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Dynamic Matching of Vortex Lattice in Superconducting Multilayers
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We observed oscillations of a nonlinear flux flow resistivRy j, H) as a function of a parallel
magnetic fields < H < 9 T in Nb-Ti/Cu multilayers. We show that the oscillations &tH ), which
have the field period H = 0.1 T independent of temperature and current, indicate a long-range order
in the rapidly moving vortex structure. The critical curréptH) exhibits no oscillations characteristic
of R(H). We propose an explanation of the effect in terms of dynamic matching of the moving vortex
lattice with periodic microstructure and show that bdtl/ and the amplitude of the oscillations of
R(H) are inversely proportional to the sample thickness. [S0031-9007(96)01582-7]

PACS numbers: 74.60.Ge

Dynamics and pinning of the flux line lattice (FLL) peaks indicating good multilayer periodicity which was
in a periodic potentialU(x) characteristic of artificial also confirmed by transmission electron microscopy. The
multilayers or layered high-temperature superconductorsamples were patterned photolithographically to produce
in a parallel magnetic field have attracted much attentios0 wm wide by 3 mm long bridges. The magnetic field
[1,2]. For instance, a static interaction of the FLL with 0 < H < 12 T was applied parallel to the layers with an
a periodic pinning structure can give rise to peaks imnaccuracy of 0.015and was always perpendicular to the
the critical current density.(H) at matching magnetic transport current densityflowing along the layers.

fields Hyup,n, = /3 pom?/2(n} + nyny + n3)I12 for which The resistanceR(H, T, j) for different T, j, and d,
the spacinga(H) between neighboring vortex rows is was measured by a four probe method as a function of
commensurate with the periaddof U(x), wherem, n;, field H, which was continuously increased with a constant

andn, are integers, ang, is the flux quantum. This has ramp rateH [R(H) was independent aff for 1 mT/s <
been observed in Pb-Bi alloys with periodic concentrationsy < 28 mT/s]. The results were similar for multilayers
of Bi [3], films with modulated thickness [4], or periodic with differentd,, so we show here representative data for
structure of holes [5], superconducting multilayers [6],d; = 25 nm, d, = 10 nm, andT, = 6.85 K. Figure 1
Nb-Ti wires with artificial pinning centers [7], etc. The shows typical quasiperiodic oscillations R(H) of order
motion of the FLL can cause steps in the dynamic flux flow1 Q) ; the effect is absent for perpendicular field. The
resistancek when the FLL is driven by superimposed dc Fourier transform oR (H) shows a sharp peak for the main
and ac currents [8—11]. harmonic ofR(H) at a periodAH = 0.095 T independent
A mathematical description of the FLL in a periodic of 7, H, and j, except forj close toj. (Fig. 2). The
potential is similar to that of a Josephson contact, so th@alue of AH increases ag, is decreased; for instance,
above phenomena have analogs in the physics of Joseplye observed similar oscillating(H) with AH = 0.13 T
son systems [12] and charge and spin density waves [13for d, = d, = 10 nm. The amplitude of the oscillations
For instance, the peaks ja(H) are analogous to those for decreases with increasirify and j, dropping below the
the Josephson contact with a spatially modulatefil4],  noise level af’ > 6.1 Kandj > 5 X 10* A/cn?.
while the steps ik correspond to Shapiro steps [8—11]. The above oscillations iR (H) have adynamicorigin,
In this Letter we report on oscillations in the nonlinearsince they can be observed only in the nonlinear flux
flux flow resistancer(H) of NbTi/Cu multilayers. This  flow regime forj =~ (2-10)j.. Asj approacheg.(H), the
new dynamic matching effect is described below in termseriod A H sharply increases, becoming of ord&y, at j ~
of the generation of standing electromagnetic waves inthg. (see Figs. 1 and 2). At the same time, our dirgct
moving FLL. This gives rise to an oscillatim®(H) which  measurements [15] have shown that the stati#/) does
depends on the sample dimensions, similar to Fiske reserot exhibit any oscillations characteristic BtH) and has
nances in Josephson contacts [12]. just a single broad maximum around the first matching
The multilayers were fabricated by two-gun pro-field, H =~ 1 H. This indicates that the static matching of
grammable dc magnetron sputtering of Nb49 wt% Ti  the FLL with the multilayer structure cannot give rise to
and Cu onto (11025 mm X 10 mm sapphire substrates the oscillations inR(H) with the periodAH =0.1 T at
in an argon plasma at 2 mTorr and 300 K [15]. Theg =~7-8 T.
thickness of Cu layersd,) was 10 nm for all samples, It turns out that the observefiH is close to the field

while the thickness of Nb-Ti layer&l,) was varied from increment needed to increase the number of vortex rows
10 to 100 nm. The number of layers varied from 50 to 11y, in the sample by one,

in order to maintain the total sample thicknesat 1 um. N
Low angle diffractometer scans showed distinct satellite AH = (2V3eHdpo)?/d. ()
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6.5 7.0 75 8.0 FIG. 2. AH as a function of current densify(filled symbols)
H, T and temperaturd (open symbols). Inset shows the Fourier
; ; _ form of R(H) in Fig. 1, wherek = 2.05/AH [T]. The
FIG. 1. R(H) curves for the NbTiCu multilayer withd, = trans . a
10 nm andd, = 25 nm for different j[A/cn?]: 10 (1); 6 x ~ Main peak ink(k) corresponds td/ = 0.095 T.
10° (2);2 X 10° (3); 2 X 10* (4). Inset shows the sani(H)
curves on a larger field scale. indicates that forj = j.(H), pinning destroys the long-
range translational order in the FLL; thus, becomes
smaller thand, and the FLL exhibits the same behavior

Herete f: A/ Ay <1 lIS the anlsptrop¥ tLaCt;])r which Ial(—':LLaS in an infinite sample. This scenario implies that))
counts for a uniaxial compression of the hexagona | considerably increases with which is indeed a specific
[1,2], and A, and A, are effective magnetic penetration

denth dicul d llel to th I feature of the moving FLL recently discovered both in
epths perpendicular and paralieito the horma (ayers, neutron difraction experiments and theoretical calculations
respectively. FoiH =7 T andd =1 um, Eq. (1) yields

AH =005 T if €=A./A, =~02. This comparatively [17]. The increase of,(j) is due to the recovering of

| ds t q it i 4 the long-range order in the moving FLL, as compared to
arge e corresponds 1o a good proximity coupling and . gisordered FLL aj = j.. Thus, the oscillations in
weak H,., suppression in this multilayer [15]. However,

o2 > . ) . R(H) at j > j. may indicate a dynamic matching of the
the os<_:|lla_1t|ons IR (H) cannot be.explalned. by a static sur- moving FLL with the layered structure, unlike the static
face pinning characteristic of thin films with<< A when

a(H) is commensurate with the film thickness [16]. In gﬁna(}cr?]ll;llgt;iI:;:-/zr:r);)r[\g’ltlale;.for the peaksjitH) in thin films
Iou.r case th:?(?)lgurvgs dlspLay many pzronour;]ced oscil- To show that the FLL moving perpendicular to the
ations in _t.e I€ld region, w erﬂfv ~ 107, so the com- layers does result in the oscillating(H), we calculate
mensurability of the static FLL with the sample.thlckngss (j,H) in the second order if/(x) which is a weak
for Nb-T; Nevertheless. o oheck the relevance of the surPS/Uraton for > jc. W use equations of anisotropic
face pinning, we measurel(E) and j,(H) on a1l um elasticity theory for vortex displacementisx, y, ¢) [1,2].
thick Nb-Ti film made by the same sputtering system as dux
the multilayers. We observed no oscillationskit¥!) and T oot
Jj-(H), which indicates that the effect is related to the mul- o
tilayer structure. — > fusinlkyx + Qmu, + @) — f,
The fact thatR(H) exhibits the oscillations with the m=1

J .. ~
= K—divu + uVu,
ax

period (1) indicates the effect of commensurability of the )
vortex structure with the sample thickness, which requires U 9 B
a good periodicity of the rapidly moving FLL. This nya—: = K@ divu + uVu,/€?, 3

implies that forj > j., the FLL correlation lengtii, [1] y
perpendicular to the layers exceeds the sample thicknesshere thex axis is perpendicular to the layer§? =
At the same time, the absence of the oscillationg.(#)  92/dx> + €262/dy?, m, and n, are vortex viscosities
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across and along the layers, respectivety= (Cy; —
6C66)¢0/H, M:6C66¢0/H, Cu and Ceg are the bulk

and shear elastic moduli, respectively, of the FLL in the

superconducting matrixf = ¢j/c is the Lorentz force,

c is the speed of light, and,, are Fourier coefficients of
the pinning forcef,(x). For simplicity, the dispersion of

C11 is not included in Egs. (2) and (3), sin&é j, H) will
be determined by the nondispersigg;.

As known from a theory of commensurate structura

transitions [18], the valueg,, in Eq. (2) can differ from
Om due to matching effects. Indeed,rfQa is not too
close to2, the mth harmonicf,, sin(mQx,) of f,(x)
oscillates with the period=i/m as a function of the
position of thenth vortex row,x,, = na. However, ifma =
[, the pinning forcef,(x) contains the slowly varying
“resonance” termf,, sink,x with the period2#/k,, >
[/m, since sitmQna) = sinmQ(a — a,)n. Herema,, =
[, andk,, = mQ(a — a,)/a equals

km = 2mamK/H/H,, — 1)/, 4)

where H,, = /3 epom? /21> = 1.4em?[T] for 1 =35 nm.
Since f,, decreases withn, usually only the first few
harmonics dominate. However, the summation oxen
Eqg. (2) should also include resonance terms with> 1
for which k,,, depends oi#, so the smallness g¢f,, can be
compensated by large values@fk,,(H) [18].

We consider solutionsu, =vt + py/Q + wy, uy, =
—px/Q +wy, wherev = f/n,, and the parametep
determines the orientation of the FLL with respectvto

G- B’ jn(Bm® + yn’) @)
j2(7n2 + Ing)ZmZ + jg(nz + 62Bm2)4 :
Here R(j, H) depends on the parametgr= (pd/2m)?
which fixes the orientation of the FLL with respect to
the layers. For a static FLLp is determined by the
minimum of elastic energy [18]. The orientation of the
moving FLL can be found from the minimum dissipation

jprinciple [11], which reduces to the minimum &1, p);

that is,dR/98 = 0 for fixed current.

We first consider an infinite sampteé— oo for which
G(n,m) in Eqg. (7) can be replaced b (6,,, m) [19].
Then the summation over gives 72/ sir? 76,,; thus

& =1 lz mj%gm('y + gm)
Ry 2 m2(y + g2 + ji(l + e2g,,,)4(’9)

where ji(m) = ck*Ces/€QH, and g,, = (mp /k,,)*. For

all nonresonance terms with), = mQ, the valuej,(m) =
cpom?(1 — b)*/32m A%le is of order the depairing cur-
rent density,j; = cgo/1672A%€, if le is of order the
coherence lengthé. Hereb = H/H.,, andle = 1.4¢

for our sample. Sincg, < j,, the main contribution to
the sum in Eqg. (9) thus comes from few resonance har-
monics for whichk,,(H) < 1/ and jx(m) < j,. This
enables us to obtaip, at H = H,, taking into account
only one resonance term in Eq. (9). Furthermore, we set
y = n,/7m: — 0, due to the large ratio of normal conduc-
tivities oco/onyri ~ 10* in our multilayers. Then the

(p = 0 corresponds to the FLL moving along its nearestconditionaR /ag = 0 yieldse®g,, = 1, whence

neighbor direction).

w(x,y,t) can be written in the form
w(x,y, 1) = ReZA(n,m) explignx + iv,), (5)

whereV,, = m(py + wt) + ¢, ¢ =27/d, v = vQ.
Here we use the periodic boundary condition(0) =

The pinning-induced displacement

(10)

Now we return to Eq.(7) and consider the oscillating
componentSR(H) due to a finite sample thickness. Per-
forming the summation over in Eq. (7) for exgpd) >
1, we obtainR = Ry + SR, where [19]

p = *k,/em.

u,(d), which provides the conservation of total magnetic SR/R; = Z[Mm sin(dky,) — Ny Sirt(dk,/2)]. (11)

flux in the sample, since foll = H,, the FLL is almost
incompressibleK > u) [1,2]; thus, diva « H = 0.

Here M,, = G'(0,,,m)/4m, G is given by Eg. (8), the

with sin(k,,x + ¥,,). ThenA, can be found by multi-
plying both sides of Egs. (2) and (3) by dxpgnx) and
integrating fromx = Otox = d. ForK — o, we obtain
A ijm B (e — 1)Q"!

b [imj(Bm? + yn?) + jy(e2m? B + n?)?d(ky — qn)’

(6)
where y =n,/1., jm=cfu/Po, jq=cuq’/€edoQ =
2mclCes/Hd’e, and 8 = (p/q)>. Expanding Eq. (2) in
the first order inw, and integrating ovex, we can cal-
culate the mean dc electric field, = —H [{it,)dx/cd

o / _ /
N, — L/’ dnG (n,m) — G'(6,,, m) .
272 ) o n—0,
From Egs. (8) and (11) it follows tha&’'(8,m) e« 1/d,
so the valuedR «1/d vanishes for an infinite sam-
ple and oscillates with the period H determined by
kn(H)d=2mn. This condition, along with Eq. (4),
yields the position of thenth peak in §R(H) in the
form H, = (nl/md + 1)’H,,; whence AH=H, | —
H,=2IH,(nl/md +1)/dm for | < d. Expressingn
via H, we arrive at Eq. (1), wher& corresponds to the

(12)

and thus obtairR( j) using the scheme developed for the igdle of the resistive transition in Fig. (H > AH).

moving FLL [1,11], or Fiske resonances [12]. This yields yare the oscillations ok

i (0,)G (n,
R - 2717-2 % sinc(70,,)G(n, m) 7

Ry — (= 0,
where R, is the flux flow resistance,, = k,d/2m, n
runs from—oe to «, and
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(H) result from a coherent in-
teraction of the moving FLL with the multilayer structure,
sinceSR(H) « f%. Although the effect is dynamic, the
period AH basically depends only oH andd, similar to
that of Fiske resonances [12].
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As follows from Egs. (1) and (11), the peridd is the

T. superconductors in a parallel field for which the mea-

same for allm, so the model accounts for the smallnesssurements of the oscillations iR(H, j) could probe the

of AH as compared witlH,,, and the independence of
AH from m, T, j, and the form off,(x) which affects
only the amplitude ofR(j,H). As an illustration, we
calculateR(H) for one resonance term = 5 in Eq. (7)
for which H,, = 1.4em?[T] = 7 T corresponds to the
middle of the resistive transition in Fig. 1. We takéH)
given by Eq. (10)Ces = Ho/(87A)*(1 — b)?, and the
“sawtooth” f,(x) which changes linearly between the
layers on whicly, (x) = *=fy. Thenwe have,, = fo/m

if d, <d,, and j, = ji(1 — b)/m. In this case the
calculatedR (H) shown in Fig. 3 displays the oscillating
componen®R(H) due to afinited. ThisR(H, j) exhibits
the qualitative features of the obsen®d, j), such as the
independence &k H of j and the decrease of the amplitude
of SR(H) as;j isincreased. A similar oscillating(H) was

reported for the FLL driven by transverse current along

narrow channels [20].

intrinsic pinning by the ab planes.
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