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Abstract We have studied some structural and

superconducting properties of Ni/Nb multilayered films

prepared by magnetron sputtering. Magnetization

measurements allowed us to establish a rich H · T

diagram that indicates a 3D-2D dimensional crossover

of the vortex system, as revealed by the parallel upper

critical field behavior. Consistently, it was identified a

possible decoupling line associated with the transition

of Abrikosov vortex lines into vortex pancakes, start-

ing around the same crossover region. An irreversibil-

ity line was also determined and it suggests different

regimes of the vortex matter, where the role played by

the Ni ferromagnetic layers might be relevant.

Introduction

Superconductor/ferromagnetic (S/F) multilayers have

been intensively studied because of the interesting

proximity effects close to the interfaces [1, 2], as well as

due to the prospects for applications in nanotechnol-

ogy. A great survey of experimental data have been

reported, discussing the superconducting critical tem-

perature (Tc) dependence on the layers thicknesses [2,

3]. Earlier studies in Ni/Nb multilayers have investi-

gated essentially the variation of Tc as a function of the

Ni and Nb layer thicknesses, respectively tNi and tNb.

[3–9]. For bilayer systems it has been observed that Tc

oscillates as function of tNi [6]. These oscillations were

explained by a proximity effect theory applied to the

S/F layers [10]. Other studies have reported a mono-

tonic decrease of Tc with the increase of tNi. However

all works agree that Tc decreases by decreasing tNb, as

well as that superconductivity is suppressed when

tNb < 100 Å and tNi > 20 Å. A search for interlayer

magnetic coupling, mediated by superconducting Nb

layers, has been attempted [4]. However, the proximity

effect between Nb and Ni was found to suppress

superconductivity strongly for thin Nb layers, thus

precluding the hypothesized coupling.

Measurements of the perpendicular and parallel

upper critical fields (Hc2) give important information

about dimensionality of the superconducting phase in

multilayered systems [11]. As far as we know the

reported results on the Ni/Nb system have not iden-

tified yet any dimensional crossover of the supercon-

ducting phase. This could be investigated, for instance,

by measuring the upper critical field parallel to the

layers as a function of temperature, Hab
c2 ðTÞ , which

is expected to show a parabolic behavior in the

bi-dimensional (2D) case and a linear behavior in the

three dimensional (3D) case [11]. In S/F multilayered

systems, the dimensional crossover (3D-2D) of super-

conductivity has been reported only for V/Fe, Nb/Fe

and Nb/Co [12–14], thus requiring more studies in this

area. In the high-Tc superconductors Bi2Sr2-xLax-

CuO
6+d

and Bi2Sr2CaCu2O8+d, a different dimensional

transition was observed which is characterized by a

double transition in the magnetization curves (M · T)

[15, 16]. One explanation of this unusual behavior was

made [17] by considering that the first transition at

higher T is produced by the individual superconducting

grains, and the second transition at a lower T is due to
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a Josephson coupling between those grains. This type

of coupling mechanism has not been observed in

artificially-grown multilayered systems yet. Another

possible explanation for the observed transition at

lower T could be the vortex decoupling, going from a

3D Abrikosov lattice to a 2D pancake lattice [18]. This

would occur when the coherence length becomes

smaller than the Nb layer thickness, therefore confin-

ing superconductivity within each Nb layer.

In this work, a dimensional crossover of supercon-

ductivity is reported for a S/F multilayered sample of

Ni/Nb. This result was obtained from magnetization

curves that were measured under magnetic fields

applied in parallel and perpendicular directions rela-

tive to the layers. The upper critical field line perpen-

dicular to the layers ðHc
c2ðTÞÞ shows a slight upward

deviation which is oftenly observed in granular as well

as in layered systems [14, 19]. The irreversibility line

was also obtained, thus producing a rich H · T

diagram possibly related to different phases of the

vortex matter in this system.

Materials and methods

The Ni/Nb multilayers were grown by magnetron

sputtering on a 90� sapphire substrate kept at room

temperature and in an Ar (99.999% purity) atmo-

sphere of 3 mTorr. Pure Nb(99.99%) and Ni (99.9%)

elements were used as sputtering targets with deposi-

tion rates in the range of 3–4 Å/s and a substrate-to-

target distance of 9 cm. The base pressure of the

sputtering system was 1 · 10–7 Torr. All samples were

made having Ni layers in both outer surfaces. Two

types of Nb/Ni multilayer structures were prepared.

One having a fixed Nb layer thickness dNb = 90 Å and

a varying Ni thickness from dNi=0–24 Å, with 19

bilayers in each sample, where dNb and dNi represent

nominal values. The other type was made having a

fixed dNi = 20 Å and a varying dNb from 0 to 250 Å,

with 9 bilayers in each sample.

Small angle X-ray diffraction (XRD) scans (2h < 4�,

CuKa radiation) were used to determine the bilayer

thicknesses of the samples. Figure 1 shows a typical

XRD pattern measured for sample Ni/Nb-A with

nominal composition Ni(20 Å)[Nb(250 Å)/ Ni(20 Å)]9.

In general a multilayer pattern presents two superim-

posed oscillations, the first having a shorter period is

related with constructive and destructive X-ray inter-

ferences at the surfaces and interfaces of the layers.

The second, having a longer oscillation period, is

related to the double layer thickness or modulation

wavelength L = tNi + tNb. The position, form and

intensity of the interference maxima are strongly

influenced by the roughness of the surface and inter-

faces. As shown in Fig. 1 the peaks with short period

are almost completely suppressed in the XRD pattern

measured in our sample, possibly indicating the occur-

rence of rough interfaces caused by mutual interdiffu-

sion of Ni and Nb atoms. However, the bilayer peaks

are well defined, which reveals a good composition

modulation of the probed sample. Its modulation

length, L = 251.2 Å, was obtained from the angular

position of the bilayer peaks (Fig. 1). Similar bilayer

patterns were obtained for a total of seven samples

(dNb = 250, 200, 150, 120, 90, 60 and 20 Å) with a fixed

Ni thickness of nominal value dNi =20 Å. The solid line

in Fig. 2 represents a linear fit to the L · dNb plot,

whose ordinate at dNb = 0 gives the actual Ni layer

averaged thickness of 18.7 Å. Its angular coefficient

works as a correction factor that multiplied by dNb

gives the actual Nb layer thickness.

Therefore the actual composition of sample Ni/Nb-

A was found to be Ni(18.7 Å)[Nb(232.5 Å)/

Ni(18.7 Å)]9. The inset of Fig. 1 shows the high-angle

diffraction pattern for sample Ni/Nb-A. The peaks

obtained in this high-angle region are associated with

scattering from individual Nb and Ni layers with (110)

and (111) textures, respectively. In the rest of this

paper some remarkable superconducting properties of

sample Ni/Nb-A, mainly related to a dimensional

crossover of the vortex system, will be discussed.

Those properties were measured with a Superconduct-

ing Quantum Interference Device (SQUID), model

MPMS-5, made by Quantum Design Co.
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Fig. 1 Small and high angle (inset) X-ray diffraction patterns for
a multilayer sample with actual composition Ni(18.7 Å)
[Nb(232.5 Å)/ Ni(18.7 Å)]9
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Results and discussion

Figure 3 shows the magnetic moment (M) of sample

Ni/Nb-A measured as a function of temperature for

several applied fields perpendicular to the layers. Zero

Field Cooling (ZFC) and Field Cooling measured on

Cooling (FCC) processes were employed, although

only the ZFC measurements are shown here for clarity.

For the higher fields one sees a monotonic increase of

M when T decreases, attributed to the ferromagnetic

response from the Ni layers. The temperature at the

onset of transition corresponds to the bulk nucleation

of superconductivity, associated with the upper critical

field. A vortex decoupling temperature, Tdec, was

defined at the point where the M · T curve changes

its slope, producing a clear knee for fields between 0.5

and 3.0 kOe as shown in the inset of Fig. 3.

Figure 4 presents some characteristic H · T lines,

extracted from the measured M · T curves for H

perpendicular and parallel (not shown here) to the

multilayers. The filled triangles and the crossed

circles represent the upper critical fields, parallel

ðHab
c2 Þ and perpendicular ðHc

c2Þ , respectively. For

temperatures above 5.8 K both Hc2 lines show an

almost linear behavior, as expected for a 3D nucle-

ation field [20]. Around T* = 5.42 K Hab
c2 changes

dramatically, going up very rapidly for T < T*. This

anomaly is interpreted to be a signature of dimen-

sional crossover, fitted here (dashed line in Fig. 4) by

H2DðTÞ ¼ 27:8 ð1� T=5:38Þ1=2 , which follows exactly

the temperature dependence predicted for a 2D

behavior [11]. A reasonable interpretation for the

crossover region of Hab
c2 around T* was possible by

using the following expression [11] based on the

Lawrence-Doniach (LD) [21] theory for Josephson

coupled layers:
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Fig. 3 Magnetic moment as a function of temperature (ZFC) for
a Ni(18.7 Å)[Nb(232.5 Å)/Ni(18.7 Å)]9 multilayer under several
applied fields. The inset is an enlarged view that evidences a
clear knee in some of the M · T curves, attributed to a vortex
decoupling transition
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Fig. 4 Some characteristic lines that were extracted from the
measured M · T curves for sample Ni(18.7 Å)[Nb(232.5 Å)/
Ni(18.7 Å)]9. The filled triangles and the crossed circles
represent, respectively, the upper critical fields parallel ðHab

c2 Þ
and perpendicular ðHc

c2Þ to the layers. The open squares
represent the vortex decoupling line. The line LD represents a fit
of the Lawrence–Doniach theory and T*� 5.42 K is the crossover
temperature where the vortex system undergoes a dimensional
transition. The other fitted lines are explained in the text
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Fig. 2 Multilayer modulation length as a function of the nominal
Nb thickness. The angular coefficient of the fitted straight line is
a factor that multiplied by dNb gives the actual Nb thickness and
the ordinate at dNb = 0 gives the actual Ni layer thickness
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Hab
c2 Tð Þ � nab Tð Þ nc Tð Þ Hc

c2 Tð Þ

K2 1� K2=2 nc Tð Þð Þ 2
h i 1=2

:; ð1Þ

where [20] nab Tð Þ ¼ nab
0 1� T=Tcð Þ�m and nc Tð Þ ¼

nc
0 1� T=Tcð Þ�m are the parallel and perpendicular

coherence lengths, respectively, and Hc
c2 Tð Þ ¼

U0=2p nc Tð Þð Þ2 . The critical exponent m can be equal

to 1/2 (mean field regime) or 2/3 (fluctuation regime

near Tc) [22], and F 0 = 2.07 · 10–7 Gcm2 is the flux

quantum. Using these definitions and the anisotropy

parameter C ¼ nab
0 =n

c
0 , Eq. (1) can be rewritten as:

Hab
c2 Tð Þ � U0

2pCK2 1� K2 1� T=Tcð Þ2m=2 nc
0

� � 2
h i 1=2

:

ð2Þ

The solid line marked as LD in Fig.4 is a plot of Eq. 2

with nc
0 ¼ 62 Å, G = 6.6, m = 2/3, Tc = 6.9 K and

L = 250 Å. The latter two values are within 1% of the

experimentally determined values for Tc and L, and

the relatively high anisotropy parameter implies an

in-plane coherence length nab
0 ¼ 409 Å, which is a

typical value for very pure Nb bulk samples [23]. We

have verified that the exponent m = 2/3 produces a

better fit than m = 1/2, meaning that thermal fluctua-

tions are playing an important role for T > T* in the

very thin multilayers. Consistently, the perpendicular

upper critical field data was well fitted by Hc
c2 Tð Þ ¼

14 1� T=Tcð Þ2m , with m = 2/3 and Tc = 7 K, for T > T*.

Therefore, an upward curvature of Hc
c2 Tð Þ is observed

approaching Tc, instead of the expected straight line

behavior. Other explanations, connected with granular

or layered superconductors, have also been suggested

[14, 19] to account for observed upward curvatures in

the upper critical field.

It has been proposed that the anomalous increase of

Hab
c2 Tð Þ around T* happens when nc(T) decreases

below a size that allows the vortex cores to fit between

the Nb layers, hence depressing the pair braking

mechanism due to electronic orbital effects [11]. This

special situation corresponds to ncðT�Þ ¼ K=
ffiffiffi
2
p

and

makes Eq. 1 go asymptotically to infinity when

approaching T* = 5.42 K. This means that for T < T*

the perpendicular coherence length becomes smaller

than L, thus suppressing the coupling between the

layers and establishing a 2D regime. However, even for

T < T* the Hc
c2 Tð Þ line still retains its almost linear T

dependence expected for a 3D regime, since there are

no geometrical restrictions upon nab(T). In the case of

sample Ni/Nb-A, where L � 251 Å from the X-ray

analysis, one gets ncðT�Þ ¼ K=
ffiffiffi
2
p
� 177 Å, in good

agreement with the value calculated by nc(T* ) =

62(1–5.42/6.9)–2/3 � 174 Å. This result corroborates

strongly the hypothesis of dimensional crossover as

discussed above.

The open squares in Fig. 4 represent the decou-

pling line, Hdec (T), associated with the decoupling

temperatures, Tdec(H). This Hdec(T) line is quite

different from what has been observed in the highly

anisotropic high-Tc crystals [24], especially in Bi-2212

[15, 16]. Much possibly this is a consequence of the

different underlying physics involved in the Ni/Nb

multilayers, where it is imperative to take into

consideration the role played by the ferromagnetic

Ni layers and their induced proximity effects [1]. By

now we have no conclusive interpretation about the

Hdec(T) data, so the experimental points in Figs. 4

and 5 are connected by a dotted line only to provide

a guide to the eyes. However it is noteworthy that

this line starts effectively around T* and gradually

approaches the Hc
c2 Tð Þ data (crossed circles) going

to lower temperatures, as shown in a detailed view of

Fig. 5. This figure displays also the irreversibility line

(filled circles), Hir Tð Þ ¼ 15:9 1� T=7ð Þ2:1 , which was

fitted to the irreversibility points defined at the

departure temperature between the ZFC and FCC

measurements. Here it should be noted the occur-

rence of an interesting crossing point between the

Hir(T) and Hdec(T) lines near T*, for H � 700 Oe

(see inset of Fig. 5). This could indicate that the

irreversibility line might be associated with a depin-
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Fig. 5 The crossed circles, open squares and closed circles
represent the Hc

c2 Tð Þ , Hdec(T), and Hir (T) lines, respectively,
for sample Ni(18.7 Å)[Nb(232.5 Å)/ Ni(18.7 Å)]9. The inset
illustrates the criterion used to identify the irreversibility points
in the M · T curves, at the departure temperature between the
ZFC and FCC measurements
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ning or melting transition [24] of a system of 3D

vortex lines for T > T*, or a system of 2D vortex

pancakes confined in the Nb layers for T < T*. More

work are on the way in sample Ni/Nb-A as well as in

other multilayered samples, aimed at a more com-

plete explanation of their rich H T diagram, and the

results will be published elsewhere.

Conclusions

Ni/Nb multilayered films were prepared by magnetron

sputtering and their actual layer thicknesses were

determined by small angle X-ray diffraction. Magne-

tization curves as a function of temperature (for

several applied magnetic fields) and as a function of

field (for several fixed temperatures) were measured in

a sample with composition Ni(18.7 Å)[Nb(232.5 Å)/

Ni(18.7 Å)]9. The upper critical field lines parallel,

Hab
c2 Tð Þ , and perpendicular, Hc

c2 Tð Þ , to the layers and

a decoupling line, Hdec(T), provide consistent signa-

tures for a 3D-2D dimensional crossover of the vortex

system. Below the crossover temperature, T* = 5.42 K,

a 2D regime is well described by Hab
c2 Tð Þ � (1 – T/

5.38)1/2, while for T > T* a 3D regime follows an

almost linear dependence. An irreversibility line,

Hir(T)� (1–T/7)2.1, was also established and seems to

be associated with a depinning or melting transition of

the system of 3D vortex lines for T >T*, or the system

of 2D vortex pancakes for T < T*.
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