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Synchronized oscillations in Josephson junction arrays: The role of distributed coupling
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We present experimental and theoretical results showing that the distributed electromagnetic environment of
a Josephson junction array can cause the junctions in the array to synchronize. Based on our experimental
results and our distributed array model, we find that an external load is not necessary for junction synchroni-
zation. Also, we show that the high-frequency performance of an array can be significantly better than the
performance of a single isolated junctid®0163-18269)01034-9

Coupled nonlinear oscillators have been used to model arrays®?° Figure 2 shows the computed first-harmonic volt-
broad range of physical systems, including laser artdys, age amplitude of a junction with these parameters. Fig. 2
coupled phase-locked loops,and Josephson junction shows that the maximum voltage oscillation amplitude of a
arrays*=® Although the effects of coupling, including syn- single junction occurs at about 150 GHz. According to Ref.
chronization and phase locking, are easily observed, it is of18, an array made from these junctions should have optimal
ten very difficult to determine the mechanisms by which thePerformance near this frequency and poor performance
coupling occurs. For Josephson junction arrays, recerfbove this frequency. _ .
progress in understanding nonlinear cooperative dynamics We next describe the design of three arrays. According to
including order-disorder transitiohand collective resonance the previous discussion, the first two arrays should operate
phenomen® has been based on lumped circuit models. wevery differently. The third array, however, should have op-
claim that the associated coupling mechanism cannot explai@ration similar to the first. Measurements of these arrays will
the success of the best performing arrdys3which are spa- then be usgd to show that the theoretical predictions outlined
tially distributed. Further, as arrays contain more junctionsdbove are inadequate.
and operate at higher frequencies, the lumped description Figure 3a shows a micrograph of a *010 array, which
becomes increasingly inadequate. we will call a type-I array. It is 240um long and is con-

When a Josephson junction is biased at a nonzero voltaggected to a detector junction through a 386vlong cou-
the supercurrent through the junction oscillates at a fundaPling capacitor. We use a detection scheme very similar to
mental frequency given by;=(V)/®y~(V)483 GHz/mV, that used b_y Benz and Burroughs; schematic is shown in
where(V) is the average dc voltage across the junction andrig. 3(c). Figure 3b) shows a 5¢10 array which has the
®, is the flux quantunt* Although typical junctions can Same length as the ¥QLO array, but is connected to the
operate at frequencies of several hundred gigahertz, théetector through a capacitor which is Qom long. We will
power available from a single junction is not sufficient for call this a type-Il array.

most app”cationsy necessitating arrays of juncti‘b‘ﬁé}'lz We will also discuss measurements of an array with the
Since Josephson junctions are nonlinear oscillators, junctions 7

in an array do not necessarily oscillate at the same frequency (@ b

or in phase. )

Most theories describing the synchronization and phase
locking of junctions in a Josephson junction array use a

lumped approacfshown in Fig. 1a)]. These theories require [ToaD]
feedback through an external load for phase locKifgl’ —
Furthermore, the character of the load strongly influences the (b) I
stability of the in-phase staté-'’ Thus current theory pre- )
dicts that identical arrays with substantially different loads
should behave differently. Experiments by Benz and Booi B W”f’g"_ﬂ (s
T T T T T T

have also suggested that the performance of an array of junc-
tions will be limited by the characteristics of the single junc-  FiG. 1. (3 Lumped model of a one-dimensional Josephson
tions in the array*® junction array. Nonidentical junctions will not synchronize without

Using the resistively capacitively inductively shunted a joad.(b) Distributed model of a one-dimensional Josephson junc-
junction (RCLSJ model, and the method outlined in Refs. tion array, where each junction is connected to its neighbors by a
20 and 8, we determined the parameters of a single isolateghort section of transmission line. Each junction is modeled by the
junction which has the same design as the junctions in OURCLSJ modelinset of Fig. 2.
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FIG. 2. Simulated first harmonic voltage amplitude of the indi-
vidual junctions used in our arrays. The junction parameters are F|G. 4. Current-voltage characteristic of a detector junction
;=110 uA, Re=1.06 Q, Bc=2mlRiC/P;=0.35, and B.  when the array connected to the detector is operating at about 200
=27l cLs/®y=0.35. The inset shows a schematic of the RCLSJGHz. The step voltage/, is precisely related to the input fre-
model. quency, and the step width is related to the input power.

same design as the array shown in Fi¢ga)3The ground
plane of this type-lll array, however, isnder the array,
rather than over the array as it is in Fig. 3. The distanc
between the junctions and the ground plane is aboutn2

the Shapiro stepdabeled “W” in Fig. 4) are related to the
Jpower coupled to the detectdr.

Figure 5 shows the step width versus frequency for the
. first Shapiro step measured on the detector of each array. In
when the ground plane is on the bottom, and (.61 when this range of power, the step width increases as the power

the ground plane is on the top. increases. The lumped analysis predicts that the type-I array

Because the_ couplir_lg and the load are similar, standargata in Fig. %a) will differ from that of the type-Il array
lumped analysis predicts that type-l and type-lil amayScpown in Fig. Bb). Also, the type-l array should be similar

should operate over roughly the same frequency range. Iﬂ) the type-Ill array, Fig. &), since the junctions are the

contrast, the load seen by the type-Il array is SUl:)Stamia")éame and the loads are similar. In fact, we see that although

different from the load seen by the other arrays. The bEha\/t'he type-I and type-Il arrays differ in overall power output,

E{Or g_fl tgrettypee_hl: :::Zy: ﬁch;ﬂi]bz ddgi:jeer;t;rorl?ggt of the the frequency range for coherent output is the same. On the

yp ype-1l y P PPIIES. other hand, the type-Ill array, which has the ground plane on
To detect microwave output from the array, we measur

- . U'She bottom operates at a much higher frequency than the
the current-voltage characteristic of the detector junction e-1 array, which has the ground plane on the top. Since all

When enough power is pres_ent,_ Shapiro steps appear on t@/fgche arrays use the same junctions, the characteristics of the
detector -V curve, as shown in Fig. 4. For a given frequency,

X C ndividual junctions cannot explain these results. Also, the
v, the step voltag€irst step voltage labeledV,” in Fig. 4) inarvicua’ Junct xpial !

T . . . load does not strongly influence the operation of the array.
is given byV,=n®,v, wheren is an integer. The widths of Thus we see that current the’—18 does not adequately

describe our arrays.
(@
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FIG. 3. (a) Micrograph of a 1& 10 array which has a supercon-
ducting ground plane above the arrgype I). (b) A 5X10 array
which has a much smaller coupling circuiype-Il). (c) Schematic
of the array and detector. The arrays are 24t long.

FIG. 5. Width of the first Shapiro step versus frequency for
three array oscillatorda) Type | 10< 10 array with ground plane
on top.(b) Type Il 5X 10 array with ground plane on tofz) Type
Il 10X 10 array with ground plane on bottom.
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In our experiments, changing the coupling circuit has only
a small effect on the performance of the arrays. On the other
hand, changing the distance between the array and the
ground plane has a significant effect. Because the distance
between the array and the ground plane is much smaller than
the array cell size (0.2um compared to 22um), the wir-
ing connecting the junctions can be considered to be short
transmission lines. Therefore we developed a model which
describes a simplified series array of junctions embedded in a
transmission line, shown schematically in Figb)l

The equations which describe this system are

[p+1(x;,t)—I —Cdzyj + bl +1eisin(yi), (1) 240 250 260 270 280
b j 1 “lsi— TS BN/ At cj j/1
J ' T d2 RV dt J Time (ps)
f dy dlg; FIG. 6. Simulated voltage wave forms versus time at different
2e dt = Ls? +1 szs’ 2 values of the bias current for a ten junction type-lll array with a
+10% spread in the critical currents and no loa@ I,
A dy, =198 uA (79 GH2, junctions unlocked{b) 1,=385 A (190
V(X ) —V(x{ t)=—=— _J, ©) GH2), junctions synchronized although the junctions at the ends of
! ) 2e dt the array are out of phas&) 1,=473 A (231 GH32, junctions
synchronized and all nearly in phagd) 1,=671 A (334 GH32,
adl(x,t) c IV(x,t) 4 junctions unlocked.
ax Toat @
rows of the array. In fact, many important aspects of our
IV(X,1) al(x,1) experiments on two-dimensional arrays are reproduced by
o~ L ~Re(x1). (5 this simplified model.

Figure 6 shows the simulated voltage wave forms of each

Equationg1)—(3) are valid at the junctions, and Edd) and  junction of a ten junction type-lll array. We useld;
(5) are valid in the regions connecting the junctions. In the=0.052 pHjum andC;=5.43 fF/um, which are estimated
above equationg(x,t) is the time-varying component of the from the geometry of the type-lll array, which has the
current flowing in the lines at timé and positionx, and  ground plane on the botton(The estimated parameters for
V(x,t) is the voltage. The phase difference of junctjois  the type-l or -ll array areL+=0.11 pHjum and Cy
7j» and the current through the shunt branch ofjttiejunc-  =1.35 fFjum.) There is a=10% uniform spread in the
tion is ;. The critical current of thgth junction isl;;. The  junction critical currents, and the initial conditions for the
bias current in the array ik,, and the position of th¢th  junction phases are chosen randomly.
junction is x;. The capacitance and inductance per unit Figure &a) shows that the junctions are not synchronized
length of the transmission lines a@y andL, respectively. at low frequency. At frequencies from about 190-230 GHz,
Dissipation in the transmission line is modeled by a resishowever, the junctions synchronize. Note that in Fig)6
tance per unit lengtiRy. the junctions are synchronized in the sense that the junction

In order to allow for numerical simulations, we have ap-voltages are all oscillating at the same frequency, even
proximated two main aspects of our experimental arraysthough all of the junction voltages are not in phase. Also
First, the boundary conditions in our model are differentnote that the voltage amplitude is largest at about 230 GHz
from those in our experimental arrays. In the model, there i$Fig. 6(c)], corresponding to the junctions oscillating mostly
no ac current flowing at the ends of the arfag., there is no  in phase. Thus we see that the junctions in a disordered array
load). In our experimental arrays, there is a lo@bupling  can synchronize without an external load.
capacitor and detectpconnected to one end of the array and  Because we do not model the detection circuit, we cannot
the other end of the array is shorted to the ground planedirectly compare the simulations and the experiment. We
When the oscillation frequency of the array is small enougtcan, however, quantify the performance of the simulated ar-
that the lumped approach is appropriate, the lack of a load inay and compare the results to Fig. 5. To do this, we calcu-
the model will be very significarft™ 1" At higher frequen- lated the the average voltag¥,,,) across the junctions in
cies, however, we can expect important aspects of the expefihe array, and from it calculated an average Josephson fre-
ment to be correctly described by the model. quency vy, ={(Vior)/100,. We then calculated the time-

The second difference between our model and our experidependent voltage amplitude of the sinusoidal spatial modes
ments is that the model describes a one-dimensional array(t) for k,=n=/L. The voltage drop across a junction at
and our experiments involve two-dimensoinal arrays. In theposition x; is given by v(x;,t)=2Ay(t) sin k.x;. The
lumped analysis, it is often possible to reduce a two-Fourier amplitude of\, at the frequency;,, was then com-
dimensional array to an equivalent one-dimensional &%ay. puted. A large amplitude implies phase and frequency lock-
Although transverse modes would make a similar simplificaing of the oscillations of each junction.
tion impossible for the distributed case, such modes are un- The results fork;, k,, andk; are shown in Fig. 7 for
desirable because they would lead to unlocking along tharrays with both the ground plane on t@ppe | and 1) and
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L5 - - - - tion also correctly predicts that the output will be small

Lot @ above the band at 200 GHz. Comparison of Figp) Zvith
— Fig. 4(c) shows that the simulation predicts the increased
%0-5 power at around 300 GHz. The simulation also predicts very
5 0.05 small output at frequencies below the peak at 200 GHz. We
3 note here that we expect the peak at 410 GHz to be strongly
=13 attenuated by the coupling circuit in the experimental array.
51.0» We have introduced a distributed Josephson-junction ar-

ray oscillator model which correctly predicts many features
| of our experiments. First, our model shows that the transmis-
oo s s b o b o sion lines conljectlng the_Junct|onls synch_ronlze the array: an
V(GHz) external load is not required. This explains why drastically
changing the load of our experimental arrays did not greatly
FIG. 7. Simulated Fourier voltage amplitudes of the lowest threealter their operating frequency range. Second, our model cor-
spatial modes in ten junction arrays. The solid squares represent thectly predicts that it is possible to have coherent output at
k, mode, the solid circles are the mode, and the open circles are frequencies well above the frequency at which the single-
the k; mode. (&) Type-I and -l arrays, ground plane on tof)  junction output is largest. In fact, both the measurements and
Type-lil array, ground plane on bottom. simulations of the type-IIl array showed very small output at
this frequency. Third, our results indicate that decreasing the
distance from the ground plane to the array can raise the
operating frequency range of the array. As future arrays are
" pushed to higher powefmore junction$ and higher fre-
quency, the distributed description may provide the neces-
sary theoretical tools to design very large Josephson junction
array oscillators.

on bottom(type IlI). When the ground plane is moved from
the top to the bottom of the array, the mode moves down
in frequency while thek; mode stays at around 200 GHz
Thek; mode has a peak at about 410 GHz in Figp)and is
either at a high frequencfgreater than 500 GHzr is not
present in Fig. {@).

Comparison of Fig. @& with Figs. 4a) and 4b) shows
that although the lower-frequenciaround 100 GHE re- This work was supported by the AFOSR under Contract
sponse in the experiment is not as strong in the simulationNo. F49620-98-1-0072 and by the Center for Superconduc-
the response at 200 GHz is reproducédis likely that the  tivity Research at the University of Maryland. We would
low-frequency coupling in the experimental arrays comesalso like to thank T. M. Antonsen and E. Ott for useful
from the load">~*’ which we do not simulate.The simula-  discussions.
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