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Coupling phenomena in superconducting Nb/Fe multilayers
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We measured the critical temperatureTc and critical fieldHc2 of molecular-beam epitaxy-grown Nb/Fe
multilayers in which the layer thicknessestFe andtNb are systematically varied. For constanttNb we observe a
continuous decrease ofTc with increasingtFe up to tFe515 Å. At higher tFe values a sudden drop ofTc is
measured related to the onset of ferromagnetism in the Fe layers. Measurements of the shape and the angular
dependence ofHc2(T) clearly show that the superconducting Nb layers are already decoupled fortFe

512 Å, magnetization measurements, however show that the Fe layers are ferromagnetic only fortFe

>16 Å. For constanttFe525 Å, the observed strong decrease ofTc with decreasing Nb thickness as well as
the temperature dependence ofHc2 are well described by the theoretical model for decoupled superconductor/
ferromagnet multilayers.@S0163-1829~98!04110-1#
s
to
y

ll

.
e

tu

-

ian
en
t

an
g

er

ith

in
d

no

ec

fer-

ed,

er

s,
de
ass

n
he

he
al-

d by
d

s
f

he
run,
ate
es.
as
6

id
rop-
dif-
INTRODUCTION

The interaction between superconductivity~S! and ferro-
magnetism~F! has been intensively studied during the la
decades through the proximity effect in superconduc
ferromagnet~S/F! multilayers. Theoretical investigation b
Radovic et al.1 and Buzdin and co-workers,2 based on the
Usadel equations, predicted the existence of the so-ca
p-phase state in S/F multilayers for specific thicknesses
the F layer, assuming that the S layers are still coupled
this case the phase difference of the order parameter betw
two neighboring S layers equalsp, and Tc is predicted to
oscillate as a function of the thicknesstF of the ferromag-
netic layers. Although early experiments on V/Fe~Ref. 3!
suggested this oscillatory behavior, a more systematic s
of the V/Fe system by Koorevaaret al.,4 and on Nb/Gd triple
layers by Strunket al.,5 showed no evidence for an oscilla
tory behavior. FinallyTc(tF) oscillations in Nb/Gd multilay-
ers with wedge-shaped Gd layers were reported by J
et al.6 Although the data showed a qualitative agreem
with the theory of Radovicet al.,1 no quantitative agreemen
was obtained.

Recently, Kuboya and Takanaka7 calculatedTc for S/F
multilayers using the formalism developed by Takahashi
Tachiki.8 For ferromagnetic layers with a sufficiently stron
exchange field the existence of aTc(tF) minimum, without
the appearance of aTc(tF) maximum, is predicted. This
might explain why several experiments on S/F multilay
failed to observeTc oscillations. On the other hand, Mu¨hge
et al.9,10 recently found a nonmonotonic behavior ofTc in
Fe/Nb/Fe trilayers. They attribute the appearance of thisTc
oscillation to a changing interaction of the Cooper pairs w
the Fe layers when Fe becomes ferromagnetic.

In order to elucidate the importance of the magnetic
terlayer on the coupling properties, we investigated the
pendence of the superconducting critical parametersTc ,
Hc2i(T), andHc2'(T) on tFe in Nb/Fe multilayers. Prelimi-
nary results have been published in Ref. 11. We did
observeTc oscillations, but a sudden drop ofTc appears
when the Fe layers become ferromagnetic attFe.15 Å. This
steplike feature is attributed to a larger pair breaking eff
570163-1829/98/57~10!/6029~7!/$15.00
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when the Fe layers change from the nonmagnetic to the
romagnetic regime with increasingtFe. We show that for
tFe512 Å the Nb layers are already completely decoupl
although the Fe remains nonmagnetic untiltFe516 Å. In the
second part we compare the theory of Radovicet al. for the
special case of decoupled S/F multilayers12 with the change
of Tc and Hc2(T) in multilayers with varying tNb . The
strong decrease ofTc with decreasingtNb and the critical
field curves are all well described by this model.

EXPERIMENT

The Nb/Fe multilayers were prepared in a Rib
molecular-beam epitaxy system~base pressure 2
310211 mbar! using electron beam evaporation hearth
which were rate stabilized to within 1% by a homema
feedback control system using Balzers quadrupole m
spectrometers. The Nb and Fe~purity .99.9% and
99.996%! were evaporated at a typical rate of 1 Å/s o
MgO~100! substrates held at 150 °C during deposition. T
substrates were cleanedex situby rinsing in isopropyl alco-
hol and drying in a dry N2 flow, and in situ by annealing at
600 °C during 15 min. The top and bottom layers of t
multilayer are Fe, so that the superconducting layers are
ways sandwiched between Fe. The top Fe layer is cappe
20 Å of Nb to prevent oxidation. The first set of analyze
multilayers has a constanttNb5400 Å, with 2 Å,tFe
,34 Å, and 5 Nb/Fe repetitions, indicated a
@Nb~400 Å!/Fe(tFe)#5 . The second set of films consists o
multilayers having a constanttFe525 Å, but with tNb vary-
ing between 250 Å and 670 Å, and 3 Nb/Fe repetitions. T
latter set of samples was prepared in one evaporation
making use of a movable shutter in front of the substr
holder to vary the Nb thickness for the different sampl
The set of multilayers having a variable Fe thickness w
made in a similar way, by four consecutive runs of 5 or
samples, making sure to have an overlap~in the grown Fe
thicknesses! of at least one sample from run to run. We d
not observe any systematic differences in the structural p
erties and resistivity values between samples grown in a
ferent run.
6029 © 1998 The American Physical Society
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The structural characterization was done by both low- a
high-anglex-ray-diffraction measurements using a Riga
rotating anode diffractometer with a wavelength
1.542 Å (CuKa). As can be seen in Fig. 1~a! for
@Nb~565 Å!/Fe~25 Å!#3 , the high-angleu-2u measurements
clearly show the Nb~110! and Nb~200! Bragg reflections at
2u538.9° and 55.75°, respectively. The typical full width
half maximum of the rocking curve of these peaks is 4
and 1.0°, respectively. The intensity of the Nb~200! peak is 5
to 10 times larger than the intensity of Nb~110!. The material
peaks of the Fe could not be observed.

The low-angle-diffraction profiles confirm good layerin
quality and show that the bilayer thicknesses are within
of their nominal values. The final calibration of the thic
nesses was based on the low-angle-diffraction results.
have done simulations of the low-angle x-ray profile us
theSUPREXprogram13 to estimate the roughness at the Nb/
interfaces. Figure 1~b! shows the measured and simulat
low-angle profile for a@Nb(565 Å)/Fe(25 Å)#3 multilayer.

FIG. 1. ~a! High-angle diffraction profile of the
Nb~565 Å!/Fe(25 Å) multilayer.~b! Measured and simulated low
angle x-ray-diffraction profile of the same multilayer. The simu
tion is calculated using theSUPREXprogram~Ref. 12! assuming an
interface roughness of 6.5 Å.
d

°

e

For the simulation, an interface roughness of 6.5 Å was us
since this value reproduces best the angle at which the B
peaks start to disappear~around 2u53.4°!. For higher
roughness values, the Bragg peaks disappear alread
angles smaller than 3°, while for smaller interface roughn
the peaks above 2u53.6° are too much pronounced com
pared to the measured profile. Therefore we conclude fr
the simulations that the interface roughness is about 6.5

Magnetic measurements were performed by a superc
ducting quantum interference device~SQUID! magnetometer
enabling to determine the magnetic state of the Fe lay
The superconducting critical parametersTc , Hc2i(T), and
Hc2'(T) were measured resistively using a standard fo
probe method in a He3 Oxford cryostat equipped with a 7 T
magnet. TheTc andHc2 values were defined as the temper
ture or the field at the midpoint of the residual normal-st
resistance. The 10–90 % transition width atTc is about 50
mK. For tNb5400 Å, the resistivity of the multilayers is
about 21.5mV cm at room temperature and 4.7mV cm at 10
K, independent oftFe. For the multilayers with constanttFe,
r ~300 K! decreases from 19.2 to 16.9mV cm for tNb chang-
ing from 360 to 670 Å, whiler ~10 K! decreases from 2.5 to
1.6 mV cm. The value ofr ~10 K! depends on the Nb thick
ness as 1/tNb . The slope ofr(1/tNb) is too large to explain
this behavior by surface scattering according to the Fuc
Sondheimer theory.14 These data can however be fitted b
the model of Mayadas and Shatzkes15 for grain-boundary
scattering, assuming that the grain size grows with the
thickness.

RESULTS AND DISCUSSION

A. Magnetic properties of the Fe layers

Magnetization measurements atT510 K.Tc of
@Nb~400 Å!/Fe(tFe)#5 multilayers show that the Fe layers a
not ferromagnetic fortFe,16 Å. In parallel applied field, a
paramagnetic signal is observed whentFe<14 Å. The
M (H i) data measured up to 4 T for tFe56 Å and tFe
512 Å show that the magnetization increases linearly at l
fields, and is not saturated at 4 T. However, at low tempe
tures an important contribution to the measured magnet
tion is caused by magnetic impurities in the MgO substra
In order to substract the contribution of the substrate,
afterwards removed the multilayer by chemical etching. S
straction of the magnetization of the pure substrate from
initial data, shows that within the experimental error there
no contribution of the Fe layers of that thickness to the m
netization.

For perpendicular fields, the field dependence of the m
netization for the multilayers withtFe56 Å andtFe512 Å is
similar to that for parallel applied field. Therefore, we co
clude that fortFe,14 Å the Fe is nonmagnetic. This migh
be due to~i! the proximity of the nonmagnetic Nb layers,~ii !
the presence of a discontinuous Fe film for very small thi
nesses,~iii ! the admixture of Fe and Nb at the interfac
leading to the formation of a nonmagnetic FeNb alloy.16 The
latter was observed in Fe/Nb/Fe trilayers by Mu¨hge et al.10

From the value for the roughness at the Nb/Fe interfac
obtained from simulating the low-angle x-ray spectrum,
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57 6031COUPLING PHENOMENA IN SUPERCONDUCTING Nb/Fe . . .
conclude that the absence of ferromagnetic order for sm
Fe thicknesses must primarily be due to alloying effects
the interfaces.

The nonmagnetic behavior of the Fe is most likely rela
to the formation of resonantd-electron states, which ar
strongly mixed with states in the Nb conduction band. Wh
the width of these resonant states is large enough, the
impurity is occupied with both spin-up and spin-down ele
trons, which leads to the formation of a nonmagnetic st
However, fluctuations at localized spins are still possib
for a short time a magnetic moment might exist due to
time-dependent changes in the occupation numbers for
electrons with spin-up and spin-down.

For tFe514 Å a jump appears inM (H') at approximately
670 G @Fig. 2~a!# exhibiting a small hysteresis of about 2
G. However the remanent magnetization is still practica
zero. This might indicate a tendency of the Fe magnetic m
ment to lie perpendicular to the plane of the layers, althou
no macroscopic ferromagnetism is established yet. This
usual behavior can be attributed to a gradual change from
nonmagnetic to the ferromagnetic regime, sincetFe514 Å is
the largest Fe thickness for which no long-range ferrom
netism is observed.

The M (H) curves fortFe>16 Å are typical for a ferro-
magnet with its magnetization in the plane of the film,
shown in Fig. 2~b! for tFe516 Å. In Fig. 3 we plot the value
of the magnetization per unit surface area atH i5200 G as
function of tFe. The solid line is the expected result for fe
romagnetic Fe having the bulk magnetic moment~2.2mB per
atom!. From the figure we can see that the saturation m
netization fortFe516 Å and 34 Å is consistent with the bul
moment of Fe assuming that every Fe layer contains a

FIG. 2. Magnetization vs applied field measured atT510 K for
the samples withtFe514 Å ~a!, and tFe516 Å ~b!. The data have
been corrected for the contribution of the substrate.
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layer of about 13 Å that is not contributing to the magne
zation. This means that a thin layer corresponding totFe
'6.5 Å at each Nb/Fe interface is magnetically dead,
agreement with the SQUID measurements fortFe512 Å.

B. Critical temperature and dimensional crossover

Figure 4 shows the critical temperatureTc as function of
the Fe thickness for the multilayers with fixedtNb5400 Å.
The 10–90 % width of the resistive transition from the no
mal to the superconducting state is about 45 mK fortFe
,15 Å, and 65 mK fortFe.19 Å. For the first two Fe thick-
nesses which are ferromagnetic, the 10–90 % width of
transition is considerably larger: 630 mK fortFe516 Å,
and 360 mK fortFe520 Å. This might be due to fluctuation
in the Fe thicknesses resulting in different magnetic prop
ties of the Fe at different places.

FIG. 3. Magnetization per unit surface area atH i5200 G vs Fe
thickness forT510 K. The solid line is the expected result for bu
Fe.

FIG. 4. Tc of Nb/Fe multilayers as function oftFe. The error
bars denote the 10–90 % width of the resistive transition in cas
is larger than the symbol size. The onset of the ferromagnetic s
of the Fe layers is based on SQUID measurements performed a
K. The distinction coupled/decoupled regime is based on the an
sis of the critical field data.
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6032 57G. VERBANCK et al.
A smooth decrease ofTc as function oftFe is observed up
to tFe514 Å. After a sharp drop ofTc at tFe'15 Å, theTc
value becomes independent of the Fe thickness, whic
typical for decoupled Nb layers. The drop inTc cannot be
explained due to different sample preparation conditio
since the samples with 8 Å,tFe,18 Å are grown in the
same run. The origin of the steplike feature inTc(tFe) is
probably related to the onset of long-range ferromagn
order in the Fe layers producing a larger pair-breaking eff
A similar step has been observed in Nb/Gd/Nb trilay
when the Gd layer becomes ferromagnetic.5 We did not ob-
serve an increase ofTc for tFe slightly larger than the value
necessary for the onset of ferromagnetism, as recently
ported for Fe/Nb/Fe layers.9

The strong decrease ofTc for small Fe thicknesses can b
explained by the presence of the nonmagnetic Fe reso
states. Experiments by Boato and co-workers17 showed that
nonmagnetic resonantd states, formed when Fe-group tra
sition impurities are added into Al, depress the critical te
perature much faster than nontransition metal impurities.
origin of this reducedTc is a weakened attraction of th
electrons in a Cooper pair. When such a pair is scattered
a resonant level, the paired electrons, having opposite sp
feel a strong repulsion due to the Coulomb interaction.18

To determine at which Fe film thickness the superc
ducting sheets become decoupled, we measured the u
critical field Hc2(T) as shown in Fig. 5. A typical example o
the upper critical field curves for the samples in the regi
where the superconducting layers are not completely de
pled, is shown in Fig. 5~a! for tFe55.7 Å. At the temperature
T* , indicated by the arrow in the figure, there is an upturn
Hc2i(T). A similar upturn was observed in all the sampl

FIG. 5. Hc2i and Hc2' for the multilayers withtFe55.7 Å ~a!
andtFe512 Å ~b!. The solid line in~b! shows the fitted temperatur
dependence using Eq.~1!.
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with tFe<10 Å. T* gradually approaches the critical tem
perature astFe increases, coinciding withTc for tFe.10 Å.
By using the Ginzburg-Landau~GL! formulas for anisotropic
superconductors we can determine the perpendicular
parallel coherence lengthj'(T) and j i(T) and hence the
dimensionality. AtT* and for tFe55.7 Å we find j'(T* )
5280 Å andj i(T* )5640 Å. For T.T* , j'(T) becomes
soon larger than the thickness of an individual Nb lay
(5400 Å), showing that the Nb layers are coupled. Since
this regionj i(T) is smaller than or comparable to the tot
thickness ('2000 Å), the behavior is three-dimension
~3D! as can be seen from the linear dependence ofHc2i(T).
At lower temperatures,T,T* , j',tNb and the Nb layers
become decoupled, leading to 2D behavior due to the lim
Nb thickness.

The crossover temperaturesT* can be well reproduced
assuming that the crossover appears whenj'(T) becomes
equal to a fixed thicknesstcr5301 Å for all the multilayers
that are coupled close toTc . The value fortcr is very close to
the effective superconducting thickness of the Nb laye
which equals 310 Å or about34 of the real Nb thickness, a
deduced from the samples in the decoupled regime.

In contrast to the multilayers withtFe<10 Å, the ob-
served temperature dependence ofHc2i for tFe512 Å @Fig.
5~b!# is well described by the relation valid for a 2D film i
a parallel field@the solid line in Fig. 5~b!#,

Hc2i~T!5Hc2i~0!~12T/Tc!
1/2. ~1!

The good agreement between theory and experiment up tTc
is a clear sign that the Nb layers are decoupled, since
total sample thickness~about 2000 Å! is too large to have 2D
behavior over the whole temperature range if the superc
ducting layers were not decoupled. Moreover the angu
dependence ofHc2 is also correctly described by th
Tinkham formula for an individual thin film19 throughout the
whole temperature range,11

Hc2~u!usin~u!u/Hc2'1@Hc2~u!cos~u!/Hc2i#
251. ~2!

The valuetFe512 Å is substantially smaller than the typic
thickness needed to decouple the S layers in supercondu
insulator multilayers, which is about 30–50 Å.20

In the decoupled regime,Hc2i(0) andHc2'(0) should be
independent of the Fe thickness. Indeed, for the multilay
with ferromagnetic Fe layers with 16 Å<tFe<34 Å, a maxi-
mum difference of 10% was found inHc2(0), showing no
systematic dependence ontFe. We would also like to remark
that for tFe>12 Å the effective superconducting thickness
the Nb layers, determined from the critical fields, is for t
samples both in the ferromagnetic and the nonmagnetic
gimes equal to 310 Å. This value is substantially smal
than the realtNb5400 Å, proving that the suppression of th
superconducting order parameter does not start at the N
interface but well inside the Nb layers.

C. Critical temperature and field in the decoupled regime

In order to investigate the influence of the Nb thickne
on the superconducting properties of the multilayer in
decoupled regime, we measuredTc and Hc2(T) for struc-
tures with a constanttFe525 Å and varyingtNb . As shown
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57 6033COUPLING PHENOMENA IN SUPERCONDUCTING Nb/Fe . . .
in Fig. 6,Tc decreases rapidly with decreasing Nb thickne
For the sample with the largest Nb thickness, the criti
temperature is still considerably lower than for bulk Nb,
though the thickness is much larger thanj~0! ~5130 Å for
bulk Nb, as determined from a 2000 Å-thick single Nb film!.
For comparison, a single Nb film of 300 Å thickness ha
Tc58.7 K.

The reduction ofTc with decreasingtNb is well described
by the model for decoupled S/F multilayers developed
Radovicet al.12 In the framework of this model the critica
temperature is given by

ln~Tc /Tc0!5c~ 1
2 !2Re c~ 1

2 1r* Tc0 /Tc!, ~3!

wherec is the digamma function andTc0 the bulk critical
temperature. The pair-breaking parameterr* at Tc can be
calculated using Usadel’s equations for the pair amplitudeFS
in the superconductor. As a result it is found thatr* is de-
termined by the following set of equations:

w0 tan~w0!5~11 i !
tNb /jS

«
,

w05
kstNb

2 U
T5Tc

,

ks
252r* /js

2. ~4!

This means thatTc depends ontNb , the coherence lengthjS
@that is related to the GL coherence length byjS
52jGL(0)/p# and the material parameter«5jF /hjS. Here
jF is the penetration depth of the Cooper pairs into the
romagnet andh has its origin in the generalized de Genne
Werthamer boundary condition that has to be fulfilled at
S/F interface forFS andFF , the pair amplitude in the S an
F layer, respectively:

]

]x
ln FS5h

]

]x
ln FF . ~5!

FIG. 6. The normalized critical temperatureTc /Tc(bulk Nb) vs
tNb for decoupled Nb/Fe multilayers. As explained in the text,
dashed line is a one parameter fit to the theory of Ref. 12 usin«
53.77 and takingjS582.0 Å as for a 2000-Å-thick single Nb film
The solid line is a two-parameter fit resulting in«53.36 andjS

577.76 Å.
.
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In the dirty limit for specular scattering,h5sF /sS, the ratio
of the normal-state conductivities.

The parallel and perpendicular upper critical fields c
then be calculated in a similar way by introducing a prop
modification ofr* . For a perpendicular applied field

r* 5r* ~Tc!1
pHc2'

f0
js

2. ~6!

In the presence of a parallel applied field, the assumptio
made that the individual S layers are thin enough, so that
nucleation of superconductivity starts in the middle of t
film. In this case the equation for the pair-breaking parame
in a parallel applied field becomes

r* 5r* ~Tc!1
g~w0!

24f0
2 ~2pHc2itNbjs!

2, ~7!

with g a function that is only dependent onw0 . We remark
that for the calculation of the critical fieldsno additional
parametersare introduced.

To fit the Tc(tNb) data to the model of Radovic, usin
Eqs.~3! and~4!, there is in principle only one free paramet
«, sinceTc0 and jS can be obtained in an independent w
from a thick single Nb film. For a 2000 Å Nb film we foun
Tc059.15 K andjS582 Å. Using these results, the best
to the measured critical temperatures yields«53.77, the
dashed line in Fig. 6. Since there are no free parame
anymore the critical fields can now be calculated. The
tained values forHc2' andHc2i are however systematicall
lower than the measured ones.

To get a better agreement between the model and the d
we therefore used« andjS as fit parameters, but still keepin
Tc059.15 K. The solid line in Fig. 6, which is the best fit t
the measured critical temperatures, was obtained by u
«53.36 andjS577.8 Å, a value which is not far off from
the previously mentioned 82 Å for Nb. This value forjS is
also the same as the one reported by Strunket al.5 for Nb/Gd
trilayers and multilayers. There is a very good agreem
betweenTc(tNb) and the model, with the two-parameter
describing the experimental data slightly better. By extra
lating both fits toTc50 we see that the critical thickness fo
superconductivity is about 315 Å, explaining why
multilayer with tNb5250 Å did not become superconductin

In Figs. 7 and 8 we compare our data for, respective
Hc2'(T) andHc2i(T) with the model calculations using Eqs
~6! and ~7!, and using the result of the two-parameter fit
Tc(tNb), i.e., «53.36 and jS577.8 Å. There is a good
agreement between the model~dashed or solid lines! and the
experimental data points, especially fortNb5360 Å andtNb
5456 Å. The deviations inHc2i(T) for tNb>566 Å at low
temperatures are due to a crossover of the Nb layers from
to 3D behavior. This crossover, appearing when vor
nucleation takes place, cannot be reproduced by the m
since the S layers were assumed to be 2D.

An attempt to fitTc andHc2 using for the different mul-
tilayers the valuejS based on the resistivity values failed. I
this approachjS was determined from the BCS GL
coherence length21 taking for the electron mean-free pathl
the values obtained from the productr10 Kl 53.75
310216 Vm2 for Nb.22 It was however impossible to fi
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6034 57G. VERBANCK et al.
Tc(tFe) using a constant« value. An« value, varying with
thickness, did not allow to fit the observed critical fields.

From the obtained value for« we can make an estimate o
the interface parameterh. Since a Fe layer of 12 Å com
pletely decouples the Nb layers,jF must be of the order of 6
Å, assuming that the decay of superconductivity into the
layers starts at the S/F interface. From the equationh
5jF /«jS we then find thath should be about 0.023. Wheth
this value is plausible can be checked from the resistivi
for Fe and Nb. The measured residual resistivity for a 4
Å-thick single Nb film equalsrNb52.7mV cm. The value
h50.023 then impliesrFe5115mV cm. This value is not
unreasonable, since the resistivity at 4.2 K of a single Fe
of 20 Å, covered with SrF2 to prevent oxidation, was foun
to be 30mV cm.

CONCLUSIONS

We studied the superconducting and magnetic prope
of Nb/Fe multilayers grown on MgO~001!. We have shown

FIG. 7. Hc2'(T) for the same samples as in Fig. 5. The lines
the model calculations using«53.36 andjS577.76 Å as explained
in the text.
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that the superconducting Nb layers become decoupled b
layers of only 12 Å thickness. Magnetization measureme
revealed that for this thickness the Fe layers are still
ferromagnetic. Long-range ferromagnetism occurs only
tFe.15 Å, resulting in a steplike drop ofTc(tFe) at this
thickness. Since we did not observeTc oscillations vstFe a
superconductingp-phase state is not present in our multila
ers. This is due to the nonmagnetic behavior of the Fe la
for small tFe and the decoupling of the Nb layers when the
is ferromagnetic. Finally we showed that bothTc andHc2 as
a function of Nb thickness are very well described by
theory of Radovicet al. for the decoupled multilayers.
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