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Pinning force and peak effect in superconductainormal-metal multilayers
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We analyzed the temperature, the magnetic field, and the normal layer thickness dependencies of the pinning
forceF, in superconductor/normal metal multilayers in the framework of the Ginzburg-Lai@latheory. In
particular, we studied the temperature dependence of the magneti¢ifiedd which are observed both the
peak of the critical current density, curves versus the external magnetic fielgland the maximum pinning
force F, maxin the Fo(Ho) dependencies. We show that, well below the critical temperatyureéhe magnetic
field H, corresponds to the magnetic fiett}, of the periodic solution of the GL equations and ttg versus
temperature dependence well describes the experimental data.
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Superconducting multilayered structures have been inten- Kulic and RyS calculated thel.(H,) dependence in the
sively studied during the last yedrs.In particular, case of twinning planes considered as perturbations in the
superconductor/normal-metalS/N) multilayers have at- range of the magnetic fieldd ;<Hy<H.,, whereH., is
tracted great attention because they allow to investigate thédne lower critical magnetic field. Again, their model did not
influence of the reduced dimensionality on different physicaldescribe the temperature dependence of-hdield.
properties and to obtain more information on analogous ef- Kugel et al** calculatedH, considering the elementary
fects observed in high-temperature superconductors. Theinning force maximum on the S/N boundary for samples in
properties of S/N multilayers in the region of the supercon-which the thickness of the superconducting layers are essen-
ducting transition temperaturg, were firstly described by tially larger than the correlation length in the superconductor
de Genneé.Later an exhaustive interpretation of the tem-and the thickness of thi layer are finite. The total pinning
perature dependence of the upper critical field was given bjorce was obtained by multiplying the elementary pinning
Takahashi and Tachiki using a microscopic thebryin  forces. From this and from the boundary conditions for the
spite of the classical work of Eilenber§ehe application of ~GL wave function follows thed-periodic nature of the solu-

a microscopic theory far away the critical region is still antion (D is the period of the multilayered structireThis
open question, and many experimental evidences are waitingodel is valid for magnetic fields well beloi, and gives

for a better understanding. For example, one of the mosa temperature dependencettf related to that of the super-
interesting effects observed far away from the critical regionconducting parameters in the normal zones. However, the
in S/N layered samples—the appearance of a peak in thabove physical picture is indeed more appropriate for high-
external parallel magnetic field, dependence of the critical temperature superconductors rather than for artificially lay-
current density).—did not receive a full theoretical descrip- ered structures.

tion. Usually thed.(H,) peak effect is observed in samples in

The properties of S/N multilayers could also be studied bywhich the influence of the normal layers cannot be consid-
using the Ginzburg-Landa(GL) theory. In this case due to ered as a perturbatiofthe thickness of th&\ layerdy is of
the conditions of applicability of the GL theorigee, e.g., the same order of magnitude of the thickness of $tiayer
Ref. 7), only systems, in which the normal layer plays a roleds and ds is of the order of the perpendicular coherence
of a perturbation of the superconducting state, can bdength¢, ). Moreover, analysis show that in the region of the
analyzed 1! J.(H,) peak effect the fields of the maximum values of the

Ami and MakP directly solved the problem of the weak J. and theF , max coincide within the accuracy of a few per-
action of the layered structure on the vortex lattice, calculatcents and their temperature dependencies are the '$ame.
ing the J.(Hy) dependencies by using the perturbation In this article we apply to thd.(H,) peak effect problem
theory? in conjunction with the variation principle. The idea a rather simple interpolation procedure based on the GL
of commensurability(originally contributed by Pippard for theory for S/N multilayers in the case dfy~ds. Dediu
explaining the peak effect in type Il superconductdrbe- et all’ proposed a version of such a model restoring the
tween the period of the multilayer structure and the vortexemperature dependencies of the upper critical fields, which
lattice spacing was put forward to account for the peak effectvere obtained in microscopic theories and were in agreement
in the J.(Hy) dependencies experimentally observed at thewith the experimental results. In the present work we pro-
beginning of the seventies by Rafét all**® However the pose another version of the GL model. We explain the
Ami-Maki solution is valid close to the upper critical mag- H,y(T) dependence in the limit of high values of the GL
netic fieldH., and does not explain the observed temperaparameter. We argue that théi, values correspond to one
ture dependence of the magnetic fielg at which the peak of the D-periodic solutions of the GL equations at least for
effect occurg™>1® H, sufficiently lower than the parallel critical magnetic field
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FIG. 1. The coordinate system of the proposed model.

Hco . In our analysis the surface superconductititis ig-

nored as well as the possibility of kinks in the vortex
structuret!® The agreement of our theoretical results with

theH,(T) behavior observed in Nb/Pd multilayé&tss quite
good.

We use the coordinate system sketched in Fig. 1. The
XOQOY plane is parallel to the layers and corresponds to on of

the symmetry surface of the system. The plx@Z is per-

pendicular to the layers and corresponds to the other symm
try surface of the sample. The parallel external magnetic fiel

H, is oriented along th®Y axis and the vortices move along
the OZ axis.
The GL free energys for a layered superconductor, ne-

glecting a possible Josephson coupling between the supe

conducting planes, can be writtf@naccording to standard
scaling procedureas

G=Jd3r[

+%|\P(r)|4+82(r)}.

2
—n(2)|W(r)|?

sy
K—SV—lA W(r)

&Y

Here B is the induction,A is the vector potentialy is
the coordinate,n(z)=1 inside the superconductoty(z)
= — £4(T)/£4(T) inside the normal layerss is the coher-
ence length in the superconducting layefg,is the coher-
ence length in the normal layers, akg=\g(T)/&é<(T) is the
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also have that the function is odd and that the function zeroes
are given by F(ID)=F,(ID+D/2)=0 with |=0,%x1,
*2,.

Equat|on(2) allows us to give some remarks about the
dependence of the pinning force 6k, dy, andT. For N
—oo the main contribution to the sum in E¢R) will give
only the function modes with the wave numbersm{D)
Xm wherem is integer. Then foH, values, at which the
solution of the GL equation represent®eeriodic function,
the expression for the pinning force is written as

2

Fo=N,-| 1+ - fd[\lf(ZdS)z
p— X X, L— ——
'fN 2
2
— ¥ X,Z+ES ]
B & 5 ds 2( ds)
=N, 1+§N (f z—?)—f z+<|]. @

%here the pinning force depends directly on the large value

L and fdX| W (x,2)|?=|¥|?=12(2).

The meaning of th®-periodic solution is the following:
one of the vortex lattice constants is oriented parallel to the
pyers and the component of the other vortex lattice vector
is equal toD. From Egs.(2) and (3) formally follows that
only D-periodic solution can exist in an infinite S/N layered
structure because all other solutions will be unstable with
respect to small perturbations if one neglects pinning besides
that due taN layers. Consequently, the peak effecEig(H)
curve will be associated to the most stable of the periodic
solutions. The possibility of the existence of this peak fol-
lows from Eq.(3). In fact, while the magnetic field increases,
the modulus of the wave function obviously decreases. But,
on the other hand, the convergence of the maxima and
minima of the wave function at constant distancel{/2),
see Fig. 2,(vortices slip, increasing their density iN
layers with increasingi,) can lead to the increasing of the
difference| W |2 [¥[2 min*Fp iN some region of the mag-

GL parameter, wherag is the superconducting penetration netic field.

depth.
The pinning forceF,(Z) on the vortex lattice due to the

When the temperature increases, the pinning force de-
creases both due to the decreasing of the modulus of the

inhomogeneities of the sample can be determined from theave function and to the decreasing of the difference be-

GL free energyG taking into account that the function(z)
from Eq. (1) depends on the translation varialdethe gen-
eralized coordinate of the vortex lattice, agz)— n(z
—Z). Finding the collective variablg isn't a trivial task, as
it depends on the variablegr), ¢* (r) andB(r), but in the
static case such complexity does not appear. Then

dG fs(T) ds
T A = T))2 ( “ETT
2 d 2
+nD —‘\If x,Z+7S+nD) ] 2)

whereN, is the number of bilayers.
If N_ goes to infinity the functior,(Z) is periodic, i.e.,
Fo(Z2)=Fy(Z+D). Due to the symmetry of the system we

tween moduli in Eq(2). The last fact is related to the higher
inhomogeneity of the wave function due to the increasing of
the coherence length with temperature. Wligndecreases
and becomes much smaller thég,F, has to decrease too.
In this case, supposing the continuity of the GL wave func-
tions on the S/N boundary, one gets

E4(T) ‘ D 2
Fo~d,-| 1+ Z+—+nD
T Em) 4 > A

To perform a quantitative analysis we take into account
that from Eq.(3) it follows that F, ,ae<f%(0)—f3(D/2), that
the measured values of thd, field are of the order of

®o/2rD?>H,y(T) and that)\l>D 21 The change of mag-
netic field inside thes layer is then
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FIG. 3. The temperature dependence of the field of the

|: D-periodic solution for Nb/Pd multilayerésolid curve$ together
ARgE A with the H, values (symbol3. (@) dy=170A, dg=187A, N,

J' r ; ] =10, andT,=3.6K; (b) dy=132A, ds=187 A, N =10, andT,

Q| =4.0K.

L suppresses even more the wave function amplitude. In the
limit of very small |¥(x,z)|* term value it is possible to
FIG. 2. Example of a possible statleperiodic solution for a  substitute it with the amplitude additive tergh |¥|2.23

NS

GL wave function in a SNS multilayer. So for the casey~dg we find the following model equa-
tions
AH(z) H(dg2)—Hpn ds ds 2.2 ds ds
= . j— " —+ — — = - =
Ho Ho <2HO Ho 5 f"(z)+[1—e(Ho) —Hgz]1f(2)=0, ze 55

1 di ds) E(T) d3 D\2
— - 2 2 < " S _
OCKS 2 f (2 1, f"(2)— gN(T)+8(H°)+H° d2( 2) f(z)=0,
and insideN layer is ds ds
€l202 7 @

wheree (Ho) =H3z3+ Hoz; with the unknown parameters

AH(2) _ Hma H(dg/2) _ dy (dN)
= < ARN]
andz, . Using the S/N boundary condition

Ho Ho 2H, 2

1 d\ds 2<ds)
oC 2 T f — << 1 ! dS ! S
Kg 4&s 2 f ?—0 f ?'FO
For these reasons, to estimate Eevalue on one period, we ds 0 [dg ©
can assume the case of the homogeneous magnetic field f 7_0 f ?4—0

H(x,z)=H(2)~Ho.
Consequently, considering the GL equations on the inter:
val ze[ —dg/2,d4/2+dy] and taking into consideration the

symmetry properties for andH

(P is the transparent coefficient of the S/N bounddoy the
solution of Eq.(4) we obtain the following expression for the
external magnetic field corresponding to theperiodic so-
lution of the GL equation

ds| [ds| [dsg _ _ _ ®(an+1,3/2:Hodsdn/4)
fl-5|=fl5|=flz+ 9,H(0)=d,H(D/2)=0 —4.p. n
( 2) 2) dy).  H(0)=7H(D/2)=0, T P=4-P an g T 2 Hodd /)
we may assumeA— dyx)?<H32% inside S layer and @, _ ®(as+1,312Hod%/4)
— dyx) 2 HE(ds/dy)2(z— D/2)? inside N layer (y is the A s G2 A ©®)

phase of the wave functigpnBy expanding ore around the
pointz=0 and on ¢— D/2) around poinz=D/2 and taking Where ®(a,y;z) is the confluent hypergeometric function
account the symmetry of the solutidrit is possible to show and
that we may neglect the componeXt in the GL equations.
So we may also assunmi,(x,z) — d,x1?<H3z3, wherez, is
an unknown parameter.

Let us now consider the nonlinear quartic term in Eq. 1 £ d H.Z2+2, d
As we showed in Ref. 21, it is relatively small for zero mag- @= S N, 00 "1 s
netic fields for the casdy<ds. The external magnetic field 4" 4EH, ds 4 dn

1 1 Ht+z
aS:_—_+—
4 4H, 4
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The calculated according to E(f) Hp(T) dependencies where
for two Nb/Pd samples witdy=170A anddy=132 A (the
ds value was always equal to 187) Are shown in Fig. 3

together with the experiment#d ,(T) dependencie¥ Dur- o1=1—g(Hg)—2Hy, o0,=1—&(Hg)—Hy,
ing the numerical procedure it was assumed that
-1/2 =1— (H )
fs(T):fso< 1- T—S) and éy(T)=&no(T/Te) Tem etk
Cc
(Ref. 7), whereég, is the coherence length in the supercon-gng
ducting layer at zero temperaturé,., is the coherence
length in the normal layer at the critical temperatdigeof
the multilayer andT .g is the transition temperature for the 2d2 dy
superconducting material, which was obtained from the de =1+ £ dz (s(H )+2H0d )
S

Gennes-Werthammer fit for S/N multilayers &= 7.8 K).

For the sample withdy=170 A we tookégy=111 A, &y,

=126 A, and for the sample witdy=132 A we tookég,

=112 A, &,,=120 A as it was obtained in Ref. 21. Theo- . NS Ho+p N . s Ho).
retical curves were calculated for the strong proximity effect “2~ gS?dN? &(Ho) Odg )’ §S7d7N8( 0

(P=1) with the only two fit parameters, namebg andz, .

The good agreement between theory and experiment for both

the absolutdd , values and their temperature dependencies i€alculations reveal that the fitting procedures according to
quite clear |n Fig. 3. Note that the same result could be=gs.(6) and(7) give the same values for the fitting param-

obtained using a simpler relation extracted from Egj.

In-  eterszy andz,; for both the samples within the accuracy of

deed, expanding the hypergeometric functions of(Bginto ~ 5%.
a Bessel series in the first-order approximation we get In summary, the GL theory has been used to analyze the

ngN 1/2
V1
. P 26 1 28N
TP ds ey 72 &t 1)
SgN Vq Ch(fs NV%/Z)

2&N

ds 1/2

1 2 o Sm(—ol
T i p A IR 4.
1+Pds o7 Cos(d?so-gz)

pinning forces of S/N multilayers wittdy~dg. It was
shown that the position of the maximum values of the pin-
ning force in theF,(H,) dependence can be explained in the
framework of the periodic solution of the GL equations. In-
troducing a temperature dependent parameter, the field of the
periodic solutionHy, we were able to fit the experimental
data for S/N multilayers. The model is valid for large values
of the GL parametek and has an interpolation character. In

(7) spite of this, the success in describing the experimental data
in the case of Nb/Pd multilayers is very promising for further
developments.
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