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Model calculations for the current-voltage characteristics of moving two-dimensional pancake
vortex lattices in a finite stack of magnetically coupled superconducting thin films
with transport current in the top layer
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We consider two-dimensiongD) pancake vortices in a stack bf Josephson-decoupled superconducting

films in an applied magnetic induction perpendicular to the layers and transport current applied to the top layer.
We assume that the pancake vortices in every layer form lattices that have the same structure and are not
rotated relative to each other, though we do not require them to be in perfect registry with one another.
Current-voltage characteristics are calculated, corresponding to voltage-measuring circuits attached to the top
and bottom layers. The effects of both zero and nonzero uniform pinning are investigated. For small currents,
the pancake lattices either remain pinned or move with the same fixed velocity. But when the surface current
density in the top layer exceeds a certain value, the calculated top and bottom voltages become different from
each other. We then investigate the dependence of this decoupling surface current density on the applied
magnetic induction, the pinning strength, and the number of laj86163-18207)00438-4

[. INTRODUCTION lower superconducting layers. Likewise, a pancake in any of
the lower layers will move if the net magnetic interaction
The layered structure of the highs cuprates has raised force acting on it balances, if not exceeds, the opposing in-
interesting questions as to the nature and properties of tHgalayer viscous drag and pinning forces.
vortices observed in these materials in the mixed phase. De- In type-Il superconductors, vortex motion leads to the ap-
tailed studiek™ starting from the well-known model of Pearance of a flux-flow voltagé.For the highT. materials,
Lawrence and Doniaéh® have suggested that vortices in this voltage arising from the motion of vortices along tte
these layered superconductors may be thought of in terms ¢fane can be directly measured by attaching properly config-
intralayer two-dimensional2D) pancake vortices connected ured voltage-measurlr!g circuits to the outermost_layers. A
by interlayer Josephson strings. A simpler but very usefufhe.or.y for.two magnetically coupled superconducting layers
approach has also been considered in the literattit&*1! of finite thickness had been deygloﬂ)%dnd the correspol%r%td—
whereby the weak interlayer Josephson coupling is neglectI g current-voliage c_haractensucs had been cal_cu _epl.
and the layered superconductor is treated as a stack of par-hese model calc_ula_ﬂon_s were made under_ the simplifying
allel thin films with pancake vortices in different layers in- assumption that pinning in thg layers was uniform; nev.erthe-
_ th p ) . . Yers less, they were found to be in excellent agreement with the
teracting solely via magnetic coupling. This model has beelLesults of early flux-transformer experimeAt$? This close
applied to a wide variety of subjects, such as studies Ofgreement has motivated us to consider in our present calcu-
vortex-lattice melting at low field¥>*2 attractive long-range

) i ; S - lations not only the case of zero pinning, but also that of
vortex-vortex interaction} vortex interaction with defectS,  onzero uniform pinning iN=2 magnetically coupled thin
and surface effect?.

EE . films. Numerous experiments on the correlation of vortex
In a recent paper, we presented a detailed study of the ntion in the hight, superconductors have already been

magnetic coupling between 2D pancake vortices in a stack Qfyne23-22\ithin the limitations of our proposed model, we

N superconducting thin films, wh.ere the full discreteness ot attempt in this paper to understand certain aspects of
the layered structure was taken into account but no thermalp pancake vortex dynamics in a stack of Josephson-

fluctuation effects were incorporated. Our present aim is (Qjecoupled layers that are relevant to current experimental
extend that approach to the study of the dynamics of pancakgyestigations.

vortices in a finite stack of Josephson-decoupled layers with

a magnetic field applied perpendicular to the layers and with Il. FORCE-BALANCED EQUATIONS
transport current injected in only one of the two outermost _
layers. We consider a stack df Josephson-decoupled supercon-

When there is no Josephson coupling between the supeducting thin films with interlayer spacing and assume that
conducting layers, transport current injected into, say, the toghe thicknessd of each superconducting film is much less
layer remains confined to that layer, and only the top panthan each film’'s bulk penetration deptty. The effective
cake vortices feel a Lorentz force associated with the appliegenetration depth for the decay of fields induced by currents
current. The Lorentz force will tend to move the top pancakeflowing parallel to the layers is defindtvia A2=(s/d)\2.
vortices, and this motion will then be opposed by the forcesThe 2D screening lengtiA can then be writt¢has either
associated with viscous drag, pinning, and the magnetic cou%)\f/s or 2\2/d, with some papers in the literature omitting
pling between the top pancake vortices and those in théhe factor of 2.
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/ e ey \ wherez is the viscous drag coefficient, is the time deriva-
LT T tive of X;, ¢, is the flux quanturmrhc/2e, and 6; y_1 is a
T’ o LS : i
ica /. T=-- R e - Kronecker 8. We assume overdamped vortex dynamics, so
<=2 = i that we can neglect the term in the equation of motion in-
= gy =< ' volving the 2D pancake vortex inertial mass. The summation
=3 s 1;’ ISP symbol X .; means thai is excluded from a sum over
o . s from 0 to N—1. F¢y is the x component of the magnetic
i=2 ki — coupling force exerted by the 2D pancake lattice in layer
= Lo on any pancake belonging to the lattice in layer
iy - G < We can writeF ., in the following form?’
- SN o 2 (o)’ Ok ..
i= - - - Fex(Xj—=Xi,J,l)=— 1|2 —C(9,j,i
0 CX(] |J) ‘/377_ Aa g;og (gj)

FIG. 1. A stack of five Josephson-decoupled superconducting . _
layers with a surface current denskg{*® flowing in the top layer X sIn gx(X; = Xi) ]; (4)

and a magnetic field applied perpendicular to the layers. Each and g, denote the magnitude and tiecomponent ofg

layer contains a perfect triangular 2D pancake vortex lattice Withrespectively and
nearest-neighbor distanee The pancakes drawn in solid lines cor- '
respond to wherK‘y"p:O, so that the lattices are in perfect registry. sinhgs Z(q,i,j)
i top i ; i ii)=
Under the influence oK and the interlayer magnetic coupling C(q.j,i) 9@ —h(QN=1=])—h(q.])" 5)

between pancakes, the lattices move away from their equilibrium
positions. Such a situation is illustrated by the pancake latticeJhe functiong in the above expression is given by
drawn in dashed lines.

g(q)=2[(1/gA)sinh gs+coshqs]. (6)

We neglect the effects of thermal fluctuations and assumgye define a functiorf:

that, if we apply a magnetic inductidh perpendicular to the .
layers, perfect 2D triangular lattices of pancake vortices form f(a)=(1+2/gA)sinhgs+coshgs. @)
in the superconducting layers, as sketched in Fig. 1.d et As in Ref. 17, the functiond andZ that appear in Eq(5)
denote the nearest-neighbor distance between pancakes din be constructed usirfgandg:
each layer. At equilibrium with the applied field, the 2D

pancake lattices are all in perfect registry. We choosezthe e % n=0
axis to coincide with a vertical stack of 2D pancake vortices, h(q,n=0)=1{ 1/f(q), n=1 ®
such that the bottom layer is a& 0 while the top layer lies ’ h
atz=(N—1)s. Moreover, we choose theaxis to lie along 9(q)—h(q,n—=1)], n>1,
a nearest-neighbor direction of the pancake lattices. The 29( n,m)
real lattice vectors in each layer can be writtef’as q.n
r m—n—1
I=al[X(I,+1,/2)+9v31,/21, (1) p[[o h(q,m—p), Osn=m-1
wherex andy are the unit vectors alongandy, andl, and =4q L n=m 9)
I, take on all integer values. The corresponding reciprocal n-m-1
lattice vectors ard X h(g,N—1-m—p), m+lsnsN-1
\ P=
g=(2w/a)[Xg;+Y(29,—d;)/V3], (2) In the presence of uniform pinning of the pancake vorti-

ces in all the superconducting layers, E8). is replaced by

with g, andg, spanning all integers.

Now, suppose that we apply a constant surface current 5. - Fex(Xj=Xi ,j,1)+ ﬁ KPS 1+ Foi-
density§/K§,Op to the top layer at timé=0 and neglect vortex j#i c v
pinning. Because of the combined action K)fp and the (10
interlayer magnetic coupling, the 2D pancake lattices in the_et K, denote the magnitude of the critical depinning sheet
different layers will move in the direction, away from their current density in any of the superconducting layers. When-
equilibrium positions.(Refer to Fig. 1 for the case of five ever the sum of the first two terms on the right-hand side of
superconducting layepsLet x;(t) denote the displacement Eq. (10) is greater than the maximum magnitude of the
from equilibrium of the pancake lattice in layemt timet. pinning force on a pancake vorte,K./c we have
Whent=0, x;(0)=0 in all layers, 6<si<N-—1. Fpi=—¢oKc/c, and when this sum is less thangK./c,

The balance of forces for a vortex in the 2D pancakewe haveF, =+ ¢,K./c. However, when the magnitude of
lattice in layeri for t>0 is given by the following equation: the sum of the first two terms on the right-hand side is less
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N steady-state velocities of the pancake lattices are the same
2@2 and constant in time. In this regime,
ay b
n=N-1 — = PoUxo
Vtop:Vbot: CA ' (11
n=N-=-2
+2 wherev,, is the terminal velocity component of the 2D lat-

tices andA is the area of a lattice unit cell.

Ny | * * Once K™ exceeds a certain decoupling surface current
n=1 density of magnitudéy, however, the vortices in the top
s layer periodically slip relative to the vortices in the other
- . ne0 layers. Consequently, the steady-state dynamics of the 2D
? ' ' pancake lattices can no longer be described by a single con-
6@12 stant velocity. Instead, one finds that the velocities of all the

2D lattices are periodic in time, with a common peridd
FIG. 2. Two voltage-measuring circuits in a layered supercon-This follows from our having assumed that each 2D pancake
ductor, modeled as a stack of Josephson-decoupled superconductii@jtice moves as a whole, with the nearest-neighbor distance
layers. Each circuit consists of a high-impedance voltmeter cona unchanged in time. Moreover, we see from Et.that the
nected by low-resistance leads to contact points on the sample. Tleoupling force between any two pancake lattices in the stack
leads of one circuit connect voltmeter terminajsandb, to points  is periodic in the relative displacement between the lattices,

a, andb, on the top layer. The other circuit has contacisandd; with a period equal t@. One can show that in this regime
on the bottom layer connected to terminejsandd,. For simplic-

ity, the line segmenta,b; andc,d; are chosen to be parallel to the — bo [Xn—1(t+T) —Xn—1(D)]
y axis. The measured time-averaged voltages per unit length along Vtop:C_A T ) (12)
the top and bottom layers akg,, andVyq,, respectively.

o _ o Xo(t+T)—Xo(1)]
bot™ c A T '

than ¢,K./c, the pinning forceF,; exactly balances the (13
other two terms, such that both sides of Ef§0) are zero,
and the vortices in layer are immobilized.

The resulting set oN force-balanced equatiorise., one
equation for each laygrcan be integrated numerically so as

to yield the displacements from equilibrium of all tNepan-

We therefore can compuﬁOp andvbot for different val-
ues ofK;Op andK from the numerical solutions to the force-
balanced equations discussed in the previous section. How-

cake lattices at>0. From these solutions, one can then cal-EV€N, an accurate determination .Of t.he' value of the
gecoupllng surface current density is still in order. An

culate the corresponding lattice velocities. We discuss in th . ; ) .
next section the relation between these velocities and th%.ffe‘.:t've. method for solving for th's decoupling current den-
time-averaged voltages measured in dc flux transformer e 1 discussed in the next section.

periments.
IV. DECOUPLING SURFACE CURRENT DENSITY

ll. FLUX-FLOW VOLTAGE We begin by taking the simple case whgp=0. Prior to
witching on the flow of transport curreit®® in the top

stack of superconducting thin films described above, with 42Y€r the 2D pancake vortex lattices in the different layers
are assumed to be in perfect registry. When a sufficiently

transport current densitlﬁ;op flowing in the top layer, and a top ; o
magnetic field applied parallel to the films. Each of thesesmall value ofK, " is turned on at=0, these 2D pancake

circuits consists of low-resistance leads connecting the spe(:liattlces Irlemaln mag?let'ca"y coupledl, SO that all of them
men to the terminals of a sensitive high-impedance voltme&Ventually move with a constant velocity componenj,

ter. Let the contactg; andb; of one of these circuits be . .

situated on the top layer, with corresponding voltmeter ter- W€ @ssume that at=0, all pancake lattice displacements

minals a, and b,. As for the other circuit, let its contact i are zero. 'It is convenient to choose a cpordlnate frame

pointsc, andd, be on the bottom layer, connected to volt- where the displacements are transformed into new dis-

meter terminals, andd,. (See Fig. 2. For simplicity, we placementsx;, such that

assume that the line segmeutgh, andc,d; are parallel to _

they axis. The equations relating the motion of vortices with X(O=Xi(O+ 0,0t (14

the voltages that are measured by such circuits have begdr 0<i<N-1. We then refer back to E¢3). In terms of

treated extensively in Ref. 18. the displacementX;, the force-balanced equations for the
Let us define time-averaged voltages per unit distance bgyancake lattices below the top layer have the form

tween contactsy,,, and Vy,,; corresponding to the top and

bottom voltage-measuring circuits. Two flux-flow regimes . .

are possible, depending on the valuekgf®. For smallK 7 Xi= - ”UX°+; Fex(Xj=Xi.1.1), (19

values and sufficiently low pinning, the 2D pancake lattices

remain magnetically coupled to each other, so that thevhere O<i<N-—2. As for the top pancake lattice, we have

Suppose we attach two voltage-measuring circuits to th
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) ) Xos---Xn_2 Of pancake lattices in the lower layers that sat-
7 XN—1= ~ MUxot ‘9&%—1 Fex(Xj—Xn-1,],N=1) isfy Eq. (18) will be insufficient to balance the Lorentz force
. term ¢0K§,°"/c. The pancake vortex lattice in the top layer is
bo - thus magnetically decoupled from the other pancake lattices
?Ky - (16 when Kty°p> Kq; for this reason, we designakg, as the de-
coupling surface current density. With the aid of EEP), we
A number of conditions must then be imposed on E4S)  can write
and(16). First of all, we note that for any layeér X;—0 as
t—o because; goes tav,,. This tells us thak - ;"X; must
become constant in time. SecondS[ T iFx(X;
—X;,j,i) must be zero by Newton'’s third law. By applying
these conditions directly to Eq&L5) and(16), we obtain the  where the displacementX,...,.X\_, satisfy the N—1
following useful relation: force-balanced equations of the form given by Ef) as
well as maximize the magnitude of the net magnetic cou-
1 ¢, top pling force on any 2D pancake vortex in the top layer.
7 Ux0=N ¢ Ky 17) Suppose we now include the effects of uniform pinning
on the 2D pancake vortices in every superconducting layer.
which holds so long aKty"p is not sufficient to magnetically with Eq. (10) taking the place of Eq(3) at the start of the
decouple the 2D pancake vortices in the different layersabove discussion, we see that the force-balanced equation for

What Eq.(17) tells us is that the magnetic interactions createthe pancake lattice in layér=N—1 has the form
a balance of forces such that when all vortices move with a

common velocity component,, in the absence of pinning, : o

the Lorentz forceqﬁoK;Op/c on any pancake vortex in the top 7 Xi==17 Uyt ; Fex(Xj=Xi,J,)+Fpi, (2)
layer divides equally among th¢ superconducting layers in

order to balance the viscous drag foree; v,, on a vortex  whereas the equation for the top layer is

+

N -
N1 FCX(|xj’_X[’\]—1|1jaN_l)1 (20)

(o]
K y=—
g N-1 41

in any layer.

Let us suppose thaty_; is fixed at some value for all q _ .
time, and that the remaining displacemeXts... . Xy_, are 7 Xn-1=77 UXOJF#%_l Fox(Xj=Xn-1.J,N=1)
allowed to evolve in time from some appropriate starting
values to the values corresponding to a force-balanced con- + ﬁK“’pqL E (22)
figuration of vortices. I, denotes the starting time, we can, c Y pN-1-

for instance, choosk¥;(t,) = —Xn-1(to)/(N—1) for alli in - _
the range &i<N-2, having assumed théIiN:_OlXi(t)=0 Let the conditions imposed on Eg€l5) and (16) be also

whent=t, . applied to Eqs(21) and (22). Furthermore, let us add the
Taking the above approach, it follows from Ed45), extra condition that whemw,,#0, the pinning force on a
(16), and(17) that pancake vortex in any layer must equabyK./c, with the

convention that the upper sign correspondst(tb°>0, and
the lower one td<§,°p< 0. Thus, when all vortices move with

Y Xi:; Fox(Xj=Xi,J,1) + N—1 the same constant nonzero velocity in the presence of uni-
form pinning, we have
X X FodX—Xn-niN-1) (18 1
e 7 et 22K = N%K‘;’P, (23

for 0O<i<N-2, and
which indicates that the Lorentz force on any pancake vortex
KloP— _ c l 2 Fo (X —X i N—1) in the top layer divides equally among thesuperconduct-
y do N—1 81 7 N-1.), ' ing layers in order to balance the sum of the viscous drag and
(19 pinning forces on a vortex in any layer.
. ) As before, we can adopt the approach of fixixg_, for
The N—1 equations of the form given by EL8) can be | time and allowingX,,...,Xy_» to evolve in time from
integrated numerically to arrive at solutions ®,...Xn-2  some appropriate starting values to those of a force-balanced
that correspo_nd to a given value X¥f,_,. These splutlons_ configuration of vortices. Treating Eq&1), (22), and (23)
can then be inserted into the sum over magnetic coupling, the same manner as we did with EGES), (16), and(17),
fo_rces on the right-hand siQe of EGLY) in order to deter- \ye optain once again Eq&l8) and (19), suffering no modi-
mine the value oKyP. In this sense, we can say that eachfications even though uniform pinning has now been in-
value ofXy_; corresponds to exactly one value K§®. cluded. This should not surprise us once we realize that uni-
As it tumns out, the range 4Ky values associated with form pinning becomes irrelevant when the pancake vortices
all possibleXy_ 1 has an upper boundy. This means thatif have been brought to a final state where all of them are
we apply a surface current densK)g,“p in the top layer that depinned and move at constant nonzero velocity. Hence,
exceedK,, then the magnetic coupling forces exerted on awhether or not we have uniform pinning present, we arrive at
pancake vortex in the top layer by any arrangemenexactly the same value ¢y that is needed to destroy con-



56 MODEL CALCULATIONS FOR THE CURRENT-VOLTAG . .. 8293

stant nonzero motion in a system of pancake vortices b 0.30 , , .
magnetically decoupling the top pancakes from the rest. .
Equation(23) also tells us that when all pancake vortices ,i.iiogf]lf o 4o/ A2
move with the same nonzero velocityky¥ is always 035 - A =25x10%m
N=5

greater thanK. by an amountNc7 |vy|/¢,. In other
words, a uniformly moving system of pancake vortices is
possible only ifNKC<|Kty°p|<Kd. Vortex motion is sup-
pressed as—x when the value ofK{™ falls between zero
and some activation value. This activation value eqdids
whenNK <Kg, and isKq if Kg<NK;. ForKy<|K{™, the
pancake vortices in the top layer are obviously decouplet
from the vortices in the other layers by virtue of the defini-
tion of the decoupling surface current dendty.

Let us consider the limiting case wh&p—0 ast— o for
every layeii and for aII|Kty°p| values ranging from zero up to
Kq. We refer once again to Eq10). The force-balanced

equations for the pancake vortex lattices below the top laye 0.00 F\Wﬂ
are of the form bottom

s=15x10"cm

020 ' —— K.=0, Ky =75 x10"2c,/A? .
e K, = 5.0 X 1072 c o /A2, Ky = Ku

0.15
top ﬁ

0.10

Trop, Foor  (P3/A)

. L ~0.05 ' ‘ l
n X= 2 Fex(Xj=Xi,J,1) +Fp i, (24 0.0 2.0 4.0 6.0 8.0 10.0
j#i £ (10°7sA%/g2)

with O=<i=N-2. The equation for the top pancake lattice _ _
(i=N—-1) is FIG. 3. Velocitiesx;,, and X, of the top and bottom pancake
vortex lattices as a function of time for values of the critical
) . bo © surface current densit)K, of a single layer equal to 0 and
XN-1T & Fex(Xj=Xn-1,],N=1)+ ?Kyp 5.0x 10 3c¢, /A% The numbem of superconducting layers is 5
J1#N= and the value of the magnetic inductiBnapplied perpendicular to
+Fp No1- (25 the layers is 18& 10 ' T. For the highT, superconductor

Bi,S,CaCyO,, we can assume a penetration depth of
Let us now fix the value oky_; in time and allow the 2.5x10°°cm, and an interlayer spacirgjof 1.5<10° 7 cm. The
remaining displacements to evolve. We can therefore usepplied surface current density'®” in the top layer is an input
Egs.(24) to solve numerically foxg, ... Xy_» corresponding parameter set to 9:010 2c¢,/A%. Note that even for the nonzero
to the assumed time-independent valuenef ;. Having cal- K. value considered{y=Ky,, whereKy denotes the decoupling
culated in this way for the displacements, we can apply thensurface current density ard, is the value oK, in the absence of

to Eq.(25) and note thaky_; is zero for values oK'® such  Pinning (with a computed value of 7610 %c ¢, /A2 for the above
that parameter valugsThis is because the nonzero valueNK_ in this

case remains less tha€y,. Also note thatk < K;"p for the two
bo _ bo . cases__och cqnsidered. This is consistent with the ponconstant
—— K< Fex(Xj=Xn-1,],N=1)+ — KyOp velocities obtained for the top and bottom pancake lattices. In these
¢ J#N=1 ¢ calcuIations,K;Op is introduced instantaneously &t 0. Neverthe-
b Iess,>'<top andx.; assume cyclic profiles within a few periods after
<+ Tch- (26) the said current is introduced.

) . . current densities under consideration.
Using the above condition, we can write In Fig. 3, we show the characteristic time dependence of
c the top and bottom 2D pancake vortex lattice velociKgs
Ke=Ke+t— > Fodlx =x{_4,j,N-1), (27)  andxueinastack oN=5 superconducting layers when the
ey : = 10p
bo j#N-1 applied surface current densm% in the top layer exceeds

such thatxg,... X _, satisfy the force-balanced equations f[he decoupling surface current densky . The magnetic

that derive from Eq(25) and maximize the magnitude of the induction B directed perpendicular to the layers is

—1 top ;
net magnetic coupling force exerted on any pancake vorteQSS“me_d2 to bg 10107 T, whereas K, to")S_ set to
in the top layer by all vortices in the other layers. 9.0x10 “cepo /A% Although the full value oK "is instan-
taneously introduced in the numerical calculations at the ini-

tial time t=0, bothX,,, andxy are practically periodic after

an elapsed time interval of the order of the steady-state pe-
Let us choose values for the interlayer spacingnd the  riod.

penetration depth\, that are typical of the high-, super- Plots are given for values of the critical surface current

conductor BjSr,CaCyO, . Specifically, we ses and\, to  density K. of a single layer equal to O and

1.5 10" 7 cm and 2.5 105 cm, respectively. These values 5.0 10 3cé,/AZ. Numerical calculations show that even

give A~8.4x10 3 cm, so thatc¢,/A2~30 mA/cm. The thoughK; is not zero in the latter case, the corresponding

latter quantity is a convenient unit for the different surfacevalue ofK is equal to that obtained in the former case that
involves no pinning. This value, which we denotelag,, is

V. NUMERICAL CALCULATIONS
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FIG. 4. (a) Time-averaged voltages per unit lengif,, andVy,,;, corresponding to the top and bottom voltage-measuring circuits in Fig.
2, shown as a function of the applied surface current derK%ﬁ'E/at the top layer. We have assumie-5 superconducting layers and a
magnetic inductiorB=1.0x10"* T applied perpendicular to the layers. The interlayer spasiiggassumed to be 13610 7 cm, and the
penetration depth, is taken as 2.5 10™° cm. Plots are given for values of the critical surface current demsitgf a single layer equal to
0, 5.0x10°3, 1.0x1072, 1.5x10 2, and 2.0x10 %c¢,/A2. In each case, the decoupling surface current deksjtgan be identified as
the value 01K§,°p above whichV,,, andVy,, split into two distinct branches. The curves corresponding to the firstégualues enumerated
above have &NK.<K,,, whereKy, is the decoupling surface current density in the absence of pinning. As in g, 3s calculated to
be 7.5<10 %c¢,/A?. For the curves that correspond to the remaining valu& of we haveKy,<Ky4<NK., with K4 computed at
8.0x 10" c¢po/A?. The points marked by the symbalsand ¢ atKy*P=9.0X 10 *c¢,/A? give the values OV10p @andVp,; for the two
casesK.=0 and 5. 10" 3c¢, /A2, considered in Fig. 3. (b) Time-averaged voltages per unit length,, andVy,, corresponding to the
top and bottom voltage-measuring circuits in Fig. 2, shown as a function of the applied surface current}qéﬁsa'tythe top layer. An
applied magnetic inductioB=1.0x10"! T is directed perpendicular tdl=50 superconducting layers. The interlayer spacinis
1.5x10 7 cm, whereas the penetration depthis 2.5< 10 ° cm. Curves are shown with values of the critical surface current deKsity
of a single layer equal to 0, 2610 3, 3.2x1073, 3.84x10 3, and 2.010 %c¢,/A2. The decoupling surface current dendity is the
value ofK§,OID above whichV,, andVy,, split into two distinct branches. For the curves with equal to the first four values enumerated
above, we have € NK.<K,, whereKy, is the decoupling surface current density in the absence of pinning. The calculated vilyge of
in this figure is 1.9X% 10 1c¢,/A2. The curves having, equal to the remaining value fall within the regié,<K4<NK;, with K4
equal to 2.0X10 ¢, /A2

approximately 7.48 10 2c¢,/A2. As discussed in the last Figures 4a) and 4b) illustrate theK. dependence of the
section, the reason for this is that, althoughis zero in one  time-averaged voltages per unit |engmop andvbot, cor-

and nonzero in the other, the valuesMK, for both cases responding to the top and bottom voltage-measuring circuits
fall below the value oK ;. _ shown in Fig. 2. Figure @) assumedN=5 superconducting

_ The nonconstant, essentially periodic behaviox,gf and  |ayers, whereas there akt=50 layers considered in Fig.
Xpot IN time agrees with the ::onclugions drawn in the previ-4(b)_ The applied magnetic inductidis set to 1.<10° T

ous section foNK.<Ky<[Ky¥. It is also clear from this i these two figures. Both of them also consider the special
figure thatx,,,, (i.e., the pancake lattice velocity in the layer c5se when K.=0, along with the following nonzero
where all of the transport current flowbkas a Ia_rger time- values of K.: 5.0<10°3, 1.0x1072, 1.5x1072, and
averaged value and a greater variance compargghto The 2.0x 10 2c ¢, /A2 for Fig. 4a), and 2.6<10°3, 3.2x 103
more complicated profile of the latter when 3.84x10°2, ?’:md 2 10720(;5’0//\2 for Fig. ’4(b). As th’e

K.=5.0x10"3c¢,/A? is also worth noting. Aside from . — o
those regions where the bottom pancake lattice is immobiP!0tS clearly illustrate Vi, and Vi, are coincident when
top ; ; ot
is small, but break up into two distinct branches when

lized by pinning, we also observe time intervals wherein th
direction of lattice motion is reversed. This reversal, whichK," exceeds a certain value which is, by definitiét,.

can also be observed in the bottom curve corresponding to In both Fig. 4a) and Fig. 4b), we see that & NK.<Kg,
K.=0, is entirely due to the assumption of perfect spatialfor those curves corresponding to the four lowest values con-
periodicity for the pancake lattices at all times and to thesidered forK., so that the value oKy remains equal to the
attractive nature of the interaction between two such latticepinning-free valueK,,. However, the largest value o€,
belonging to different layers. considered in either figure h#g,,<NKq; in this caseK is
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0.5 T T T T 0.25 :
A =2.5x10"%cm A =2.5x% 10~%cm
N =50 N =50
s=1.5x10""cm s=15x10""cm
B=10x10"'T
04 1 g -0 ] o0 |- e
— K, = 2.0 x 1072 e, /A? ] 1T
Ko = 1.92 x 107 og, /A2
Kq =K, +1.87 x 107! ¢,/ A? (large K. limit)
o 03 ~ 015 | .
< =
s 3
0.2 0.10
0.1 0.05
Kao = 5.79 x 1072 ¢, /A?
Ky = K. +5.56 x 1072 cgo/A? (large K. limit)
0.0 ‘ ‘ ' : 0.00 . ‘ ‘
0.0 02 0.4 0.6 0.8 1.0 0.000 0.005 0.010 0.015 0.020
B (T) K. (co/A?)
FIG. 5. The decoupling surface current densityas a function FIG. 6. The decoupling surface current dengity plotted as a

of the applied magnetic inductioB directed perpendicular to function of the critical surface current densky, of a single layer.
N=>50 superconducting layers. The penetration depttand the  Plots are shown corresponding to values<ii® * T and 1.0 T for
interlayer spacing are 2.5<10°° cm and 1.5 10"’ cm, respec-  the applied magnetic inductioB perpendicular to a stack of 50
tively. The lower solid curve in this figure gives tiiedependence  superconducting layers. The interlayer spacinig 1.5<10 7 cm

of the pinning-free decoupling surface current densiy,. The  whereas the penetration depthis 2.5<107° cm. Ky, is the de-
upper dotted curve is fdk.=2.0x 10 2c¢,/A?, corresponding to  coupling surface current density in the absence of pinning. The
the largesK . value considered in Fig.(). value of Ky, is computed at 1.92107! and 5.7K 10" %c¢h, /A2

for B equal to 1.x10'T and 1.0 T, respectively. For
K.=<Kgyo/N, we haveKy=Ky, (the horizontal dashed lines in the

reater thank nd the time-aver velocity of ever
greate do and the e-averaged velocity of every figure). But whenK >Ky,/N, Kq increases almost linearly with

panc%l;e in the bottom Iayer.ls essentially zero for all vaIue%C. This linear behaviofshown in dotted lingscorresponding to

of Ky". In contrast to this, we note that so Iopg aS the largeK limit has the formK =K.+ K,, whereK, is propor-
NK¢<Kgo, the top and bottom pancakes move with theigna) 1o the coupling force on the top pancake lattice due to all the
same average velocity, resulting in the same measured Voliher pancake lattices rigidly fixed to their initiéile., zero trans-
age |n bOth the tOp al’ld bOttom CIrCUItS ThIS measured Voltport Currenl positionsl The Computed values OKO are
age is zero if KPP<NK.<Kg,, and is nonzero for 1.87x10 lcg,/A2 for the smaller field and 5.5610 2c¢, /A2

NK. < Kty°p< Kg4o- Finally, we see that whatever the relation- for the larger field.

ship holds between the values MK, and Ky,, the mea-

sured voltage increases in the top circuit and tends to zero iss than or equal t&,4,/N. We also observe that beyond
the bottom circuit asK;"p is increased above the decoupling this value and onto the lard€, limit, the dependence df 4
valueKy. on the critical surface current density is practically linear.
Figure 5 gives theB dependence oKy for K;=0 and  This is easily understood as follows. We recall that the mag-
K=2.0x10 2c¢,/A? in a stack of 50 superconducting nitude of the magnetic coupling force exerted by the pan-
layers. The curves show a monotonic decrease in the value ebkes in the top layer on a pancake in any of the lower layers
the decoupling surface current density with increadngror  has a finite maximum value. If the pinning forggK./c is
large values of the magnetic induction, this dependence goesifficiently large compared to this maximum, then the pan-
as 1A/B to good approximation. This behavior is qualita- cake in the lower layer is decoupled from the motion of
tively the same as the field dependenceKgfdiscussed in  pancakes in the top layer, undergoing little or no displace-
Ref. 17 for a stack of pinning-free superconducting layerament from their equilibrium positions. In this case, therefore,
with equal but oppositely directed transport currents flowingthe value of the sum over magnetic coupling forces on the
in the top and bottom layers. In addition, we note that theright-hand side of Eq(27) becomes independent Kf., and
two curves in this figure merge in the vicinity of zero mag- the K. dependence oK, reduces to a simple linear depen-
netic induction, indicating thak, does not seem to depend dence, having a slope equal to unity. This approach to linear
on the value oK, in the weak-field limit. behavior in the larg&,. limit is clearly illustrated in Fig. 6.
Characteristic curves showing the dependenc& pfon Lastly, Fig. 7 shows the dependencekgfon the quantity
K. for 50 layers and for 1810 ! T and 1.0 T fields are Ns for values ofK, equal to 0 and 5.0 10 3c¢,/A?, and
given in Fig. 6. In these curves, we observe tigtremains  for values ofB equal to 1.x10 ! and 1.0 T. As we have
equal to the pinning-free valu€y, for nonzero values ok,  done in Fig. 5, we refer back to Ref. 17 and observe that the
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0.20 , , K . tained more gradually with increasings than in the ap-
proach where no pinning is present.

/\n =25x10"%cm
s=15x10""cm

B=10x10"'T VI. SUMMARY

In this paper, we extended the approach that we had de-
veloped in Ref. 17 to the study of the dynamics of 2D pan-
cake vortex lattices in a stack ¢ Josephson-decoupled
— K. =0 layers with transport current flowing in the top layer. Both
= Ko =50 %107 e [A? zero and nonzero uniform pinning in the superconducing lay-
ers were considered, but thermal fluctuations were not within
the compass of our present investigations. The discussions
and calculations involving nonzero uniform pinning were
largely motivated by the success of previous studigsin-
B=10T 1 corporating this feature in explaining very accurately the re-
sults of early flux transformer experiments done with two
superconducting layers:??

Using our model, we considered voltage measuring cir-
cuits connected to the top and bottom layers and then calcu-

0.00 l s ‘ ‘ . lated the corresponding theoretical current-voltage character-
000 005  0l0 015 020 025 030 istics. The resulting plots showed that the pancakes in the top
Na O layer magnetically decouple from the pancakes in the other

layers once a certain valu€, of the surface current density

FIG. 7. The decoupling surface current density plotted as @ jn the top layer is reached and exceeded. The dependence of
function o_st. The values considesred forzthe critical surface cur-hig decoupling surface current density on the quantBies
rent densityK, are 0 and 5810 “cé, /A" For each of these angNswere investigated. We showed that by increasing
values, p.lms are Sh‘?W'_‘ Corre.Spond'ng tod10 Tand 1.0T for B, the value ofK, decreases monotonically, and that this
the gpplled magngtlg inductioB pgrpendlcular Fo the supercon- dependence goes approximately a#ﬁ/for large values of
ducting layers. As is in the preceding plots, the interlayer spaging B. We then demonstrated that in the laigg limit, K in-

is 1.5<1077 cm and the penetration deptty is 2.5<107° cm. , ) , )
Notice that for fixedB, the value ofK, in the largeNs limit is creases linearly W'tK_C' Flhglly, We saw that the decoupling
approached more gradually féf,#0 than fork,=0. surface current density initially increases and then reaches a
saturation value aBls is increased. This saturation value is
general features of the dependenc&gfon Nsin that paper ~ attained forK =0 and fora<\, whenNsis of the order of
are the same as in Fig. 7. In particular, the valueKgf  Or greater thama, but this approach to saturation is moder-
approaches a saturation value as the number of layers coated by the presence of nonzero uniform pinning.
sidered is increased. F&t,=0, this saturation value is at-
tained wherNs is of the order of the pancake vortex lattice
spacinga. For a qualitative explanation of this feature, we
refer the reader to the arguments presented in Ref. 17, which We thank V. G. Kogan and R. G. Mints for helpful dis-
are also applicable to the present situation. As for the curvesussions. Ames Laboratory is operated for the U.S. Depart-
where K. is nonzero, we observe th#t, also reaches its ment of Energy by lowa State University under Contract No.
saturation value whefls is O(a), but this approach is at- W-7405-Eng-82.

(C¢0/A2)
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