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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 superconduc
properties and vortex matter in different kinds of multilaye
has attracted an increasing interest.1 The superconductivity in
layered systems is closely related to the spatial behavio
the order parameter, which allows us a better understan
of the nucleation of superconducting phase in multilayers.
a result one can extract information about both the superc
ducting phase transition and the pinning mechanisms of
vortex medium in the presence of periodicity, which are s
open issues.2–7

An alternating sequence of normal metal and superc
ductor layers~N/S! creates a system whose properties co
be well described within the existing microscopic and ph
nomenological theories. The background for the microsco
theoretical investigation of infinite metallic multilayers in th
vicinity of the upper critical magnetic fieldHc2 , has been
given by Takahashi and Tachiki~TT!.2 The TT theory is for
the case of infinite superlattices, and this approach yie
different difficulties, especially when trying to fit experime
tal data for the parallel critical magnetic fieldHc2i(T).3 Re-
cently this problem was resolved by Ciuhu and Lodder8,9

They analyzed the case of finite N/S samples, where sur
superconductivity10 and the finite boundary resistivity of th
N/S interfaces11 can significantly influence theH-T plot. Nu-
merical detailed study of the effect of finite dimensions
N/S multilayers on their thermodynamic properties reve
that surface superconductivity indeed appears, dependin
the thickness of the outer N layersdN

out.8 As for isotropic
homogeneous superconductors, whendN

out are thick enough
with respect to the coherence lengthj ~in Ref. 8 the calcu-
lations were done fordN

out5350 Å), bulk rather than surfac
superconductivity occurs in multilayer. In this case an ess
tial improvement in fitting theHc2(T) curves was obtained
by taking into account the finite boundary resistivity of t
N/S interfaces.9 Nevertheless, the problem of the influence
the surface superconductivity on the temperature depend
of the parallel upper critical magnetic field still remain
whendN

out<j.10 At this point a phenomenological extensio
of the microscopic theory should be applied. The mac
scopic Ginzburg-Landau~GL! theory12 is indeed widely used
for studying the behavior of superconductors in a magn
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field. In the general case it is impossible to find the ex
solution of the GL equations analytically, and numeric
computations are used or various limiting cases are stud
In particular, the continuous GL model13 is convenient for a
description of the complex order parameterC and Hc2 of
layered superconductors.

In this paper we report the results of the effect of t
finiteness of the N/S multilayers with a variable number
bilayersNb and, consequently, with a variable symmetry,
the resistive characteristics in parallel magnetic field. All t
experiments have been performed on proximity coup
Cu/Nb multilayers, which is a very well studied system d
to the works of Schuller and co-workers.11,14 The variable
number of Cu/Nb bilayers, plus a covering Cu layer at t
top of the structures, control the finite thickness of t
samples and their actual symmetry. In fact, for oddNb the
symmetry plane is located inside the Superconducting la
~S-type samples!, while for evenNb the symmetry plane is
situated inside the normal metal layer~N-type samples!. We
show that for N-type samples the resistive transitionsr(T)
are always sharp curves revealing the resistive rapid
down to zero in the whole magnetic field range. For S-ty
samples in the absence of the applied magnetic field ther(T)
curves are always sharp. But in parallel field in a cert
temperature range 0.6Tc,T,0.9Tc the r(T,H) transitions
are broadened. Finally, atT,0.6Tc ther(T,H) curves again
become sharp. It is important to underline that the broad
ing occurs in the upper part of ther(T,H) curves, close to
onset of the transition. No pronounced tails in ther(T,H)
dependencies, which can be associated with the dishom
neity of the samples or flux creep processes, have been
observed.

The effect is analyzed within the continuous GL mod
with piecewise-constant coefficient functions,15 which allows
us to correctly analyze the nucleation points and to succ
fully fit the temperature dependences of the perpendic
Hc2' and parallel Hc2i critical magnetic fields in our
samples. As one of the possible explanations for the bro
ening of ther(T,H) curves in a temperature range close
Tc we consider the mechanism proposed by Fink for a
perconducting homogeneous slab, which provides the
scent vortex chain in the center of the sample at fie
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slightly less theHc2 .16 In our case, as computations reve
the vortex chain is also nascent in the center of the symm
plane of the sample atH<Hc2i . We demonstrate that th
geometrical symmetry of the N/S multilayers leads to diff
ent results for the common action of the Lorentz and pinn
forces on vortices.

Experiments were performed on Cu/Nb multilayers gro
on Si~100! substrates at room temperature using a d
source magnetically enhanced dc triode sputtering syste17

The high quality layered structure of samples with a negl
bly small interfacial roughness (,10 Å) was confirmed by
high and low angle x-ray diffraction measurements usin
four axes Philips X’Pert MRD PRO diffractometer. dc tran
port measurements with a standard four probe techn
were performed for both parallel and perpendicular magn
field orientations. All the Cu/Nb multilayers have identic
Cu (dN) and Nb (dS) thickness,dN5dS5200 Å,18 but a
different value ofNb . For all the samples Cu is the top an
bottom layers. In general the sample indicated as MLNb
means, in fact, a number of Cu/Nb bilayers equal toNb , plus
a top Cu layer of the same thickness. TheNb values were
changed from 5 to 12. Such a geometry gives the possib
to change the position of the symmetry plane of multilay
between the center of S layer~odd Nb) and the center of N
layer ~evenNb). Moreover, the pairs withNb55 and 6,Nb
57 and 8,Nb59 and 10, andNb511 and 12 were each
simultaneously prepared due to a specially designed shu
The Nb properties were the same for each pair, as
checked by depositing single Nb films withdS51300 Å on
Si substrates situated on the positions used to create S-
N-type samples. The superconducting and normal prope
of these Nb films were exactly the same (Tc58.85 K, low
temperature resistivityr10 K'5 mV cm, and residual resis
tivity ratio b105r300 K/r10 K52.9). The low temperature re
sistivity of the multilayers varies in the range 7...9mV cm,
Tc values were between 6.7 K for ML5 and 7.1 K for ML1
the transition widths at zero fieldDTc,40 mK ~10–90 %
criterion with a bias current density of 40 A/cm2) and b10
51.7. The parallel coherence lengthj i(0), extracted in the
usual way from theHc2'(T) dependences atT→Tc , was
'150 Å for S-type samples and'135 Å for N-type
samples. Based on the above experimental facts we be
that all our samples present identical Nb properties as we
the same interfaces between each layer. The only differe
between the S- and N-type samples is their variable posi
of the symmetry plane.

We first show the experimental results regarding the
ferent shape of the resistive transitions for S- and N-ty
samples in parallel magnetic field. In Fig. 1~a! the r(T,H)
curves are shown for N-type samples at givenH values. All
the resistive transitions are sharp,DTc,0.1 K. This is the
typical picture for N-type samples in the whole investigat
temperature and magnetic field ranges. More intriguing is
r(T,H) behavior shown in Fig. 1~b! for S-type samples a
given H values. In a wide temperature range (;2 K) we
alwaysobserved forall S-type samples a broadening of th
transition in theupper part of resistive curve. The effect i
less pronounced while increasing theNb value. TheDTc
values for ML5 and ML7 samples become of the order of
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K; for ML9 it is '0.25 K and for ML11 it is'0.12 K.
Outside this temperature range the resistive curves are s
again, and we measuredDTc,0.15 K for all samples for
fields larger than 2T@inset to Fig. 1~b!#. The dynamic of thi
change is clearly seen in Fig. 2~a!, where we plot ther(T,H)
transitions for sample ML5. In Fig. 2~b! we show theH-T
phase diagram for this sample. TheHc2 values were ex-
tracted from the onset of ther(T,H) curves using a 90%rN

criterion. The solid and the dashed lines represent the re
of the fitting procedure forHc2i(T) andHc2'(T) dependen-
cies, respectively, according to our model. In this figure
also present data related to theHc2i determination according
to the 50%rN criterion. All these results will be discusse
later.

In the description of the superconducting properties of
even-odd multilayers, we rely upon the GL theory. We co
sider a system of coordinate with theXY plane parallel to the
layer surface, coincident with the symmetry plane of the N
structure, and theZ axis perpendicular to the layer surface
In the vicinity of Hc2i the vector potentialA(r) is A(r)
5(H0z,0,0), whereH0 is the external magnetic field. By
separating the variables for the wave function in theXZ
plane,C(r) 5eikx

•c(z), we get an equation forc(z),15,19

FIG. 1. ~a! r(T) curves of N-type samples in parallel magne
fields. ~b! Examples ofr(T) curves of S-type samples at parall
magnetic fields in the temperature range 0.6,T/Tc,0.9. Inset: Ex-
amples ofr(T) curves of S-type samples at parallel magnetic fie
for temperaturesT,0.5Tc . Symbols are the same as for the ma
frame. Magnetic fields are 2.4 T for ML5, 2.2 T for ML7, 2.4 T fo
ML9, and 2.3 T for ML11.

ка
 БГ
УИ
Р

5-2



n

S

fi-

o

er-
pa-

-
ion
n
al

he

se
ing
ce
e
ith

ra-

ting
high

for

be-

the
al

a-
s

the
-

e
arp

-

le to

ce

be
, a

as
ce.
s.

e-
ards
ing
for
y of
er

ic
ad
e
n

BRIEF REPORTS PHYSICAL REVIEW B68, 212505~2003!
~]z
21h~z!2H0

2
•~z2z0!2!c~z!50, ~1!

where we have definedz0[k/H0 and h is the step
function.15 The boundary conditions for the wave functio
c(z) are

]c

]z
~L/2!5

]c

]z
~2L/2!50, ~2!

where L is the overall multilayer thickness. At each N/
interface Eq.~1! is accompanied by the condition1~a!,20

1

cS

]cS

]z U
G i

5P
1

cN

]cN

]z U
G i

, ~3!

wherei 51,2,..., 2Nb , P is the boundary transparent coef
cient, andcS(N) is the wave function in the S~N!layer. Con-
ditions ~2! and~3! at fixed temperature and for each value
z0 determine the eigenvalues problemH05H0(z0) for Eq.
~1! and the boundary conditions for the fieldH(r )uz56L/2
5H0 give the equation for the parameterz0 :

FIG. 2. ~a! r(T) curves of sample ML5 in the parallel magnet
field. By closed symbols we marked the curves for which the bro
ening occurs (0.15 T,m0H,1.60 T). The magnetic fields chang
from 0 to 2.4 T.~b! H2T phase diagram for sample ML5. Ope
squares correspond toHc2'(T). Close squares~circles!correspond
to Hc2i(T) extracted by using the 90% (50%)rN criterion, respec-
tively. Drawn lines are model fits. Inset: TheH0 distribution in
sample ML5 at different temperatures~from up to down,T54.3,
4.9, 5.3, 5.9, 6.1, and 6.4 K!.
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~z2z0!c2~z!dz50. ~4!

The maximum eigenvalue ofH0(z0) is the upper critical
field Hc2i .

At the same time we can obtain the position of the sup
conducting phase nucleus, which is determined by the
rameterz0 . Numerical calculation ofH0(z0) dependence for
sample ML5@inset to Fig. 2~b!#reveals its oscillating char
acter in the overall temperature range except in the reg
close toTc . We found that the local maxima of the functio
H0(z0) belong to the centres of the S layers, while loc
minima fall in the centres of the N layers. Moreover, t
highest local maxima correspond to the valuesz0'6(L/2
2dN2dS/2). This means that the superconducting pha
nucleus is formed in one of the two outer superconduct
layers. For sufficiently low temperatures the differen
among the local maxima ofH0(z0) becomes smaller and th
superconducting nucleus is confined in each S layer w
almost equal probability. This means that for low tempe
tures the well known1,2,5 two-dimensional~2D! behavior of
the superconducting phase of the infinite superconduc
superlattice takes place. Considerations for the case of
temperatures could be done on the base of the works
superconducting homogeneous slab.16,21 For T'Tc the GL
wave function is delocalized over the whole sample and
comes symmetrical with respect toz50. As a result of these
considerations we obtain a theoretical description of
Hc2i(T), which well describes the whole experiment
curve. This result for sample ML5 is shown in Fig. 2~b! by
the solid line. For sample ML5 we found the following re
sonable fit parameters:P50.34, and the correlation length
in the superconducting~normal!layer ofjS(N)5123 and 140
Å respectively. More details about theHc2 calculations ac-
cording to the proposed model are reported elsewhere.15 The
successful fitting procedure was available for both
Hc2'(T) andHc2i(T) dependencies with the same fit param
etersonly for the Hc2i values obtained at the onset of th
r(T,H) curves. Obviously, when resistive curves are sh
~as in the case of perpendicular field orientation! there is no
difference between theHc2 values obtained according to dif
ferent criteria. Given the definition ofHc2 as the field of
superconducting phase nucleation, it seems reasonab
choose the 90%rN criterion for its determination.

Now we will focus on the dependence of the vortex latti
nascent process atH<Hc2 on the r(T,H) curves. At low
temperatures, when the superconducting nucleus could
found in each of S layers with almost the same probability
rather stable vortex lattice is formed atH0 , slightly less than
Hc2i(T). The perturbation of the lattice due to feeble bi
current is smaller with respect to the interface pinning for
The r(T) curve is sharp both for S- and N-type sample
This scenario is relatively trivial. The physical picture b
comes complicated when the temperature increases tow
the criticalTc value, namely, at temperatures correspond
to the observed spread of the resistive characteristics
S-type samples. At this temperature the double degenerac
Hc2i occurs@see the inset to Fig. 2~b!#. This leads to anoth
scenario of the vortex lattice rising atH<Hc2 .
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In order to construct the first order perturbation theo
wave function,19 describing the superconducting state in t
vicinity of Hc2 , the ground state wave function must b
written as

C (0)~r !5c1eikx
•c~z!1c2e2 ikx

•c~2z!, ~5!

with the unknown coefficientsc1 andc2 . One of the results
of the first order perturbation theory standard calculation
the equalityc15c2 . It follows that wave function~5! has a
chain of zeroes along theOX axis with the periodDx
5p/k. This means the formation of a one-dimensional~not
two-dimensional, as at low temperatures! vortex lattice in the
symmetry planeXOY of the multilayer. This vortex chain
does not possess the stability of the usual vortex lattice w
respect to the external perturbations. That is, resistive m
surements imply a perturbation of the superconducting s
due to the bias current~it flows along theOX axis!, so the
Lorentz force acts on vortices in theOZ direction. In addi-
tion, vortices are in the pinning potential field, which is cr
ated by the inhomogeneous periodical structure of
sample. The result of the common action of the pinning a
Lorentz forces on the vortex chain, as our calculations
veal, depends on the symmetry type of the samples.
pinning forceFp , obtained according to the procedure elab
rated in Ref. 7, may be expressed as

Fp57 (
l 52[Nb/2]

[(Nb21)/2] S jS
2~T!

jN
2 ~T!

11D F f 2S dS,N

2
2zv1 l ~dS1dN! D

2 f 2S 2
dS,N

2
2zv2 l ~dS1dN! D G

1
jS

2~T!

jN
2 ~T!

F f 2S L

2
2zvD2 f 2S 2

L

2
2zvD G , ~6!те
,
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where the sign2(1) before the sum corresponds to S
and N-type samples, respectively andzv is thez-coordinate
of the vortex chain. It can be seen from Eq.~6!, that
in both cases due to oddness of the functionf 2(z)
[^uC (0)(x,z)u2&x the pointzv50 is the equilibrium point of
the vortex chain. For N-type samples, when the vortex ch
is situated in the center of the N layer, this equilibrium p
sition is stable. The bias current flows through the superc
ducting parts of the sample, dissipative processes are ab
and the resistive transition is sharp@Fig. 1~a!#. For S-type
multilayers, vortices, which are nascent in the central S la
are in a metastable state. In this way finite size effects e
through the stability of the nascent vortices. Ther(T,H)
transitions become broader when it is less favorable to l
in vortex chain. Finally, the less pronounced broadening,
served for sample ML11 in Fig. 1~b!, could be due to the le
influence of the surface effects with increasingNb value on
the discussed processes. This will be the subject of fu
studies.

In summary, we have observed the broadening of the
sistive characteristics above the temperature of the 2D
dimensional crossover in Cu/Nb multilayers with the sy
metry plane in the center of the S layer. When the symme
plane is in the center of the N layer, the transition curves
always sharp. We analyzed the nucleation points of the
perconducting phase at different temperatures in orde
build theH-T phase diagram, and we found that the agr
ment between the model and experiment can be reached
when theHc2 values are determined at the onset of the
sistive transitions. This gives us a reason to explain qua
tively the observed broadening of ther(T,H) curves as the
result of the influence of the finite size effects on the stabi
of the nascent vortices in the symmetry plane of the N
multilayers. The precise configuration of the vortex lattice
such multilayers could be controlled using modern imag
methods.22,23
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