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SuperconductorÕferromagnet proximity effect in FeÕPbÕFe trilayers
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We report on measurements of structural, superconducting, and magnetic properties of trilayer and bilayer
systems combined of superconducting Pb and ferromagnetic Fe. The Pb/Fe layers can be grown on Al2O3 with
reasonably flat interfaces, there is no alloying of the components at the interface and Fe is found to be
ferromagnetic down to the monolayer range. This is a favorable situation for anS/F proximity system, since
it corresponds closely to the situation treated in theoretical models. We find an oscillation of the supercon-
ducting transition temperature when plotted versus the thickness of the ferromagnetic layer, which we regard
as a clear indication of an unconventional, propagating superconducting pair wave function in the Pb/Fe
system. We fit our results using recent theoretical model calculations and find evidence for a strongly reduced
transparency of the Pb/Fe interface. We regard this as an essential feature of the proximity effect in Pb/Fe and
discuss its physical origin.
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I. INTRODUCTION

In recent years one notices an increasing interest in
classical proximity effect between superconducting~S! and
ferromagnetic~F! thin layers.1–10 This, on the one hand, i
due to the recent progress in the preparation of high qua
metallic multilayer systems and, on the other hand, m
vated by the actual theoretical interest in unconventional
perconducting states. Model calculations for the superc
ducting state in aS/F-multilayer systems indicate th
possible existence of a superconducting order param
shifting by p when crossing a ferromagnetic layer (p-wave
superconductivity!11 or the existence of a propagating cha
acter of the superconducting wave function in the ferrom
netic sublayers @Larkin-Ovshinikov-Fulde-Ferrel~LOFF!
state#.12

The most spectacular experimental result concerning
proximity effect inS/F layered systems in recent years w
the observation of aTc(dF) curve with a definite maximum
when plotting the superconducting transition temperatureTc
versus the thickness of the ferromagnetic layerdF .3,4 A su-
perconductingTc increasing with the thickness of the ferro
magnetic layer as observed, e.g., in Nb/Gd and Nb/Fe c
tradicts the physical intuition, since it is expected that
strong exchange field in the ferromagnet should destroy
superconductivity.

Actually there is no consensus in the literature concern
the origin of the nonmonotonicTc(dF) curve. First it has
been interpreted as an indication of ap-wave superconduct
ing state at the ferromagnetic layer thickness correspon
to the maximum in Tc(dF).3 However, this conclusion
turned out to be premature, since the character of the
interface in theS/F systems complicates the physical situ
tion considerably. In most experimentalS/F systems studied
PRB 610163-1829/2000/61~5!/3711~12!/$15.00
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until now there is some alloying at the interface due to int
diffusion of the components. Thus there is no sharpS/F
interface but a continuous change of the superconducting
ferromagnetic properties when crossing the interface. In
system Nb/Fe, e.g., the first ferromagnetic layer only occ
for a nominal thicknessdFe57 Å,4,5 similarly, in the Nb/Gd
system, the onset of ferromagnetism is observed at a nom
Gd thicknessdGd512 Å.2,3 Since in both systems the ons
of ferromagnetism marks the onset the nonmonotonicTc(dF)
curve, it has been concluded that the alloyed interface
essential for the structure in theTc(dF)-curve. In our previ-
ous work on Fe/Nb/Fe trilayers, we have developed a co
sponding model for the explanation of theTc maximum.5

In any case, the alloyed interface inS/F systems compli-
cates the situation and has the tendency to obscure the i
esting physics which is predicted for sharpS/F interfaces in
the theoretical model calculations.11 Therefore it is highly
desirable to find aS/F system without alloying at the inter
face and a sharp onset of ferromagnetism in the range of
monolayer .

We have chosen the Pb/Fe system, guided by the very
solubility of both metals even in the liquid state13 which
suggests that interdiffusion at the interface is negligible. A
tually this system was among the first in which theS/F
proximity effect has been studied.14 However, the growth
properties of the Pb/Fe layered system is rather problem
and due to a rather large roughness of the interfaces,
preliminary results on the Pb/Fe samples published in R
15 were rather disappointing, not showing any oscillation
theTc(dFe) curve. In the meantime we were able to impro
the structural quality of the Pb/Fe layered system definit
by optimizing the rf sputtering process.16 The samples we
report on here have reasonably flat interfaces and show
tails in theTc(dFe) curve which, by comparison with mode
3711 ©2000 The American Physical Society
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calculations, allows deep insight into the essential feature
the S/F proximity effect.

The paper is organized as follows. After a brief outline
the thin film preparation and the structural properties
present the results of the magnetization and the trans
measurements.

Then we come to a further main issue of the present
per, namely, the problem of deriving the microscopic para
eters determining the proximity effect by fitting the expe
mental results by theoretical model calculations. We fi
apply the theory of Radovicet al.,11,17 which is established
as the standard theory for the interpretation of experime
results on theS/F proximity effect in the literature. We poin
out an important inconsistency when applying this theo
concerning the parameter characterizing the interface.
will be shown in detail, this inconsistency can be traced b
to the boundary conditions for the superconducting wa
function at theS/F interface introduced by Radovicet al.
This boundary condition implies a high quantum mechan
transparency of theS/F interface. In real systems the ex
change splitting of the conduction band of the ferromagn
layer leads to strong specular reflection of the conduc
electrons. This limits the transparency of the interface dr
tically.

Therefore we apply a new theory for theS/F proximity
effect published recently,18 which is a generalization of the
Radovic theory and takes the finite transparency of the in
face explicitly into account. We show that by fitting the e
perimental results by this theory we get a consistent pic
and can derive a realistic set of microscopic parameters
cluding the numerical value for the quantum mechani
transparency of theS/F interface.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The samples were prepared by rf sputtering
Al2O3 (112̄0) substrates kept at room temperature us
pure Ar ~99.99%! as sputter gas. The base pressure of
system was 831028 mbar after cooling with liquid N2. Pure
Pb~99.999%! and Fe~99.99%! targets were used, the growt
rate was controlled by a quartz crystal monitor. Figure
shows schematically the design of the Pb/Fe bilayers
Fe/Pb/Fe trilayers prepared for the present work. All samp
were covered by a protective Mo cap layer of about 50

FIG. 1. Design of the samples studied.s12 denotes the rough
ness of the interface between the first Fe layer and the Pb laye
s23 is the roughness of the interface between the Pb layer and
second Fe layer.
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thickness. We studied the possibility of using of Au, Al, an
Mo as materials for the protective layer and found by Aug
electron spectroscopy analysis that complete covering of
Fe layer can only be achieved using Mo.

Since in the experimental sections below we are interes
in the systematic change of the superconducting prope
when the thickness of the Fe layers varies on a scale
several Fe monolayers, the existence of flat layers and
interfaces with a small roughness is essential. We found
the growth rate for Pb is the most important parameter
termining the roughness of the interfaces.16 The optimal
growth rate for preparation of films with a small surface a
interface roughness depends on the design of the sam
For the Fe/Pb bilayers starting with Pb on Al2O3 ~right hand
side of Fig. 1! the optimal growth rate is 1.4 Å/s, for Fe
Pb/Fe trilayers, i.e., with Pb growing on Fe~left hand side of
Fig. 1! the optimal growth rate is 0.7 Å/s. For the sputteri
of Fe a much lower growth rate of 0.1 Å/s is optimal.19 As an
example proving that actually Fe/Pb bilayers can be prepa
with very flat interfaces we show in Fig. 2 a small angle
x-ray reflectivity scan using MoKa radiation of a bilayer
prepared with the optimal growth conditions. One obser
well resolved and weakly damped film thickness oscillatio
The reflectivity spectrum has been fitted numerically by
Parratt formalism20 generalized by Nevrot and Croce21 in
order to include the electron density height fluctuations at
interface. The fit gives a roughness parameters characteriz-
ing the mean thickness of the mixed interlayer of 3 Å. T
low angle x-ray scattering of the Fe/Pb/Fe trilayers revea
that the bottom interfaces12 ~see Fig. 1! has a similar small
roughness parameter of about 3 Å, whereas the top inter
s23 has a much larger roughness parameter of about 3
~for details see Lazaret al.16!. However, this roughness pa
rameters23 mainly reflects the geometrical roughness of t
Pb film grown on Fe. The top Fe film on Pb grows in a rath
flat mode, as evidenced by the FMR measurements discu
below. The features characterizing the roughness of
Fe/Pb films by the x-ray reflectivity study are corroborat

nd
he

FIG. 2. X-ray reflectivity scan measured with MoKa radiation
for Pb/Fe bilayer withdFe530 Å anddPb5260 Å prepared using
optimal deposition rate for Pb 1.4 Å/s. The solid line represent
theoretical fit using the Parratt formalism~see main text!.
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PRB 61 3713SUPERCONDUCTOR/FERROMAGNET PROXIMITY EFFECT . . .
by atomic force microscopy measurements.16 In addition,
x-ray Bragg reflection measurements we made to chara
ize the crystalline quality of the films. For the samples w
Pb grown on Fe the Pb layer is polycrystalline, for Pb gro
directly on Al2O3, the Pb layer is single crystalline with th
~111! layer in the film plane. A rocking scan at the Pb~111!
Bragg reflection reveal an out-of-plane mosaicity of 0.04

For a precise determination of the thickness depende
of the magnetic and superconducting properties ondFe or
dPb, it is essential that one series of samples is depos
under identical experimental conditions. In our experimen
setup a series of nine samples were prepared within
single run. For the preparation of the Fe/Pb/Fe trilayers w
variable dFe and constantdPb a shutter system was firs
opened completely for the simultaneous evaporation of Fe
all nine substrates arranged in an array. After a fixed time
shutter for the first sample was closed, then for the sec
one and so on with a fixed interval between the closing ti
for each subsequent sample. When the evaporation of Fe
finished, all substrate shutters were opened simultaneo
for the evaporation of the Pb layer. Afterwards the proc
for the evaporation for the top Fe layer was repeated in
same fashion as for the bottom layer. The preparation
Fe/Pb/Fe trilayers with constantdFe and variabledPb was
achieved in a similar manner. The precision for the deter
nation of the absolute thickness of the layers from the sp
tering rate or by the fitting the small angle x-ray reflectiv
spectra is about 5%. The precision which can be given
the variation of the relative thickness within one series
samples, which is more important in the following sectio
is much higher, namely about 1%.

For the present investigation we prepared five series
samples. The layer sequence, the thickness of the single
ers and the residual resistivity ratio are summarized in Ta
I.

III. FERROMAGNETISM OF THE IRON LAYER

We used measurements of the magnetization by a SQ
magnetometer and ferromagnetic resonance~FMR! in order
to characterize the ferromagnetism of the thin Fe films.
stated in the Introduction the development of the ferrom
netism with the Fe-layer thickness is important to charac
ize theS/F proximity effect.

A. Magnetization

The static ferromagnetic magnetizationM at T520 K is
measured with the magnetic field in the film plane. The f
romagnetic hysteresis loops exhibit a square shape typ

TABLE I. Series number, layer thicknessesdPb and dFe and
residual resistivity ratio~RRR! for the samples of the present stud

No. Sample type dPb (Å) dFe (Å) RRR

S749 Al2O3/Fe/Pb/Fe 730 0–52 9.3–10
S742 620 0–30 9.8–11
S724 740–2400 30 8.8–11
S808 750–3000 30 5.6–8.4
S809 Al2O3 /Pb/Fe 375–1500 30 5.2–6.8
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for thin Fe films without any noticeable change with varyin
Fe thickness. The saturation magnetization at 2 kOe is p
ted versus the nominal Fe thicknessdFe in Fig. 3 for the
Fe/Pb/Fe trilayers of the series S749~see Table I!. Within the
limits of the experimental error bars the magnetization
independent of the thickness of the Fe layer down to at le
dFe510 Å. The slight upturn of theM (dFe) curve below
dFe510 Å should not be taken seriously, since there is
increasing relative uncertainty in the determination ofdFe for
very thin layers. The constant ferromagnetic saturation m
netization coinciding with the bulk value of Fe~Fig. 3!
should be contrasted by the strongly thickness depen
magnetization obtained, e.g., in Fe/Nb.4 This result clearly
indicates that Fe is ferromagnetic down to the monola
range in the Fe/Pb system and alloying at the interface
negligible.

B. Ferromagnetic resonance

FMR measurements also possess a sufficient sensitivi
study very thin Fe layers. We performed FMR measureme
at the frequency 9.4 GHz at room temperature. As descri
in detail in Ref. 16 two FMR signals can be observed for t
Fe/Pb/Fe trilayers. One signal exhibits a twofold anisotro
when the magnetic field direction is rotated in the film plan
It belongs to the Fe film grown directly on sapphire (1120̄)
which is stongly textured with the crystallographic~110!
plane parallel to the layer surface.19 The second signal is
isotropic and belongs to the polycrystalline Fe layer on
of the Pb film.

The dependence of the isotropic FMR line parameters
the thickness of the Fe layer for the Fe/Pb/Fe trilayers fr
the series S742 is characterized in Fig. 4. Qualitatively
thickness dependence of the parameters for the anisotr
signal is similar. With decreasingdFe the FMR resonance
field H0 @Fig. 4~a!# and the FMR linewidthDH @Fig. 4~b!#
both increase monotonically belowdFe515 Å. The increase
of H0 is due to a decreasing value of the effective magn
zationMeff . Meff is determined by the saturation magnetiz
tion M and the uniaxial perpendicular anisotropy 2Ku /M by
the relation22

FIG. 3. Saturation magnetization versus the Fe-layer thickn
dFe for the serie S749 with fixed Pb-layer thicknessdPb5730 Å
measured by a SQUID magnetometer atT520 K. The dashed line
indicates the bulk magnetization of Fe.
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3714 PRB 61L. LAZAR et al.
4pMeff54pM2
2Ku

M
, ~1!

where Ku is the out-of-plane uniaxial anisotropy consta
which usually is inversely proportional todFe.22 The broad-
ening of the FMR line belowdFe515 Å and the disappear
ance of the resonance signal atdFe54 Å probably results
from the dispersion of the demagnetizing field, which a
pears due to the finite roughness of the Fe layer.23 This con-
clusion is supported by the fact that the line broadening
the anisotropic FMR signal, which belongs to the Fe la
with smaller roughness, occurs only belowdFe510 Å. Fig-
ure 4~c! shows the decrease of the integral intensityI of the
FMR signal with decreasingdFe. The dashed line indicate
the expected decrease ofI due to the decreasing volume o
the ferromagnetic layers. The deviation from the straight l
for dFe,15 Å is caused by the dispersion of demagnetiz
field at low dFe.

IV. TRANSPORT AND SUPERCONDUCTING
PROPERTIES

In this section we report on measurements of the electr
resistivity, the superconducting transition temperatureTc and
the upper critical magnetic field perpendicular to the fi
planeHc2'(T). The resistivity was measured in a standa
four terminal configuration by a low frequency ac techniq
with the current and voltage leads attached to the sampl
silver epoxy. The superconducting transition temperat
was defined as the midpoint of the transition curve. The
per critical magnetic field was also measured resistively

FIG. 4. FMR line position~a!, linewidth ~b!, and intensity~c!
versus the Fe-layer thicknessdFe for the series S742 with fixed
dPb5620 Å.
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addition, ac magnetic susceptibility measurements were u
to determineTc . In this case the temperature correspond
to half the value of the maximum transition signal was d
fined asTc .

A. Electrical resistivity

In contrast to the situation for Nb/Fe films,5 the Tc value
and the residual resistivityr0 of sputtered Pb thin films are
not very sensitive to the preparation conditions. Neverthe
we observed that the samples prepared at the optimal gro
conditions have the highest residual resistivity ratioRRR
5R(300 K)/R0.10 ~see Table I!. Using r(300 K)521
31026 V cm24 we obtain r0.231026 V cm for the re-
sidual resistivity. From this value we can calculate the dif
sion coefficientDs of the conduction electrons which w
need in the next section for a quantitative analysis of
proximity effect. In order to estimate the diffusion coefficie
Ds in Pb we use the Pippard relations25

s5e2S^ l &/12p3\, g5kB
2S/12p\^vF&, ~2!

wheres denotes the electrical conductivity,g the electronic
specific heat coefficient,vF the Fermi velocity of conduction
electrons, andl the mean free path of conduction electronsS
is the Fermi surface area and the brackets mean avera
over the Fermi surface. Combining relations~2!, one obtains

vFl 5~pkB /e!2~s/g!. ~3!

This relation permits an estimate ofvFl from the low tem-
perature conductivitys and the coefficient of the electroni
specific heat g. For our sample using g53
31023 J/K2 mole for Pb,24 we find vFsl s.2.3
3102 cm2/s.

For a single Fe film prepared at conditions identical to
Fe layer in our trilayers we obtained anRRR59. Using
r(300 K)51031026 V cm for Fe ~Ref. 24! we get r0
.1.131026 V cm and takingg5531023 J/K2 mole for
Fe,24 we derivevFml m.102 cm2/s for the Fe film.

B. Upper critical magnetic field

In order to determine the coherence length in the Pb fi
which is also needed for the quantitative analysis in the n
section, we performed measurements of the upper crit
field Hc2'(T) for a single 700 Å Pb film prepared unde
identical conditions. The Pb films withdPb,1600 Å are
type II superconductors.26 As expected for a three
dimensional superconductivity, our measurements~Fig. 5!
give a linear temperature dependence ofHc2'(T) nearTc :

Hc2'~T!5Hc2'~0!~12T/Tc! ~4!

with Hc2'(0)54.5 kOe. In the framework of the Ginzburg
Landau theoryHc2'(0) for a superconducting film is given
by Hc2'(0)5f0/2pjGL

2 (0) with f0 being the flux quantum
and jGL the Ginzburg-Landau coherence length.Hc2'(0)
value of 4.5 kOe yields a coherence lengthjGL(0)
.260 Å . The superconducting coherence lengthjs used in
Ref. 11 is related to the Ginzburg-Landau coherence len
jGL(T) via
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jGL~T!5
p

2
js~12T/Tc!

21/2, ~5!

giving js.170 Å.

C. Proximity effect

Figure 6 shows examples for the superconducting tra
tions observed by electrical resistivity and ac magnetic s

FIG. 5. Temperature dependence of the upper critical field
an orientation of the magnetic field perpendicular to the film pla
vs T for a single uncovered Pb film withdPb5700 Å.

FIG. 6. Superconducting transition curves measured by ac
ceptibility ~a! and electrical resistivity~b! for the series S724 with
dPb52400 Å ~closed triangles!, 1800 Å ~open triangles!, 1240 Å
~closed circles!, 960 Å ~open circles!.
i-
s-

ceptibility measurements for four samples from the ser
S724 with differentdPb ~see Table I!. The widths of the
transitions are typically 0.1 K, confirming the high quality
our films.

Figure 7 summarizes one central experimental resul
the present paper, namely, the dependence of the supe
ducting transition temperature on the thickness of the
layerdPb with the thickness of the Fe layer fixed at 30 Å. Th
diagram combines measurements of four series of sam
from Table I measured resistively or by ac susceptibility. A
transition temperatures fall on one universal curve, confir
ing the good reproducibility of the results. One should no
that the diagram in Fig. 7 contains measurements on th
Fe/Pb/Fe trilayer systems and one bilayer system Pb/Fe
exactly half the thickness for the Pb layer compared to
trilayers. From symmetry considerations this scaling sho
be expected, since in the trilayer system the Cooper pairs
subjected to pair breaking from the exchange field of two
layers and in the bilayer only of one Fe layer. The scal
also gives confidence that from the point of view of the pro
imity effect both Fe/Pb interfaces are identical, althou
crystallographically and structurally they are different~see
Secs. II and III!. An important influence of a possible oxida
tion of the interfaces or the Fe layer, which should be mu
stronger for the top Fe layer and the top interface, can als
excluded from the scaling behavior ofTc(dPb) in Fig. 7. An
additional confirmation of this conclusion can be obtain
from Fig. 8 where the superconducting transition curves
trilayers ~series S808! and bilayers~series S809! measured
using the ac magnetic susceptibility, are presented. It
clearly be seen that the shape and the width of the trans
curves for the trilayers and for the corresponding bilay
~with a factor of 2 smaller Pb thicknesses! are almost the
same. In case of different Pb/Fe and Fe/Pb interface qual
one would expect a much broader superconducting tra
tions for the trilayers as compared to bilayers.

As will be discussed in detail in the next section, t
experimental points in Fig. 7 can be fitted by theoretic

r
e

s-

FIG. 7. Dependence of the superconducting transition temp
ture on the thickness of the Pb-layer for four sample series liste
Table I. The dotted and solid lines are the best fits using the the
by Radović et al. and the theory by Tagirov, respectively, wit
parameters given in the figure subscripts of Figs. 10 and 11.
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3716 PRB 61L. LAZAR et al.
curves~lines in the figure! thus allowing the determination o
microscopic parameters. For the time being, we only po
out that we derive a critical thicknessdPb

crit.700 Å for Fe/
Pb/Fe trilayers anddPb

crit.350 Å for the bilayers for the van
ishing of superconductivity.

The second essential result of the present paper is sh
in Fig. 9 where we have plotted the dependence of the
perconducting transition temperatureTc versus the thicknes
of the Fe layer with the thickness of the Pb layer fixed at 7
Å. Tc drops sharply when increasingdFe up to dFe56 Å,
passes through a flat minimum withTc.1.4 K, increases
slightly by about 0.5 K and saturates at about 2 K. The wi
of the superconducting transitions for this series of samp
does not exceed 0.1 K. Therefore error bars in determina
of Tc is of the order of 0.05 K. As mentioned in the seco
section, the error bars in the thickness of the Fe layers wi
one series of samples can be estimated to be below 1 Å and
thus are within the experimental points plotted in Fig. 9. T
roughness parameters of the Fe layers determined by
small angle x-ray scattering measure the thickness fluc
tions on a very small lateral length scale. Since we do
observe any broadening of the superconducting transi
curve in resistivity or ac-susceptibility, the lateral leng
scale of the thickness fluctuations seems to be smaller
the superconducting coherence length. In this case the ro
ness parameter is irrelevant for theTc(dFe) curve in Fig. 9.
In addition our SQUID-magnetization and FMR data ind
cate that Fe layers in our samples are continuous at l
down to 6 Å. This means that in spite of some roughnes
the surfaces, the local thickness of the Fe layer is more
less constant within the whole area of the film. Thus
regard the existence of the minimum in theTc(dFe) curve as

FIG. 8. Superconducting transition curves are compared for
layers and trilayers. The upper panel reproduces ac-suscepti
measurements for bilayers~S809! with dPb51000 Å and dPb

5500 Å, the lower panel for trilayers~S808! with dPb52000 Å
and dPb51000 Å. In both sets the Fe-layer thickness isdFe

540 Å.
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well established experimentally in Fig. 9. As mentioned
the Introduction, oscillations in theTc(dFe) curve is the most
interesting aspect in theS/F proximity effect, and, referring
to the theory, are a hallmark for unconventional superc
ductivity in these systems. We have observed this effec
the Pb/Fe system. For the samples with a larger roughn
parameters (s23.50 Å) theTc(dFe) curve turned out to be a
monotonically decreasing function.15

V. DISCUSSION

We now come to the interpretation of the experimen
results, especially the thickness dependenciesTc(dPb) ~Fig.
7! andTc(dFe) ~Fig. 9! in the framework of theoretical cal
culations. In most of the previous experimental studies
theory by Radovic´ et al.11,17 was applied and we will also
analyze our experimental data first using their theory. Wit
the single-mode approximation the reduced superconduc
transition temperaturetc5Tc /Tc0 ~whereTc0 is the transi-
tion temperature for the isolated superconducting layer! can
be found as a solution of the equation@see Eq.~7! in Ref. 17#

ReCS 1

2
1

r

tc
D2CS 1

2D1 ln~ tc!50, ~6!

where ReC(x) means the real part of the digamma functi
C(x). The pair breaking parameter for a trilayer is defin
as

r5
2f2

~ds /js!
2

, ~7!

where f5ksds/2, js is the superconducting coherenc
length andks is the propagation momentum of the pairin
wave function in the superconducting layer, which can

i-
ity

FIG. 9. Dependence of the superconducting transition temp
ture on the thickness of the Fe layer as determined by resist
measurements~closed symbols! for the series S749~see Table I!.
The dashed and solid lines are the best fits using the theory
Radovićet al. and the theory by Tagirov, respectively, with param
eters given in the figure subscripts of Figs. 10 and 11.
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PRB 61 3717SUPERCONDUCTOR/FERROMAGNET PROXIMITY EFFECT . . .
found from the boundary conditions at the outer surfaces
the trilayer and the matching of the solutions at theS/F
interfaces.

In the dirty limit for the superconductor and in close v
cinity of Tc the pairing functionFs,m is given by the linear-
ized Usadel equations27 which have to be solved for th
F/S/F trilayer making use of the boundary conditions intr
duced by Ivanovet al.28 at x56ds/2:

dFs

dx
5h

dFm

dx
, ~8!

Fs5Fm . ~9!

The absence of the pairing function current through the o
surfaces of the trilayer implies that atx56(ds/21dm)

dFm

dx
50. ~10!

From the derivation of the boundary condition~8! in Ref. 28
the parameterh in Eq. ~8! is given byh5sm /ss , i.e., the
ratio of the normal state conductivities of the ferromagne
and superconducting layers.

Using the boundary conditions~8!, ~9!, and~10! the equa-
tion for computingf in Eq. ~7! can be derived:18

f tanf5
kmjm

2« S ds

js
D tanh~kmdm! ~11!

with

«5
jm

hjs
, jm5S 4\Dm

uI u D 1/2

, Dm5
1

3
vFml m , km

2 5
2i I

\Dm
.

~12!
Herejm is the penetration depth of the superconducting p
ing function into the ferromagnet,Dm is the diffusion con-
stant in the ferromagnet andI is the exchange splitting of th
conduction band in the ferromagnet.

The set of equations~6!, ~7!, and~11! are the basic equa
tions of the theory of Radovic´ et al. for F/S/F trilayers. In
the paper of Radovic´ et al.11 the multimode solution~exact
numerical solution! for the superconducting layer has be
presented. A numerical investigation of the single-mode
proximation in Ref. 18 showed that the exact and the sing
mode solutions coincide asymptotically atds.2js , where
ds is the thickness of the superconducting layer in theF/S/F
trilayer. This result is expected physically, because
single-mode propagation momentumks represents the long
est mode with a range;js , higher order modes are esse
tially short-range modes and strongly damped atds@js . As
we intend to employ the analysis to Fe/Pb/Fe trilayers w
ds /js.2, the single mode solution is a good approximatio

The Tc(dPb) curve in Fig. 7 shows that the citical thick
nessdPb

crit below which superconductivity vanishes isdPb
crit

.700 Å for the trilayer. From the measurements of the u
per critical field we getjs.170 Å, thus the superconductiv
ity vanishes atds /js.4. Sets ofTc(ds) curves calculated
using Eqs.~6!, ~7!, and ~11! for the casedm /jm@1 and
different« values give«.3.4. The dotted line plotted in Fig
7 is the theoreticalTc(ds) curve corresponding to this«
value.
f
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In the next step we fit theoreticalTc(dFe) curves to the
experimental results in Fig. 9. The experimental points
hibit a broad minimum atdFe.8 Å. TheoreticalTc(dFe)
curves calculated using Eqs.~6!, ~7!, and~11! show that the
minimum inTc(dm) curve, which physically is caused by th
interference of the Cooper pair wave function reflected fr
the surfaces of the ferromagnetic layers, occurs atdm /jm
.0.5. Thus from the position of the minimum in theTc(dFe)
dependence~Fig. 9! we determine the penetration depth
the Cooper pairs into the ferromagnetic layerjm.16 Å.

The dashed line in Fig. 9 shows the theoretical curve c
responding to the values ofjm516 Å and«53.4. The over-
all structure of theTc(dFe) curve is reproduced approxi
mately, but instead of a shallow minimum the theory predi
the reentrant behavior of the superconductivity. Howev
one should note that the theoretical curve is idealistic in
sence that it neglects any roughness of the surface and i
face, does not consider spin-orbit scattering, which can
rather strong at the interface,15 and neglects inelastic pai
breaking scattering in the ferromagnet.18 All these properties
are poorly defined in the experimental system, but, as mo
calculations demonstrate, have the tendency to smooth
deep minimum atdm /jm.0.5 and suppress the reentrant b
havior of the superconducting state. However, the position
the minimum atdm /jm50.5 and the saturation value ofTc at
dm@jm are independent of these additional complications
the real systems to a good approximation and thus can
taken seriously when comparing experiment and theo
Keeping these restrictions in mind, one gains the impress
that the model by Radovic´ et al. appears to describe the ex
perimental results rather satisfactorily.

However, from the parameter«5jm /hjs53.4 obtained
in the fit we can estimate the parameter of the theoryh @see
Eq. ~8!#, which characterizes the Pb/Fe interface. Usingjm
.16 Å andjs.170 Å we obtainh.0.03. This very low
value for the parameterh is characteristic for all system
when fitting the Radovic´ theory. For instance, for V/Feh
50.013 has been obtained,1 for Nb/Gd Strunket al.obtained
h50.047,2 in our previous work on Fe/Nb we have derive
h;0.02.5 As mentioned above, within the microscop
model by Ivanovet al.28 the parameterh is equal to the ratio
of normal state conductivitiesh5sm /ss . Taking our mea-
surements of the residual resistivitiesr05231026 V cm for
the Pb layer andr051.131026 V cm for the Fe layer, we
get h51.8 which is a factor of 50 larger thanh derived
above. The discrepancy is obvious and striking.

Figure 10 shows the spatial variation of the real part
the pairing wave functionF near the interface with the pa
rameters obtained in our fitting. At theS side the function
ReFs decreases slightly as the interface is approach
When crossing the interface the derivative ofF function in-
creases by a factorh21, giving a steep decrease ofFm at the
F side of the interface. At larger distances from the interfa
Fm exhibits the oscillatory behavior with a change of sign
dm;0.5jm . The main peculiarity in the behavior of the pai
ing function is the sharp drop ofFm near the interface cause
by the smallh value.

There is another hidden discrepancy between our exp
mental data and the theory of Radovic´ et al. If one assumes,
as it is done within the Radovic´ theory, that the pairing func-
tion is continuous at the interface~i.e., assuming a perfectly
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3718 PRB 61L. LAZAR et al.
transparent interface! and neglects any influence of spin-orb
interaction, theTc suppression can be easily estimated qu
titatively. The exchange splitting of the conduction band
Fe, 2I Fe, is about 1 eV~see, e.g., Ref. 1, and referenc
therein!. In the Cooper limit, which is sufficient as a roug
estimate, the effective exchange field acting on the Coo
pairs in the Fe layer is given by its value averaged over
total thickness of the Fe/Pb/Fe trilayer

I eff.2I Fe

2dFe

dPb12dFe
. ~13!

Then we consider the Clogston limit for the spin splitting
the conduction band, i.e. the fieldH5A2D/gmB which com-
pletely quenches superconductivity. With the gap param
D51.76kBTc.1.2 meV for Pb and the exchange field es
mated asH5I eff /gmB , a complete quenching of superco
ductivity is expected fordFe;0.5 Å. This corresponds to
less than one monolayer and is in strong contradiction to
experimental result in Fig. 9 where we find that superc
ductivity survives up todFe;40 Å. This second severe con
tradiction demonstrates that there is an essential shortcom
in the theory which makes it unrealistic for a quantitati
comparison to experimental systems. We will argue in
following that this shortcoming is the high transparency
the interface assumed in the theory.

Aartset al.6 were the first who shed light on the importa
role of the interface transparency and presented experime

FIG. 10. Spatial variation of the real part of the pairing functi
near the interface in the model by Radovic´ et al. for the series S749
with dPb5730 Å anddFe54 Å ~a!, 9 Å ~b!, and 20 Å~c! with the
parametersjs5170 Å, jm516 Å, and«53.4 as obtained by the
fit.
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evidence of the intrinsically reduced interface transpare
in the V/V12xFex multilayer system. They discussed the
experimental results using the boundary conditions in
dirty limit for the S/F interface, which have been derived b
Kupriyanov and Lukichev29 from the general boundary con
ditions for the quasiclassic Green functions by Zaitsev.30 The
first boundary condition is Eq.~8!, which ensures the conti
nuity of the electric current associated with charged qua
particles crossing the interface, the second boundary e
tion ~9! at x56ds/2 is replaced by

2Dm~nm•¹Fm!5
vmTm

2
~Fs2Fm!, ~14!

wherenm is the unit vector perpendicular to the interface a
Tm is the dimensionless interface transparency param
(TmP@0,̀ #):

Tm5E
0

1

dt
tT~ t !

12T~ t !
, ~15!

T(t) denotes the angle-dependent quantum mechanical c
ficient of transmission through the interface,t5cosu, where
u is the angle between the interface normal and the trajec
of the transmitted electron. The key qualitative differen
between the boundary condition~9! used by Radovic´ et al.
and the modified one in Eq.~14! is that the latter allows a
jump of the anomalous Green function at the interface, wh
Eq. ~9! assumes that the pairing function is continuous acr
the interface. In other words, the boundary condition~14!
explicitly takes the finite transparency of theS/F interface
for the Cooper pairs into account.

Now, using the boundary conditions~8!, ~10!, and ~14!
and taking the renormalization of the diffusion coefficient
the F layer31 into account, one obtains a new basic equat
for finding f in Eq. ~7!18,32

f tanf5
1

2 S Nm

Ns
D S Dm

1

Ds
D ~km

1ds!tanh~km
1dm!

11~2Dm
1km

1/Tmvm!tanh~km
1dm!

,

~16!

where

km
15

2i I 1ts
21

Dm
1

~17!

with

Dm
15

1

3

vFml m

112i I l m /vFm
. ~18!

Here Nm and Ns is the density of states of the conductio
electrons at the Fermi level in the ferromagnetic and sup
conducting layer, respectively. The complex value of the d
fusion coefficientDm

1 reflects the inhomogeneous charac
of the pairing state in the exchange-split conduction band
a ferromagnet. The inhomogeneous pairing function exp
ences pair breaking with characteristic scattering timets de-
pending on theI value18 due to spin independent potenti
scattering of electrons. Now the transition temperature of
F/S/F trilayer is determined by the solution of the set
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Eqs. ~6!, ~7!, and ~16!, and depends on the transparency
the interface via the parameterTm ~15!.

In the case of the perfect quantum mechanical interf
transparency for the parameterTm in Eq. ~14! Tm@1 holds.
In this limit and reasonable values of other parameters
second term in the denominator of Eq.~16! can be neglected
Then making use of the definition ofh5sm /ss
5(NmDm /NsDs) in Eq. ~16! and neglecting the renorma
ization in Dm

1 , we reproduce exactly the previous equati
of Radović~11!, which turns out to be the high transparen
limit of Eq. ~16!. We thus conclude that the theory by R
dović et al. can be expected to provide a quantitative mo
for an experimental system only in the case of perfect in
face transparency (Tm@1).

If, as in most experimental systems, theS/F interface
transparency is not very high we have to use the gen
equation~16! for the calculation off in Eq. ~7!. In this case
the parametrization of the basic equations~6!, ~7! and ~16!
via the coherence lengthjs , the magnetic stiffness lengt
j I5vFm/2I , the mean free path of conduction electrons
the ferromagnetic layerl m , the interface transparency pa
rameterTm and the ratio (NmvFm /NsvFs) appears to be natu
ral.

At the first glance, due to the large number of parame
the fitting of this theory to the experimental data looks rat
arbitrary. However, combining all experimental resu
which we have and considering restrictions limiting t
range of validity of several parameters, one is able to fi
realistic set of parameter values. First, the coherence le
js has been determined from the upper critical field meas
ments. Next we regard the limitdm@j I which imposes re-
strictions on the possible values ofTm and (NmvFm /NsvFs).
In the limit tc→0 at dm@j I using Eqs.~7! and ~16! we
obtain for the critical thickness of the superconducting la
from Eq. ~6!:

ds
crit52A2gjs arctanF p

A2g

jBCS

js

~Nmvm /Nsvs!

112/Tm
G . ~19!

Equation~19! is valid for an arbitrary transparency parame
Tm and l m@j I ~see discussion of the latter inequality in Re
18!. Using ds

crit5700 Å for our Fe/Pb/Fe trilayer system,js

5170 Å as derived above and the BCS coherence lent
Pb jBCS5830 Å,24 from Eq. ~19! we obtain

S NmvFm

NsvFs
D 1

112/Tm
.0.22. ~20!

Numerical analysis shows that theTc(ds) curve hardly de-
pends onl m . At the same time theTc(dm) dependence is
very sensitive to the variation of theTm and l m , allowing to
determinel m and the pairsTm and (NmvFm /NsvFs), con-
fined by Eq.~20!. As can be seen from Figs. 3 and 5 of Re
18 the superconducting transition temperature exhibits os
latory behavior as a function of the ferromagnetic lay
thicknessdm . The first minimum inTc(dm) curve occurs at
dm;0.5j I for Tm.5. With decreasing theTm below Tm
;5 the minimum shifts to a smaller magnetic layer thic
ness. TheTm value affects mainly the region of the firs
minimum of theTc(dm) curve. The value ofl m , in contrast,
mainly influences the oscillation amplitude in theTc(dm)
f
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curve. The shape of the minimum ofTc(dFe) in Fig. 9 yields
Tm50.4, thus corresponding with Eq. ~20! to
NmvFm /NsvFs.1.3. The oscillation amplitude givesl m /j I
;2 as an estimate, the position of the maximum givesj I
.7.7 Å, corresponding tol m.15 Å. Actually, we regard
the existence of an oscillation inTc(dFe) with a maximum at
dFe;20 Å as not clearly proven, regarding the experimen
points alone. However, the theoretical curve suggests tha
oscillation exists and the drop ofTc for the sample with
dFe534 Å is definitely outside of the experimental error ba
So the optimum strategy for fitting the experimental results
to control the shape of the minimum byTm , the height of the
shoulder byl m while rescalingdm by j I to ensure the correc
position of the minimum and the shoulder.

A fit of the experimental results with the set of paramet
obtained following this strategy is plotted as a solid line
Figs. 7 and 9. The numerical values of the parameters
given in the subscript of Fig. 11. The quality of the fit
satisfactory, including details in theTc(dFe) structure in Fig.
9. This means that the position of the maximum which giv
j I is determined correctly.

We want to comment shortly on the qualitative features
the pairing wave function on the ferromagnetic side in F
11. The amplitude and phase of the wave function in theF
layer results from an interference of the incident wave fu
tion and the wave function reflected at the ferromagn
vacuum interface. The situation is not intuitively clear a
the wave function must be calculated numerically by solv

FIG. 11. Spatial variation of the real part of the pairing functi
near the interface in the model by Tagirov for the series S749 w
dPb5730 Å anddFe54 Å ~a!, 9 Å ~b!, and 20 Å ~c! with the
parametersjs5170 Å, j I57.7 Å, l m515 Å, NmvFm /NsvFs51.3
andTm50.4 as obtained by the fit.
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3720 PRB 61L. LAZAR et al.
the wave equations with respect to the specific bound
conditions and the kinetic transparency. The main exp
mental manifestation of the oscillating pairing wave functi
on theF-side is the evident minimum in theTc(dFe) curve,
possibly followed by a strongly damped further oscillatio
The theoretical analysis18 shows that the existence of min
mum in theTc(dm) curve is very robust feature against a
perturbations which destroy the interference of the pair
function in theF layer.

Next we want to discuss critically the numerical values
the parameters. Using the values for the Fermi velosityvFm

;108 cm/s and the splitting of conduction band in FeI
;1 eV ~see, e.g., Ref. 1, and references therein!, we obtain
j I5\vFm/2I;6 Å which agrees well withj I value ob-
tained from our fit.

The value for the electron mean free pathl m;15 Å is
considerably lower thanl m;100 Å which we have obtained
from our resistivity data using againvFm;108 cm/s. We
believe that this discrepancy can be resolved as follows:
electric current in a ferromagnet with exchange split s
bands is carried by two parallel, spin-up and spin-down, s
channels, which do not mix at low temperatures and
exhibit strongly differing conductivities.33 In resistivity mea-
surements the highly conductive channel shunts the low c
ductive one, thus one essentially measures the long m
free path of the highly conductive channel. In contrast, in
proximity effect theoryl m plays the role of a decay length o
the pairing function in the ferromagnetic layer~at l m@j I).
Since the Cooper pairs consist of two quasiparticles fr
both subbands it is plausible to assume that the shorter
dominates in the decay length. Since the difference in
mean free path can be a factor of 5 and larger,34 the discrep-
ancy seems plausible. One should also bear in mind tha
value of l m obtained by our fitting procedure will increas
when introducing a nozero value forts

21 .18 In our fit we
took ts

2150 because its value cannot properly be det
mined from the experiment.

The spatial variation of the pairing function calculat
with the set of parameters derived here is depicted in Fig.
The main difference between the behavior of the pair
function obtained within the model by Radovic´ et al. ~Fig.
10! and the new model is the definite jump of theF function
at the interface. We now findh50.5 for the parameter de
fined in Eq. ~8! compared toh50.028 derived within the
theory of Radovic´. Sinceh5sm /ss is the ratio of the nor-
mal state conductivities,h50.5 seems reasonable.

The above results should convince the reader that a
sistent interpretation of the experimental data can
achieved within the framework of a proximity effect theor
which takes explicitly the finite transparency of theS/F in-
terface into account. The transparency parameterTm50.4
derived here is considerably reduced as compared toTm
.10215, which ensures the applicability of the Buzdi
Radović perfect transparency limit from the general set
equations~6!, ~7!, and~16!.

The transparency parameterTm entering in the proximity
theory may vary within the range@0,̀ #. It is not suitable to
compare it with the quantum mechanical transmission co
ficient obtained viaS/F tunneling or point contact spectros
ry
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copy, which lies in the range@0, 1#. Equation~15! suggests
the following parametrization of the transparency parame
Tm :

Tm5
T̄

12T̄
, ~21!

whereT̄ denotes the angular averaged quantum mechan
transmission coefficient of the interface and 0,T̄,1. In
contrast to a similar single-parametric characterization of
interface transparency by Aartset al., T̄ thus defined does
not depend on the film properties such asl m or jm , but only
on the transmission properties of the interface. WithTm
50.4 derived from our proximity effect experiments we o
tain from Eq.~21! T̄5Tm /(11Tm)50.29, which is consid-
erably reduced with respect to the ideally transparent in
face havingT̄51.

The microscopic origin of the strongly reduced interfa
transparency needs to be explained. We believe that, the
change splitting of the conduction band in the ferromagne
the main physical reason. In fact, the spin polarization of
conduction band of a ferromagnet introduces a differe
between the transmission probabilities through anS/F inter-
face for quasiparticles with spin-down (T↓) and spin-up
(T↑). It is natural to suppose that the transmission coeffici
for the Cooper pairs in theS/F proximity effect theory is
close to the smaller one of the two transparency coefficie
T↑ andT↓ for quasiparticles forming Cooper pairs. Quantu
mechanical reflection of quasiparticles due to Fermi mom
tum mismatch takes place for quasiparticles incident on
interfaces. For example, electrons for which the projection
the momentum parallel to the interfaceki satisfies the con-
dition kF1,ki,kF2 (kF1 andkF2 being the two Fermi vec-
tors!, experience complete internal reflection from the side
the largerkF , thus decreasing the phase space of electr
responsible for the mutual influence of the ferromagnetic a
superconducting layers.

We expect an additional decrease of theT̄ value due to a
chemical mismatch of Pb and Fe giving rise to a cont
potential barrier at the interface. The barrier height is de
mined by the difference in the work functions of bo
materials.35 This barrier leads to a weak hybridization of th
Pb and Fe derived wave functions at the interface. We exp
that the barrier height is larger for immiscible metals, such
Pb and Fe in comparison to metals which are soluble sim
to V and Fe, or form intermetallic compounds such as
and Fe. This will further reduce the transparency of theS/F
interface and the amplitude of the pairing function in t
ferromagnetic layer.

Finally, it is worthwhile to compare the transmission c
efficient derived from proximity effects with direct measur
ments of the transmission coefficients using tunneling
point contact spectroscopy. These measurements also
towards a possible strong reduction of the transmiss
coefficientsT↑ andT↓ of the quasiparticles through theF/S
interface.36,37 For example, the authors of Ref. 37 deduced
transmission coefficientT↓ for the spin-down electrons o
T↓.0.38 for Co/Pb andT↓.0.43 for Ni/Pb, as compared t
T↓.0.79 for Cu/Pb. This demonstrates the substantial red
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tion of the transmission probabilities for ferromagnetic m
terials compared to nonmagnetic materials.

Electronic energy band structure calculations taking
band matching and the complicated Fermi surface into
count allow a first principle calculations of transmission a
reflection coefficients ofF/N interfaces such as Ag/Fe, Au
Fe, Cu/Co, and Cu/Ni.38 These calculations, too, demonstra
the strong spin dependence of these quantities. The trans
sion probabilities averaged over the Fermi surface lie in
range of 0.14–0.38 for the minority spin states transmit
from the ferromagnetic to the nonmagnetic side, and in
range of 0.16–0.8 for the reverse direction. The calculati
clearly reveal the physical origin of the low transmission
the interface:~1! weak hybridization of some electroni
states due to symmetry restrictions,~2! internal reflection for
the part of the Fermi surface where the momentum para
to the interface does not match, and~3! complete reflection
for certain areas of the Fermi surface if the sizes of the Fe
spheres are different. The third reason can be expressed
Fermi-momentum mismatch at the interface. Due to the co
plex nature of the energy bands the transmission probab
usually varies strongly over the area of the interface Brillo
zone. Nevertheless, as a rule, the strongly reduced ave
transparency of the interface especially for the minority el
trons atN/F boundaries is clearly evident from the calcul
tions. Thus both, point contact spectroscopy and band st
ture calculations for theN/F interfaces support ou
conclusion about the low interface transparency of the Pb
interface.

VI. SUMMARY AND CONCLUSIONS

In the first part of this paper we presented a detailed
perimental study of the proximity effect in the Pb/Fe layer
system. The growth of flat layers is rather problematic in t
system, but bilayers and trilayers can be grown on sapp
substrates with sufficient structural quality. At very low F
layer thickness of only few Å, the FMR-results indicate
possible discontinuous ferromagnetic film. The proximity
fect, however, averages over the lateral magnetic inhomo
neities on a length scale of the superconducting correla
length, so the superconducting transitions remain sharp e
in this thickness range. As expected from the alloy ph
diagram of the Fe-Pb system, there is no alloying of
elements at the interfaces and the Fe layers are ferromag
down to the monolayer thickness. Comparing differentS/F
material combinations used for the study of the proxim
effect up to now, the Pb/Fe layer system fulfills best t
theoretical assumption of a sharp interface.11,17,18 We find
oscillations in theTc(dFe) curve, which we regard as a clea
indication of the existence of an unconventional, propaga
pairing state in the ferromagnetic sublayers of Pb/Fe.
mentioned in the Introduction, in the Nb/Gd and Nb/Fe s
tems, where an oscillatingTc(dFe) has been observe
previously,3,4 the situation is not at all clear due to the com
plex influence of the alloyed interfaces.
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In the second part of the paper we concentrated on
analysis of theTc(dFe) andTc(dPb) curves obtained for the
Pb/Fe layer system using two different theoretical mode
When fitting the more recent model,18 which is a generaliza-
tion of the pioneering work by Radovicet al.,11 we got a
consistent interpretation of the experimental results a
could derive important and otherwise poorly defined mic
scopic parameters such as like the exchange stiffness le
and the effective interface transparency.

A comparison of the fitting parameters obtained with
the two models also revealed the origin of an inconsiste
which has often been encountered when applying the
dovic et al. model to experimental systems: The assumpt
of a highly transparent interface, which is implicitly con
tained in this model, is not justified in most systems stud
until now. A fit with the parameters of the model leads to
unrealistically high gradient of the pairing wave function o
the ferromagnetic side of the interface which mimics the d
continuity in the pairing wave function actually occurring
real systems. The possibility of a reduced and strongly s
dependent interface transparency in systems compose
ferromagnetic and normal metal has been recognized in
cent years in connection with the problem of the gia
magnetoresistance.38 It is caused by quantum mechanical r
flection of the conduction electrons at the interface due
electron energy band mismatch.

We find that the transmission coefficient of the Pb/
interface has a remarkably low value, comparable to
typical values derived for the minority spin electrons
otherS/F systems. This low transparency leads to a stron
reduced mixing of the superconducting and ferromagn
electron systems and is the basic reason for the fact
the superconductivity in the thin Pb layers survives up
a rather large thickness of the Fe layer. We argued
the low transparency of the Pb/Fe interface for t
quasiparticles is on the one hand due to the weak hybrid
tion of the Pb- and Fe-wave functions and on the other h
due to the exchange splitting of the Fe-conduction ba
combined with the fact that the decay length of the sup
conducting pairing function in the ferromagnet is mainly d
termined by the lower of the two spin dependent transm
sion coefficients.
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