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Effect of symmetry on the resistive characteristics of proximity coupled metallic multilayers
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The influence of finite dimensions of metallic multilayers on the superconducting phase nucleation and
vortex mobility is studied. Resistive characteristics are sensitive to the geometrical symmetry of the samples.
For multilayers with the symmetry plane in the center of superconducting layer the resistive transitions are
widely spread for temperatures above the temperature of two- to three-dimensional crossover with respect to
the samples with the symmetry plane in the center of the normal layer. Applying the Ginzburg-Landau theory,
we correctly found the upper critical magnetic fields and explained the observed broadening by considering the
common action of the Lorentz and pinning forces on the nascent vortex lattice.
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During the last decades, the study of superconductindield. In the general case it is impossible to find the exact
properties and vortex matter in different kinds of multilayerssolution of the GL equations analytically, and numerical
has attracted an increasing intere$he superconductivity in  computations are used or various limiting cases are studied.
layered systems is closely related to the spatial behavior dh particular, the continuous GL mod@is convenient for a
the order parameter, which allows us a better understandindescription of the complex order parametérand H, of
of the nucleation of superconducting phase in multilayers. Adayered superconductors.

a result one can extract information about both the supercon- In this paper we report the results of the effect of the
ducting phase transition and the pinning mechanisms of thfiniteness-of the N/S multilayers with a variable number of
vortex medium in the presence of periodicity, which are still PilayersNp and, consequently, with a variable symmetry, on
open issue&:’ the resistive characteristics in parallel magnetic f!eld. All the

An alternating sequence of normal metal and superconQXpe”ments have be.en .performed on prQX|m|ty coupled

ductor layersN/S) creates a system whose properties coul u/Nb multilayers, which is a very well studied system due

be well described within the existing microscopic and phe-2 the works of Schuller and co-workefs." The variable
g P PN umber of Cu/Nb bilayers, plus a covering Cu layer at the

nomenplog_lcal th.eor|.es. The pgckgrounq for th_e m'crO.SCOp'Yop of the structures, control the finite thickness of the
the_o_retlcal mvestlgatlon_ Qf infinite me_tall_|c multilayers in'the samples and their actual symmetry. In fact, for ddgthe
vicinity of the upper critical magnetic fielt ., has been gy mmetry plane is located inside the Superconducting layer
given by Takahashi and TachikTT).” The TT theory is for (S-type samples), while for eveM, the symmetry plane is
the case of infinite superlattices, and this approach yieldsji,ated inside the normal metal lay@i-type samples). We
different difficulties, espeqiglly when trying to fit expserimen— show that for N-type samples the resistive transitip(E)

tal data for the parallel critical magnetic fiektk, (T).” Re-  are always sharp curves revealing the resistive rapid fall
cently this problem was resolved by Ciuhu and Lodtier. gown to zero in the whole magnetic field range. For S-type
They analyzed the case of finite N/S samples, where SUVfaC@amples in the absence of the applied magnetic fielg ¢fig
superconductivit}f and the finite boundary resistivity of the curves are always sharp. But in parallel field in a certain
N/S interface¥' can significantly-influence thid-T plot. Nu- temperature range 0.6% T<0.9T, the p(T,H) transitions
merical detailed study of the effect of finite dimensions of 56 proadened. Finally, < 0.6T, the p(T,H) curves again
N/S multilayers on their thermodynamic properties revealg,ecome sharp. It is important to underline that the broaden-
that surface superconductivity indeed appears, depending BRg occurs in the upper part of thgT,H) curves, close to

the thickness of the outer N layed}".® As for isotropic  gnset of the transition. No pronounced tails in T, H)
homogeneous superconductors, whiH' are thick enough  dependencies, which can be associated with the dishomoge-
with respect to the coherence lengifiin Ref. 8 the calcu-  neity of the samples or flux creep processes, have been ever
lations were done fod}"'=350 A), bulk rather than surface observed.

superconductivity occurs in multilayer. In this case an essen- The effect is analyzed within the continuous GL model
tial improvement in fitting theH,(T) curves was obtained with piecewise-constant coefficient functioRsyhich allows

by taking into account the finite boundary resistivity of the us to correctly analyze the nucleation points and to success-
N/S interfaces.Nevertheless, the problem of the influence offully fit the temperature dependences of the perpendicular
the surface superconductivity on the temperature dependenét,,, and parallel H,,, critical magnetic fields in our

of the parallel upper critical magnetic field still remains samples. As one of the possible explanations for the broad-
whendS"'< £.1° At this point a phenomenological extension ening of thep(T,H) curves in a temperature range close to
of the microscopic theory should be applied. The macro-T. we consider the mechanism proposed by Fink for a su-
scopic Ginzburg-Landa(GL) theory*?is indeed widely used perconducting homogeneous slab, which provides the na-
for studying the behavior of superconductors in a magneticcent vortex chain in the center of the sample at fields
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slightly less theH,.'® In our case, as computations reveal, o ' ' ' ' '
the vortex chain is also nascent in the center of the symmetry tor g R RPe Y (00000
plane of the sample di<H., . We demonstrate that the 08 3 v * o
. . . ! I~ v T

geometrical symmetry of the N/S multilayers leads to differ- B
ent results for the common action of the Lorentz and pinning 06l . i
forces on vortices. £ "y . °

Experiments were performed on Cu/Nb multilayers grown < oal !I o ML6 0.60T
on Si(100) substrates at room temperature using a dual n v & MLg 0.50T
source magnetically enhanced dc triode sputtering sy&e_m. 02} . s o 7 Moot
The high quality layered structure of samples with a negligi- s V
bly small interfacial roughness<(10 A) was confirmed by 00l ol 1 csailnnnO ]
hi . . . 53 54 55 5.6 57 5.8 59

igh and low angle x-ray diffraction measurements using a @ )

four axes Philips X'Pert MRD PRO diffractometer. dc trans-
port measurements with a standard four probe technique
were performed for both parallel and perpendicular magnetic
field orientations. All the Cu/Nb multilayers have identical
Cu (dy) and Nb dg) thickness,dy=ds=200 A but a
different value ofN,,. For all the samples Cu is the top and
bottom layers. In general the sample indicated asN\IL
means, in fact, a number of Cu/Nb bilayers equalltg plus

a top Cu layer of the same thickness. Tg values were 04r o / o ML) 03T
changed from 5 to 12. Such a geometry gives the possibility A x & MLo3T
to change the position of the symmetry plane of multilayer 02r o 3 w Mot
between the center of S layéwdd Ny,) and the center of N . NS

layer (evenN,). Moreover, the pairs wittN,=5 and 6,Ny %0 43 5.0 5.5 6.0 65 7.0
=7 and 8,N,=9 and 10, andN,=11 and 12 were each ® TK)

simultaneously prepared due to a specially designed shutter.

The Nb properties were the same for each pair, as was FIG. 1. (a) p(T) curves of N-type samples in parallel magnetic
checked by depositing single Nb films with;=1300 A on - fields. (t?) Examples ofp(T) curves of S-type samples at parallel

Si substrates situated on the positions used to create S- afffgnetic fields in the temperature range<0l T <0.9. Inset: Ex-
Neype samples, The superconduciing and norml propertSTies 1) v f e e o paaiel e e
of these Nb fllm; were exactly the Sam-EC(:&?S K, IOV\.’ frame. Magnetic fields acre 2.4 T for ML5, 2.2 T for ML7, 2.4 T for
temperature resistivity o k=5 ©{) cm, and residual resis- MLY. and 2.3 T for ML11

tivity ratio 819= p300 k/P10 k= 2.9). The low temperature re- ' ' '

sistivity of the multilayers varies in the range 7.u9) cm,

T. values were between 6.7 K for ML5 and 7.1 K for ML12, K; for ML9 it is =~0.25 K and for ML11 it is~0.12 K.

the transition widths at zero field T.<40 mK (10-90%  Outside this temperature range the resistive curves are sharp
criterion with a bias current density of 40 A/énand B, again, and we measuretiT.<0.15 K for all samples for
=1.7. The parallel coherence lengif(0), extracted in the fields larger than 2Tinset to Fig. 1(b)]. The dynamic of this
usual way from theH,, (T) dependences atl—T., was  change is clearly seen in Fig. 2(a), where we plotdti€,H)
~150A for S-type samples and=135A for N-type transitions for sample ML5. In Fig.(B) we show theH-T
samples. Based on the above experimental facts we beIie\ﬁhase diagram for this sample. The,, values were ex-
that all our samples present identical Nb properties as well 8§acted from the onset of the(T,H) curves using a 90%,,

the same interfaces between each layer. The only differencgiierion. The solid and the dashed lines represent the result
between the S- and N-type samples is their variable POSItiofs (1o fitting procedure foH . (T) andH,y, (T) dependen-

of the symmetry plane. . . . A
: . . .. cies, respectively, according to our model. In this figure we
We first show the experimental results regarding the dif- €5, Téspectively. g u €l In this Tigure w
L o also present data related to tHg,, determination according

ferent shape of the resistive transitions for S- and N-typ

0 o i .
samples in parallel magnetic field. In Figial the p(T,H) E‘\[0 the 50%py criterion. All these results will be discussed

curves are shown for N-type samples at givemwvalues. All later. . . .
the resistive transitions are shatbT,<0.1 K. This is the In the description of the superconducting properties of the

typical picture for N-type samples in the whole investigated€Ven-0dd multilayers, we rely upon the GL theory. We con-
temperature and magnetic field ranges. More intriguing is th&ider a system of coordinate with thev plane parallel to the
p(T,H) behavior shown in Fig. (b) for S-type samples at layer surface, coincident with the symmetry plane of the N/S

given H values. In a wide temperature range Z K) we  Structure, and th& axis perpendicular to the layer surfaces.
alwaysobserved forall S-type samples a broadening of the In the vicinity of Hcp, the vector potentialA(r) is A(r)
transition in theupper part of resistive curve. The effect is =(Hz,0,0), whereH, is the external magnetic field. By
less pronounced while increasing thg, value. TheAT, separating the variables for the wave function in K&
values for ML5 and ML7 samples become of the order of 0.5plane, ¥ (r) =e'**. 4(z), we get an equation foy(z),*>*°
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45 e et fuz 72— 2) *(z)dz =0. 4
oL TSDS ; ,/.'/.' ;ﬁ‘éi 1 —L/2( 0¥ (2) (4)
5 g i DD 3 E!,?% i : ’:/.TTIT The maximum eigenvalue dfiy(z,) is the upper critical
Ll LB b RN i '.T.TD | field Hey .
ET 1779 é’rﬂ' +3 ' | .’%-LF,‘ e llo? ] At the same time we can obtain the position of the super-
g Dé g ESTE\'? II. TI .);. ,'IT :.’{'Di, ’ conducting phase nucleus, which is determined by the pa-
< ¢l Teiey .,,..!',f ...7’ | E rameterz,. Numerical calculation oHy(z,) dependence for
2t ? o Dé Tg%‘j /I"l..[ .oj.fzf;l" “’u I sample ML5[inset to Fig. 2(b)Jeveals its oscillating char-
? E iR SEE’, ,,‘ ]’.‘/3 u‘-‘i IT ‘DT i acter in the overall temperature range except in the region
BEg5: Sep s Jos 1,/ i i g close toT,. We found that the local maxima of the function
oL Gk laalilosedest2e o Ho(zo) belong to the centres of the S layers, while local
2 3 4 5 6 7 minima fall in the centres of the N layers. Moreover, the
@ T (K) highest local maxima correspond to the valugs: = (L/2

—dy—dg/2). This means that the superconducting phase
nucleus is formed in one of the two outer superconducting
layers. For sufficiently low temperatures the difference
among the local maxima dfl 3(z;) becomes smaller and the
superconducting nucleus is confined in each S layer with
almost equal probability. This means that for low tempera-
o tures the well knowh?® two-dimensional2D) behavior of
the superconducting phase of the infinite superconducting
i superlattice takes place. Considerations for the case of high
temperatures could be done on the base of the works for
superconducting homogeneous st&bB! For T=T, the GL
wave function is delocalized over the whole sample and be-
) comes symmetrical with respectze- 0. As a result of these
&) considerations we obtain a theoretical description of the

FIG. 2. (a) p(T) curves of sample ML5 in the parallel magnetic Hey(T), which well describes the whole experimental

field. By closed symbols we marked the curves for which the broad<Urve: ,Thi,s result for sample ML5 is shown in Fig(l?? by
ening occurs (0.15 ToH<1.60 T). The magnetic fields change the solid line. For sample ML5 we found the following rea-

from 0 to 2.4 T.(b) H—T phase diagram for sample ML5. Open Sonable fit parameter$2=0.34, and the correlation lengths
squares correspond t,,, (T). Close squaregircles)correspond  in the superconductingnormal)layer of {5y, =123 and 140
to Hey(T) extracted by using the 90% (50%y criterion, respec- A respectively. More details about thé., calculations ac-
tively. Drawn lines are model fits. Inset: The, distribution in  cording to the proposed model are reported elsewlheFae
sample ML5 at different temperaturésom up to down,T=4.3,  successful fitting procedure was available for both the
4.9,5.3,5.9, 6.1, and 6.4)K Heo, (T) andH¢,(T) dependencies with the same fit param-
etersonly for the H¢,, values obtained at the onset of the
(924 p(z)—HE- (z—29)%) ¥(2) =0, (1)  p(T,H) curves. Obviously, when resistive curves are sharp
(as in the case of perpendicular field orientatitrere is no
where we have defined,=k/H, and 7 is the step difference between thid, values obtained according to dif-
function!® The boundary conditions for the wave function ferent criteria. Given the definition dfl., as the field of

¥(z) are superconducting phase nucleation, it seems reasonable to
choose the 90%, criterion for its determination.
Iy L/2)— i L =0 9 Now we will focus on the dependence of the vortex lattice
az( )= az( )=0, 2) nascent process #<H_, on the p(T,H) curves. At low

temperatures, when the superconducting nucleus could be
whereL is the overall multilayer thickness. At each N/S found in each of S layers with almost the same probability, a
interface Eq(1) is accompanied by the condititiil-° rather stable vortex lattice is formedHy, slightly less than
Hco(T). The perturbation of the lattice due to feeble bias

1 dys _ 1 9y 3) current is smaller with respect to the interface pinning force.
¥s 9z |, YN 0Z Fi, The p(T) curve is sharp both for S- and N-type samples.
This scenario is relatively trivial. The physical picture be-

wherei=1,2,..., N,, P is the boundary transparent coeffi- comes complicated when the temperature increases towards
cient, andigy is the wave function in the S(Nayer. Con-  the critical T, value, namely, at temperatures corresponding
ditions (2) and(3) at fixed temperature and for each value ofto the observed spread of the resistive characteristics for
zoy determine the eigenvalues probldidy=Hq(zy) for Eq.  S-type samples. At this temperature the double degeneracy of
(1) and the boundary conditions for the fieli(r)|,—..»  H.y occurs[see the inset to Fig. 2(b)]. This leads to another
=H, give the equation for the parametgy: scenario of the vortex lattice rising Bt<H,.

212505-3



BRIEF REPORTS PHYSICAL REVIEW B 68, 212505(2003)

In order to construct the first order perturbation theorywhere the sign—(+) before the sum corresponds to S-
wave functiont® describing the superconducting state in theand N-type samples, respectively arngdis the z-coordinate
vicinity of H.,, the ground state wave function must be of the vortex chain. It can be seen from E(f), that

written as in both cases due to oddness of the functibf(z)
N N =(| w9 (x,2)|?), the pointz,=0 is the equilibrium point of
VO(r)=cie** y(z) +ce ™ y(~2), (5)  the vortex chain. For N-type samples, when the vortex chain

is situated in the center of the N layer, this equilibrium po-
sition is stable. The bias current flows through the supercon-
%ucting parts of the sample, dissipative processes are absent

with the unknown coefficients; andc,. One of the results
of the first order perturbation theory standard calculations i

the equalityc, =c,. It follows that wave function5) has a 44 the resistive transition is shafBig. 1(a)]. For S-type
chain of zeroes along th®©X axis with the periodAX  milayers, vortices, which are nascent in the central S layer,
=m/k. This means the formation of a one-dimensioffdt  gre i 3 metastable state. In this way finite size effects enter
two-dimensional, as at low temperaturesrtex lattice in the  through the stability of the nascent vortices. Th€T,H)
symmetry planeXOY of the multilayer. This vortex chain transitions become broader when it is less favorable to lock
does not possess the stability of the usual vortex lattice witln vortex chain. Finally, the less pronounced broadening, ob-
respect to the external perturbations. That is, resistive meaerved for sample ML11 in Fig. 1(b), could be due to the less
surements imply a perturbation of the superconducting statifluence of the surface effects with increasiNg value on
due to the bias currerfit flows along theOX axis), so the the discussed processes: This will be the subject of future
Lorentz force acts on vortices in ti@Z direction. In addi-  studies.

tion, vortices are in the pinning potential field, which is cre-  In summary, we have observed the broadening of the re-
ated by the inhomogeneous periodical structure of théistive characteristics above the temperature of the 2D-3D
sample. The result of the common action of the pinning andlimensional crossover in Cu/Nb multilayers with the sym-
Lorentz forces on the vortex chain, as our calculations remMetry plane in the center of the S layer. When the symmetry
veal, depends on the symmetry type of the samples. Thelane is in the center of the N layer, the transition curves are

pinning forceF ,, obtained according to the procedure elabo-2/Ways sharp. We analyzed the nucleation points of the su-
rated in Ref. 7, may be expressed as perconducting phase at different temperatures in order to

build theH-T phase diagram, and we found that the agree-

[(Np—1)/2] &4(T) d ment between the model and experiment can be reached only
E.=%x S—+1 2 ﬂ—z +1(dg+dy) when theH_, values are determined at the onset of the re-
p 7T 5 ~Ztl(dstdy by €2 are . .
1="MNy2) | én(T) sistive transitions. This gives us a reason to explain qualita-

result of the influence of the finite size effects on the stability

tively the observed broadening of th€T,H) curves as the
} of the nascent vortices in the symmetry plane of the N/S

d
—fz(—%—zv—l(dsmN)

2 multilayers. The precise configuration of the vortex lattice in
&S(T) L L ) . - .
- f2<_—zv) —f2( - __Zv> , (6)  such multilayers could be controlled using modern imaging
ML \2 2 method?%3
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