GHz.

The junction area of a single point junction is A =26, ke

the critical current = 0.1 mA and the capacitance of a

point junction G=1pF. The Josephson junctions are lcy s

strongly damped with a shunt resistor R to get a o L2 L2

nonhysteretic |,V-characteristic similar to a SNS junction. ~Qg R lo lo R

The McCumber parameter of a Josephson junction is
B:%EREECFDmaﬁlB A =041

with R =2Q and R = R‘A = 40 Qunv.
Fig. 1. Circuit diagram of the simulated SQUID. Normalized parameters are
A = 0.1randp = 1.3. The microwave current is symmetrically injected at the

Manuscript received October 16, 1994, ASC '94 Boston gate. The magnetic field is modeled by the DC-cudentL.



for every calculation of the power losses. The average of the
instantaneous power

p=U(t) O o Gsin(21f ot)
is numerical taken over ten microwave periods. The
computation of the average starts, after the system ha
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reached the steady state. Each absorption curve in Fig. 2b-& § **| b
comprises 600 simulated points fog. The average power is '*§_ ~, 040r
normalized with the power dissipation in the shunt resistors 9 € onl
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The normalized power dissipation of the SQUiDp, for ' o ' ) ~ '
different normalized microwave amplitudes/lo  is plotted Microwave Amplitude (o / }—»

in Fig. 2. Forlio/lo=0.06 the microwave current does not gig 3 Normalized linewidth of the SQUID, / ®, versus normalized
exceed the threshold characteristic from a stable flux mode t@icrowave ampiitude.

the voltage state at any point®@f. Nevertheless, maxima of

power dissipation appear periodically,
current gets close to the threshold current.

The first derivation s = dp /@l calculated with the results
in Fig.2b,c and d reminds microwave absorptioa

measurements at single YBayO,, crystals [4]-[6]. The
linewidth @, is introduced as the difference of two valdes
between the highest positive and negative slope,|$mgd

For microwave currents larger than the thresholds in Fig.
the SQUID switches into the "voltage state", as shown
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Fig. 2. normalized power dissipation of a SQUID wiith 0.1t versus flux.
a) Static interferometer characteristics of a SQUID. plotted are the flux
modes 0, 1, 2 and 3.

Average power dissipation at the microwave amplitude

b)llo=0.0600 | ¢)o=0.50,  &ngd=1.500

d)ILO=2-3DO ando=3|:|0

when the microwayg, oc \where the phases rotate in one direction during one

half of the microwave period, and dissipates considerably
more powethan in the "non voltage state". Simulations with
ifferent amplitudeiLo =0.500 andio =1.50 illustrate
that the linewidth broadens with increasing microwave
amplitude.

1f the amplitude increases further, the SQUID will remain

in the quasi stable voltage state at any valu®oés shown

in Fig. 2d fori._o:2.3|]0 andl o =3l . With increasing
microwave current, the dependence @p changes from
sharp peaks to a smooth sinusoidal function.

The normalized linewidth®, / ®, versus microwave
amplitude is shown in Fig. 3. If the microwave is below the
threshold current, the linewidtlp, is extremely small. A
threshold of I.o/1o could be defined. With increasing
amplitude the SQUID switches into the voltage state. If
lLo<2lo , the linewidh increases almost linearly. At
ILo>2lo the normalized linewidth increases rapidly to its
maximum, then it falls to its saturation value of
@,/ d,=0.5. The increase of the linewidth is in qualitative
agreement with measurements [5],[9].
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[ll. DYNAMIC EFFECTS IN LONG JOSEPHSON
JUNCTIONS

A single SQUID is an unsuitable model to describe the
microwave penetration into a single YBa,O,, crystal. A
uniform long junction might give a better insight of basic
properties. To get a simple approximation, small variations
of ¢ in the nonstationary Sine Gordon equation with
damping are assumed for a replacement of thed)stafm
by ¢. With the complex microwave phage= ¢ o (&0t
and after some algebraic transformations the simple
differential equation is obtained

22 o[
220 el iefn =0
The Josephson penetration depth is

_ Do
Ay = \ 20000 |



with d =1, +A; +A,. The London penetration depths of
the junction electrodes ark, and A_,. t,  is the layer

0X

thickness between both electrodes, apdsfthe plasma

frequency of the junction. The characteristic frequency is
fo= IoR

lof 1

—>

Tn .
With f, >> f, , = f_the differential equation
2,

S+ H=0
indicates, that microwave losses modify the penetration of
the magnetic field into the long junction. For the investigated
case the characteristic frequency js=B.7 GHz= f,. A
microwave penetration depth must be taken into account.
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IV. FOUR JUNCTION INTERFEROMETER

05 1 15
Nol 10=0.75
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A long Josephson junction can be approximated by an
interferometer with many point junctions. The circuit
diagram of a long interferometer is sketched in Fig. 4. Thée
microwave current is fed asymmetrically.

A simple approximation of a long Josephson junction is a
four junction interferometer. Static gate characteristics of
interferometers with many Josephson junctions are found in 1
[10]. The static characteristic for a uniform interferometefl)
with A = 0.Imand N = 4 is plotted in Fig. 5a. Only the flux
modes M = 000, 010, 101 and 111 exist for @< ®,. The % 05 1 15 2 25 3
characteristic phase corresponds to an interferometer Normalized FluX®c/ ®) —»
inductance of L = 4.97 pH. The interferometer approximates _ o )

. . . L Fig. 5. Power dissipation of a four junction interferometer Wwith0. 1,
a single long Josephson junction for < ®,/2 with its | 5 ", 4 and = 1.3,
normalized length a) SJtatic interferometer characteristics. The flux modes 000, 010 and 101

)\L] = [NON-1) A, are stable.

. : . . Average power dissipation at the microwave amplitudes
where N is the number of Josephson Junctions in thgi,=020, d)yo=0.750, Ld)=2 o

interferometer. As the normalized length A} £ 1.9, the ]
interferometer approximates a long junction, where the s&f¢ 2. peak the microwave current does not reach the
field effects can no more be neglected. Each curve 5Hfgeshold current as close as in the 3. peak, therefore the
comprises 1200 points betwe®p = 0 andd,. = 3D, microwave absorption smaller.

A microwave with an amplitudbo =0.20¢  is below the/s Mmicrowave amplitude 10 =0.750o  exceeds the

threshold characteristic at every value ®f. The peaks threshold current. The simulation results are shown in
eshold ¢ y L. P FH,;. 5c. The interferometer switches into the voltage state
d

appear, 'Il'fh the miErowavg nearrlly r?aghnfs ft_he Eg;resh%l the linewidth increases, too. In the voltage state the
current. Three peaks are in each perio o= mLPo impedance of Josephson junctions changes and the

Equally large absorption maxima could be expected at t crowave current can much better penetrate to the end of

1. and 3. peak in regarding only the static characterlstlctme interferometer. In this case all absorption peaks have the

Fhig' 5?' Howevgr, the 3.fp|(|eak is I;)V\{[ert;hqntth? L., b(taca e maximum absorption. The influence of the flux modes
the microwave does not fully penetrate the interferometer. =010 and 101 on the dissipation decreases with

increasing microwave current as shown in Fig. 5d for

¢C’L@ iLo:ZIo. A further increase of the amplitude yields a
sinusoidal shape of the power dissipation versus flux.

X U To demonstrate a large microwave shielding effect, the
o L L L inductance of an interferometer loop is increased to
L =20 pH corresponding t& = 0.4t and |/A,;=3.9. The
static threshold characteristics are plotted in Fig. 6a, where
Fio. 4. Eauivalent cireuit of al | form intert or with in contrast to the characteristic Fig. 5a the additional modes
1g. 4. Equivalent circuit of al long uniform Interrerometer with many — +hi

equal Josephson-junctions. The microwave current is injected M =001, 100, 011 and 110 are Stabl.e' They are within the
asymmetrically at the left end. The magnetic field is represented bya ~ Modes 000, 010 and 101, so that the interferometer does not
DC-current®, / L. switch into the additional modes. The microwave current
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For iLo/Io =2 the interferometer enters the voltage state
within each half cycle. Since the excursion of each Josephson
junction phases gets larger thamt 2and since the
characteristic phase is relatively large, each phase can have a
complicated dependence on time than for
ILo/10=0.75. Therefore the absorption versus external field
has a different character in Fig. 6b and c especially in
comparison with Fig. 5d. New lines appear in Fig. 6¢. These
new lines need further investigations.

CONCLUSION
Microwave absorption in a one dimensional array of
strongly Josephson junctions and lumped inductances depend
in a complicated way on the characteristic phasie static
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Fig. 6. Power Dissipation of a four junction interferometer With0.4rt, i
[/A,=3.9anB3=1.3

a) Static interferometer characteristics, all possible flux modes are stable.
Average power dissipation at the microwave amplitude

b) lLo =0.750¢ Igy =21

has been chosen below the static threshold. 1
The simulated result is shown in Fig. 6b. Peaks appear, if
the microwave current switches the interferometer between
two flux modes or gets close to the threshold of a flux model2]
Similarly to the simulations with = 0.1rT, a group of three
peaks appears periodically witthc =m[g The peak [3]
maximum within the group decreases with increasing
normalized flux, because the microwave current is shielded
by the interferometer inductance L. To check the frequency4]
dependence, the microwave frequency has been decreased to
1 GHz, while all other circuit parameters remained
unchanged. At f = 1 GHz all peaks have the same maxima. 5]
Absorption lines occur, when the phase of one or moré
Josephson junctions is closedie= 11/ 2, i.e. the microwave
current reaches the threshold. The closer the phasé 20  [6]
the higher will be the microwave absorption. The equivalent
large nonlinear inductance of the Josephson junctions caus
a high current through the damping resistor R. If there is n
flux quantum in the interferometer, the microwave curreniS]
switches the junctions at the left end first. If there are mor
flux quanta trapped, the power dissipation depends on the
inner junctions. If the microwave does fiolly penetrate the  [9]
interferometer, the junctions within the interferometer do not
approach the threshold as far as f{gr<< f, . They strongly
change, but do not switch into another mode, as in tHdO]
guasistatic case.

threshold characteristic, the microwave current amplitude,
the microwave and the characteristic frequency. Extremely
small ranges of applied field exist, where the absorption has
a sharp peak. The basic behavior of linewidth broadening is
in agreement with measurements.
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