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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 gro@3 wiitlAl
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 fBfFaproximity 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.

[. INTRODUCTION until now there is some alloying at the interface due to inter-
diffusion of the components. Thus there is no sh&fp
In recent years one notices an increasing interest in thterface but a continuous change of the superconducting and
classical proximity effect between superconductiSyand ferromagnetic properties when crossing the interface. In the
ferromagnetic(F) thin layers'~° This, on the one hand, is system Nb/Fe, e.g., the first ferromagnetic layer only occurs
due to the recent progress in the preparation of high qualitjor a nominal thicknesdg=7 A,*° similarly, in the Nb/Gd
metallic multilayer systems and, on the other hand, motisystem, the onset of ferromagnetism is observed at a nominal
vated by the actual theoretical interest in unconventional susd thicknessdgg=12 A.? Since in both systems the onset
perconducting states. Model calculations for the superconef ferromagnetism marks the onset the nonmonotdgp{d)
ducting state in aS/F-multilayer systems indicate the curve, it has been concluded that the alloyed interface is
possible existence of a superconducting order parametessential for the structure in tiig(dg)-curve. In our previ-
shifting by = when crossing a ferromagnetic layer{vave  ous work on Fe/Nb/Fe trilayers, we have developed a corre-
superconductivity"* or the existence of a propagating char- sponding model for the explanation of tfig maximum?®
acter of the superconducting wave function in the ferromag- In any case, the alloyed interface $F systems compli-
netic sublayers[Larkin-Ovshinikov-Fulde-Ferrel(LOFF)  cates the situation and has the tendency to obscure the inter-
statd.*? esting physics which is predicted for sh&{F interfaces in
The most spectacular experimental result concerning thehe theoretical model calculatiohs.Therefore it is highly
proximity effect inS/F layered systems in recent years wasdesirable to find &/F system without alloying at the inter-
the observation of &;(dg) curve with a definite maximum face and a sharp onset of ferromagnetism in the range of one
when plotting the superconducting transition temperaliyre monolayer .
versus the thickness of the ferromagnetic lager®>* A su- We have chosen the Pb/Fe system, guided by the very low
perconductingT, increasing with the thickness of the ferro- solubility of both metals even in the liquid statewhich
magnetic layer as observed, e.g., in Nb/Gd and Nb/Fe corsuggests that interdiffusion at the interface is negligible. Ac-
tradicts the physical intuition, since it is expected that thetually this system was among the first in which tB&F
strong exchange field in the ferromagnet should destroy thproximity effect has been studiéd.However, the growth
superconductivity. properties of the Pb/Fe layered system is rather problematic
Actually there is no consensus in the literature concerningnd due to a rather large roughness of the interfaces, our
the origin of the nonmonotoni@ (dg) curve. First it has preliminary results on the Pb/Fe samples published in Ref.
been interpreted as an indication ofrawave superconduct- 15 were rather disappointing, not showing any oscillation in
ing state at the ferromagnetic layer thickness correspondinthe T.(dgo) curve. In the meantime we were able to improve
to the maximum inT.(dg).® However, this conclusion the structural quality of the Pb/Fe layered system definitely
turned out to be premature, since the character of the redly optimizing the rf sputtering proce$$The samples we
interface in theS/F systems complicates the physical situa-report on here have reasonably flat interfaces and show de-
tion considerably. In most experimen&llF systems studied tails in theT (dg) curve which, by comparison with model

0163-1829/2000/65)/3711(12)/$15.00 PRB 61 3711 ©2000 The American Physical Society



3712 L. LAZAR et al. PRB 61

Fe/Pb/Fe trilayer Pb/Fe bilayer F
Mo Mo ]
Fe o2 Fe

Pb Pb

.................... — > F

ALO(1120) = |

E

Fe C12 E _

ALO,(1120) L
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ness of the interface between the first Fe layer and the Pb layer an L
0,3 is the roughness of the interface between the Pb layer and th E . . . . |

second Fe layer. 0.0 0.5 . 1:0 ‘ 1.5 . 2.0

calculations, allows deep insight into the essential features o. 26 (deg)

the S/F proximity effect. , _ FIG. 2. X-ray reflectivity scan measured with Kg radiation
The paper is organized as follows. After a brief outline of ¢, pp/re bilayer withde,=30 A anddp,=260 A prepared using

the thin film preparation and the structural properties Weyptimal deposition rate for Pb 1.4 A/s. The solid line represents a

present the results of the magnetization and the transpogieoretical fit using the Parratt formalisfpee main text
measurements.

erTZZ%‘gF come t0 & ;Jr;?zre:“a;” 'tshseu;%];g;ﬁopr.ise:rtafnafhickness. We studied the possibility of using of Au, Al, and
per, y, the p rdenving lcr PIC paraMy,, a5 materials for the protective layer and found by Auger
eters determining the proximity effect by fitting the experi-

mental results by theoretical model calculations. We ﬁrst;ileCtron spectroscopy analysis that complete covering of the

: [ERE 2RI ) e layer can only be achieved using Mo.
ngtlk)]/eﬂ;?a:::lzc;(rjy tﬁfecl)?r?ig\r”:ﬁea:;] terp\rlé?;ir:) rzsoiséiglelfikrfgn t% Since in the experimental sections below we are interested
. ) . . the systematic change of the superconducting properties
results on the&s/F proximity effect in the literature. We point Y g P g prop

t an important inconsistency when Ving this theor when the thickness of the Fe layers varies on a scale of
out-an importa consistency when applying this theory.se,arg) Fe monolayers, the existence of flat layers and of
concerning the parameter characterizing the interface. 3

to the boundary conditions for the superconducting wave
function at theS/F interface introduced by Radoviet al.
This boundary condition implies a high quantum mechanica

transparency of th&/F interface. In real systems the ex- ; - : :

change splitting of the conduction band of the ferromagneti{i?j:gi I;%Pk; ?;]lgyg;?i;t;ng;gmghr;z ?22?!54(%3? ?Oarnge/
layer leads to strong specular reflection of the conductiony, - triIayérs i.e., with Pb growing on Heft.hand ’side of
electrons. This limits the transparency of the interface draSI'Zig 1) the optir,nél .g’]rowth rate is 0.7 Als. For the sputtering
tically. of Fe a much lower growth rate of 0.1 A/s is optiM@iAs an

Therefore we apply a new theory for ti8F proximity exam ; -
. S L ple proving that actually Fe/Pb bilayers can be prepared
effect published recentff which is a generalization of the - : g
Radovic theory and takes the finite transparency of the inter\fvIth very flat interfaces we show in Fig a small angle

T 7 x-ray reflectivity scan using Mg, radiation of a bilayer
facg explicitly into account. We show that by fltyng the. ex repared with the optimal growth conditions. One observes

ermining the roughness of the interfac8sThe optimal
rowth rate for preparation of films with a small surface and
nterface roughness depends on the design of the samples.

order to include the electron density height fluctuations at the
interface. The fit gives a roughness parametaharacteriz-
II. SAMPLE PREPARATION AND CHARACTERIZATION ing the mean thickness of the mixed interlayer of 3 A. The
low angle x-ray scattering of the Fe/Pb/Fe trilayers revealed
The samples were prepared by rf sputtering onthat the bottom interface, (see Fig. 1 has a similar small
Al,O; (1120) substrates kept at room temperature usingoughness parameter of about 3 A, whereas the top interface
pure Ar (99.99% as sputter gas. The base pressure of ther,; has a much larger roughness parameter of about 30 A
system was & 10~ 8 mbar after cooling with liquid Bl Pure  (for details see Lazaet al®). However, this roughness pa-
Pb(99.999% and Fe(99.99% targets were used, the growth rametero,; mainly reflects the geometrical roughness of the
rate was controlled by a quartz crystal monitor. Figure 1Pb film grown on Fe. The top Fe film on Pb grows in a rather
shows schematically the design of the Pb/Fe bilayers anflat mode, as evidenced by the FMR measurements discussed
Fe/Pb/Fe trilayers prepared for the present work. All samplebelow. The features characterizing the roughness of the
were covered by a protective Mo cap layer of about 50 AFe/Pb films by the x-ray reflectivity study are corroborated
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TABLE |. Series number, layer thicknessds, and dg, and A L B A B

residual resistivity ratigRRR) for the samples of the present study. [ S 749

40 ]
No. Sample type dpp (A) dee (A) RRR i °

S749 ALOs/Fe/Pb/Fe 730 0-52 9.3-10 _ 3¢F } ® ]

S742 620 0-30 9.8-11 g E

S724 740-2400 30 8.8-11 E ___________________________ ®...... i ______________________

808 750-3000 30 56-84 & 20f E ]

S809 ALO;/Pb/Fe 375-1500 30 5.2-6.8

S
=]

—TTT T
1

by atomic force microscopy measuremelfitdn addition, b
x-ray Bragg reflection measurements we made to characte 0 10 20 30 40 50
ize the crystalline quality of the films. For the samples with d (&)

Pb grown on Fe the Pb layer is polycrystalline, for Pb grown Fe

directly on ALO;, the Pb layer is single crystalline with the i, 3. saturation magnetization versus the Fe-layer thickness
(111) layer in the film plane. A rocking scan at the®bl)  q__ for the serie S749 with fixed Pb-layer thickneds,—730 A

Bragg reflection reveal an out-of-plane mosaicity of 0.048°.measured by a SQUID magnetometefTat20 K. The dashed line
For a precise determination of the thickness dependendfdicates the bulk magnetization of Fe.

of the magnetic and superconducting propertiesdgg or

dpy, it is essential that one series of samples is depositetbr thin Fe films without any noticeable change with varying
under identical experimental conditions. In our experimentaFe thickness. The saturation magnetization at 2 kOe is plot-
setup a series of nine samples were prepared within onted versus the nominal Fe thickneds, in Fig. 3 for the
single run. For the preparation of the Fe/Pb/Fe trilayers witH-e/Pb/Fe trilayers of the series S74@e Table)l Within the
variable dg. and constantdp, a shutter system was first limits of the experimental error bars the magnetization is
opened completely for the simultaneous evaporation of Fe oimdependent of the thickness of the Fe layer down to at least
all nine substrates arranged in an array. After a fixed time thel.=10 A. The slight upturn of theM(dgo curve below
shutter for the first sample was closed, then for the secondgs.=10 A should not be taken seriously, since there is an
one and so on with a fixed interval between the closing timancreasing relative uncertainty in the determinatiorgffor

for each subsequent sample. When the evaporation of Fe wasry thin layers. The constant ferromagnetic saturation mag-
finished, all substrate shutters were opened simultaneoushetization coinciding with the bulk value of F@ig. 3

for the evaporation of the Pb layer. Afterwards the processhould be contrasted by the strongly thickness dependent
for the evaporation for the top Fe layer was repeated in thenagnetization obtained, e.g., in Fe/RiFhis result clearly
same fashion as for the bottom layer. The preparation oindicates that Fe is ferromagnetic down to the monolayer
Fe/Pb/Fe trilayers with constawt-, and variabledp, was range in the Fe/Pb system and alloying at the interface is
achieved in a similar manner. The precision for the determinegligible.

nation of the absolute thickness of the layers from the sput-

tering rate or by the fitting the small angle x-ray reflectivity B. Ferromagnetic resonance

spectra is about 5%. The precision which can be given for FMR measurements also possess a sufficient sensitivity to
the variation of the relative thickness within one series of P y

S . : : : study very thin Fe layers. We performed FMR measurements
samples, which is more important in the following sections,_ o frequency 9.4 GHz at room temperature. As described

is much higher, namely about 1%. . L :
For the present investigation we prepared five series OE detail in Ref. 16 two FMR signals can be observed for the

samples. The layer sequence, the thickness of the single la e/Pb/Fe triIayers_. Qne s?gna! ex_hibits a t\".’OfOId a_misotropy
ers and the residual resistivity ratio are summarized in Tabl&/Nen the magnetic field direction is rotated in the film plane.
I It belongs to the Fe film grown directly on sapphire (D)2
which is stongly textured with the crystallographit10)
plane parallel to the layer surfat&The second signal is
isotropic and belongs to the polycrystalline Fe layer on top

We used measurements of the magnetization by a SQUIBF the Pb film. _ _ _
magnetometer and ferromagnetic resonaff®dR) in order Thg dependence of the isotropic FMR line parameters on
to characterize the ferromagnetism of the thin Fe films. Adhe thickness of the Fe layer for the Fe/Pb/Fe trilayers from
stated in the Introduction the development of the ferromagthe series S742 is characterized in Fig. 4. Qualitatively the

netism with the Fe-layer thickness is important to characterthickness dependence of the parameters for the anisotropic
ize theS/F proximity effect. signal is similar. With decreasindg, the FMR resonance

field Hy [Fig. 4@] and the FMR linewidthAH [Fig. 4(b)]
both increase monotonically belagy.= 15 A. The increase
of Hy is due to a decreasing value of the effective magneti-

The static ferromagnetic magnetizatibhat T=20 K is  zationMgs. M is determined by the saturation magnetiza-
measured with the magnetic field in the film plane. The fertion M and the uniaxial perpendicular anisotropi,2M by
romagnetic hysteresis loops exhibit a square shape typicghe relatiod?

IIl. FERROMAGNETISM OF THE IRON LAYER

A. Magnetization
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3000 y - - - y - addition, ac magnetic susceptibility measurements were used
a to determineT, . In this case the temperature corresponding
2500F . 1 . " :
. to half the value of the maximum transition signal was de-
8 2000} *, ] fined asT,.
T 1500} . 1 . _
. A. Electrical resistivity
1000 LA T iIng
. ) . . . X In contrast to the situation for Nb/Fe filmghe T, value
600 . . . . . . and the residual resistivity, of sputtered Pb thin films are
° . b not very sensitive to the preparation conditions. Nevertheless
- 500 . . we observed that the samples prepared at the optimal growth
=) conditions have the highest residual resistivity rad@®R
= 4001 1 =R(300 K)/Ry=10 (see Table )l Using p(300 K)=21
X 1076 O cn?® we obtain pp=2x10"° Q cm for the re-
3001 . ] sidual resistivity. From this value we can calculate the diffu-
) R * * sion coefficientDg of the conduction electrons which we
T r . . T r need in the next section for a quantitative analysis of the
150} € proximity effect. In order to estimate the diffusion coefficient
0 e D, in Pb we use the Pippard relatidhs
= 100} 3 ]
~ — a2 3 _ 12
2 .. o=e"X)127°h, y=kgS/12mhi({ve), (2
< sof 1 . - .
- e whereo denotes the electrical conductivity,the electronic
e specific heat coefficient;r the Fermi velocity of conduction
g S . . . . ;
0 5 10 15 20 25 30 35 electrons, andlthe mean free path of conduction electro8s.
d, (&) is the Fermi surface area and the brackets mean averaging

over the Fermi surface. Combining relatiai23, one obtains
FIG. 4. FMR line position(a), linewidth (b), and intensity(c)

versus the Fe-layer thicknesk, for the series S742 with fixed Vel =(mkgle)?(aly). 3
dpy=620 A.
This relation permits an estimate ofl from the low tem-
2K, perature conductivityr and the coefficient of the electronic
4mMeg=4TM — ==, (1) specific heat y. For our sample using y=3

X102 JK?mole for Pb* we find vgde=2.3
where K, is the out-of-plane uniaxial anisotropy constant, x 10? cn¥/s.

which usually is inversely proportional @-,.?* The broad- For a single Fe film prepared at conditions identical to the
ening of the FMR line belovdg.=15 A and the disappear- Fe layer in our trilayers we obtained @&RR=9. Using
ance of the resonance signal di,=4 A probably results p(300 K)=10x10"® Q. cm for Fe (Ref. 24 we get p,
from the dispersion of the demagnetizing field, which ap-=1.1x10"% Q cm and takingy=5x10"2 J/K> mole for
pears due to the finite roughness of the Fe I&ydis con-  Fe?* we derivevg,l, =102 cn?/s for the Fe film.

clusion is supported by the fact that the line broadening of
the anisotropic FMR signal, which belongs to the Fe layer
with smaller roughness, occurs only belaly,=10 A. Fig- ) _ ]
ure 4c) shows the decrease of the integral intensitf the In order to determine the coherence length in the Pb film,
FMR signal with decreasingg,. The dashed line indicates whlc_h is also needed for the quantitative analysis in the n_ext
the expected decrease boflue to the decreasing volume of Se€ction, we performed measurements of the upper critical
the ferromagnetic layers. The deviation from the straight lindi€ld Hco, (T) for a single 700 A Pb film prepared under

field at low dg. type Il superconductors. As expected for a three-

dimensional superconductivity, our measureme(fig. 5
give a linear temperature dependenceH@f, (T) nearT,:

B. Upper critical magnetic field

IV. TRANSPORT AND SUPERCONDUCTING

PROPERTIES
Heoi (T)=Hc2, (0)(1-T/Te) 4

In this section we report on measurements of the electrical
resistivity, the superconducting transition temperafiyand ~ With H¢,, (0)=4.5 kOe. In the framework of the Ginzburg-
the upper critical magnetic field perpendicular to the filmLandau theonH,, (0) for a superconducting film is given
planeH,, (T). The resistivity was measured in a standardby He,, (0)= ¢o/2m&2, (0) with ¢, being the flux quantum
four terminal configuration by a low frequency ac techniqueand &g, the Ginzburg-Landau coherence length,,, (0)
with the current and voltage leads attached to the sample byalue of 4.5 kOe vyields a coherence lengtg (0)
silver epoxy. The superconducting transition temperature=260 A . The superconducting coherence lenétused in
was defined as the midpoint of the transition curve. The upRef. 11 is related to the Ginzburg-Landau coherence length
per critical magnetic field was also measured resistively. Irég (T) via



PRB 61 SUPERCONDUCTOR/FERROMAGNET PROXIMITY EFFHC .. 3715

4 T T T d,, (A) bilayers
] 250 500 750 1000 1250 1500
7 L T T M T T T T T v T
i 6r
5 -
< ar o S724(R) T
i =5l v S724 (ac) |
H u S749 (R)
2r O S$808(ac)
1k ¢ S809(ac)
0 500 1000 1500 2000 2500 3000
d,, (A) trilayers
FIG. 7. Dependence of the superconducting transition tempera-
ture on the thickness of the Pb-layer for four sample series listed in

8 Table I. The dotted and solid lines are the best fits using the theory
T, (K) by Radovicet al. and the theory by Tagirov, respectively, with
parameters given in the figure subscripts of Figs. 10 and 11.
FIG. 5. Temperature dependence of the upper critical field for

vs T for a single uncovered Pb film wittip,=700 A. S724 with differentdp, (see Table )l The widths of the
transitions are typically 0.1 K, confirming the high quality of
_7 _ 1 our films.
ga(T)= 2 &(1=TITe) ™, (5) Figure 7 summarizes one central experimental result of
the present paper, namely, the dependence of the supercon-
giving £,=170 A. ducting transition temperature on the thickness of the Pb

layerdp, With the thickness of the Fe layer fixed at 30 A. The
diagram combines measurements of four series of samples
) ) from Table | measured resistively or by ac susceptibility. All
Figure 6 shows examples for the superconducting transiyansition temperatures fall on one universal curve, confirm-
tions observed by electrical resistivity and ac magnetic SUSmg the good reproducibility of the results. One should note
that the diagram in Fig. 7 contains measurements on three

C. Proximity effect

0.0F  cmpoooom pueemememe o sompugpsons Fe/Pb/Fe trilayer systems and one bilayer system Pb/Fe with
o2l g g 3! ] exactly half the thickness for the Pb layer compared to the
s ] : g y a trilayers. From symmetry considerations this scaling should
E 0.4 i ' iy ] be expected, since in the trilayer system the Cooper pairs are
g -0.6f . ’ 8 '5 ) subjected to pair breaking from the exchange field of two Fe
5 L. i 27 layers and in the bilayer only of one Fe layer. The scaling
g 08 0 . g v also gives confidence that from the point of view of the prox-
R1L0p o o il imity effect both Fe/Pb interfaces are identical, although
1.2 . : : crystallographically and structurally they are differdeee
Secs. Il and Il). An important influence of a possible oxida-
1.0} ' ' 'o........m- tion of the interfaces or the Fe layer, which should be much
S osh i . I b stronger for the top Fe layer and the top interface, can also be
& 8 N excluded from the scaling behavior ©f(dpy) in Fig. 7. An
T 0.6} ° * s additional confirmation of this conclusion can be obtained
E ° A M H H H'Y
5 o4l o . . from Fig. 8 where the superconducting transition curves for
£ . . a0 trilayers (series S80Band bilayers(series S80P measured
& 027 . . s using the ac magnetic susceptibility, are presented. It can
0.0 |mmwond  atmmtsion wpbews | clearly be seen that the shape and the width of the transition
a0 4'5 5'0 5'5 6'0 6'5 7'0 5 curves for the trilayers and for the corresponding bilayers
: : : i,(K)‘ <o : (with a factor of 2 smaller Pb thlcknes$eesr_e almost the_ _
same. In case of different Pb/Fe and Fe/Pb interface qualities

FIG. 6. Superconducting transition curves measured by ac su$ne would expect a much broader superconducting transi-

ceptibility (a) and electrical resistivityb) for the series S724 with ~ tions for the trilayers as compared to bilayers. .
dpy=2400 A (closed triangles 1800 A (open triangles 1240 A As will be discussed in detail in the next section, the
(closed circle 960 A (open circles experimental points in Fig. 7 can be fitted by theoretical
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FIG. 9. Dependence of the superconducting transition tempera-
. . _ture on the thickness of the Fe layer as determined by resistivity
FIG. 8. querconductlng transition curves are compared fo_r p_"measurementeclosed symbolsfor the series S74@see Table )L
layers and trilayers. The upper pan_el reproduces ac-susceptibility, . qashed and solid lines are the best fits using the theory by
measurements  for bllayer§809 with dpy= 1,000 A and dp, Radovicet al. and the theory by Tagirov, respectively, with param-
=500 A, the lower panel for trilayeréS808 with dp;=2000 A oo given in the figure subscripts of Figs. 10 and 11.

and dp,=1000 A. In both sets the Fe-layer thickness dg,.

=40 A. well established experimentally in Fig. 9. As mentioned in

the Introduction, oscillations in thE;(dgy) curve is the most
curves(lines in the figur¢ thus allowing the determination of interesting aspect in th&/F proximity effect, and, referring

microscopic parameters. For the time being, we only pointo the theory, are a hallmark for unconventional supercon-
out that we derive a critical thickneg;ggz 700 A for Fe/ ductivity in these systems. We have observed this effect in
Ph/Fe trilayers and%'=350 A for the bilayers for the van- the Pb/Fe system. For the samples with a larger roughness
ishing of superconductivity. parametersd,s>50 A) theT(dge) curve turned out to be a
The second essential result of the present paper is showRonotonically decreasing functidf.
in Fig. 9 where we have plotted the dependence of the su-
perconducting transition temperatufg versus the thickness
Rf trT]e 'c:i(raolszesrhv:rtgl;h\?v:]rélr?kir:]i?(:aosfi:; Z?)I?gzr f'ieed ;t 730 We now come to the_interpretation of th_e experimental
pr;lssces through a flat minimum wifhcil 4K iFgcreas;as results, espemall.y the.thlckness dependenﬂg(slpb). (Fig.
slightly by about 0.5 K and saturates at ab.out 2 K. The width7) andT(de (Fig. 9 in the framework of theoretical cal-
"~ " . o culations. In most of the previous experimental studies the
of the superconducting transitions for this series of sampleﬁ1 pt 11,17 . :
does not exceed 0.1 K. Therefore error bars in determinatiof] .. by Radovu_aet al was appll_ed and_ we wil als_o .
of T. is of the ordér of.O 05 K. As mentioned in the Secondanalyze our experimental data first using their theory. Within
¢ e . .. .the single-mode approximation the reduced superconducting
section, the error bars in the thickness of the Fe layers within - _ . :
one series of samples can be estimated to beab#ld and transition temperaturé;=Tc/Tco (where Teo is the transi-
thus are within the experimental points plotted in Fig. 9. Thettl)or:c ten:jperaturel fqr thef|sholated sy perclgnd7u c_tlnlg %mlan
roughness parameters of the Fe layers determined by the oundasaso ution of the equatiaree Eq(7) in Ref. 17]
small angle x-ray scattering measure the thickness fluctua- 1 p 1
tions on a very small lateral length scale. Since we do not Re‘l’(z'f‘ T - > +In(t,)=0, (6)
observe any broadening of the superconducting transition ¢

curve in resistivity or ac-susceptibility, the lateral length where ReV (x) means the real part of the digamma function

scale of the thickness fluctuations seems to be smaller thabr(x). The pair breaking parameter for a trilayer is defined
the superconducting coherence length. In this case the roughs

ness parameter is irrelevant for tiig(dg,) curve in Fig. 9.
In addition our SQUID-magnetization and FMR data indi- 242

cate that Fe layers in our samples are continuous at least pP= m @)
down to 6 A. This means that in spite of some roughness of ST o8

the surfaces, the local thickness of the Fe layer is more owhere ¢p=Kkd /2, & is the superconducting coherence
less constant within the whole area of the film. Thus welength andkg is the propagation momentum of the pairing
regard the existence of the minimum in thg(dg) curve as  wave function in the superconducting layer, which can be

V. DISCUSSION
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found from the boundary conditions at the outer surfaces of In the next step we fit theoreticdl.(dg) curves to the
the trilayer and the matching of the solutions at & experimental results in Fig. 9. The experimental points ex-
interfaces. hibit a broad minimum adg~8 A. Theoretical T.(d

In the dirty limit for the superconductor and in close vi- curves calculated using Eq$®), (7), and(11) show that the
cinity of T the pairing functiorF ,, is given by the linear- minimum inT.(d,,) curve, which physically is caused by the
ized Usadel equatiohs which have to be solved for the interference of the Cooper pair wave function reflected from
F/S/F trilayer making use of the boundary conditions intro- the surfaces of the ferromagnetic layers, occursl até,,

duced by Ivanowet al?® at x= +d¢/2: =0.5. Thus from the position of the minimum in tiig(dgy)
dependencéFig. 9 we determine the penetration depth of
d_':s_ dﬂ ) the Cooper pairs into the ferromagnetic laygr=16 A.
dx  7Tdx’ The dashed line in Fig. 9 shows the theoretical curve cor-

responding to the values ¢f,=16 A ande =3.4. The over-
Fs=Fm. (9)  all structure of theT(dg) curve is reproduced approxi-
The absence of the pairing function current through the OUtetmh:t?gérl?ttrjgaqsgida\?ifo? Sor;at"r?gvggggw dtlT:tit\t}tilor)llﬂg\r/ss\lgrs
+ ' '
surfaces of the trilayer implies that &&= = (dy/2-+ dn) one should note that the theoretical curve is idealistic in the
dFg, sence that it neglects any roughness of the surface and inter-
W:O' (100 face, does not consider spin-orbit scattering, which can be
rather strong at the interfa¢®,and neglects inelastic pair
From the derivation of the boundary conditit8) in Ref. 28  breaking scattering in the ferromagriB#ll these properties
the parameter in Eq. (8) is given by n=o0,/05, i.e., the are poorly defined in the experimental system, but, as model
ratio of the normal state conductivities of the ferromagneticcalculations demonstrate, have the tendency to smooth the

and superconducting layers. deep minimum atl,,/£,,=0.5 and suppress the reentrant be-
Using the boundary conditior(8), (9), and(10) the equa-  havior of the superconducting state. However, the position of
tion for computinge in Eq. (7) can be derived® the minimum ad,,,/¢,,= 0.5 and the saturation value ©f at
d> ¢, are independent of these additional complications in
Htang= kmfm(% tank(Kd,.) (11) the real systems to a good approximation and thus can be
2e |\ & mem taken seriously when comparing experiment and theory.
with Keeping these restrictiops in mind, one gains the impression
that the model by Radoviet al. appears to describe the ex-
& 44D, 2 ,  2il perimental results rather satisfactorily.
8:77_53' gmz( I ) , Dm=§vpmlm, km:ﬁDm' However, from the parameter= ¢,/ nés=3.4 obtained

in the fit we can estimate the parameter of the thepfgee
(12 Eq. (8)], which characterizes the Pb/Fe interface. Usihg
Hereé&, is the penetration depth of the superconducting pair=16 A and&,~=170 A we obtainy=0.03. This very low
ing function into the ferromagneD, is the diffusion con- value for the parameter is characteristic for all systems
stant in the ferromagnet anids the exchange splitting of the when fitting the Radovidheory. For instance, for V/Fe
conduction band in the ferromagnet. =0.013 has been obtainédor Nb/Gd Strunket al. obtained
The set of equation), (7), and(11) are the basic equa- 7=0.0477 in our previous work on Fe/Nb we have derived
tions of the theory of Radoviet al. for F/S/F trilayers. In ~0.02° As mentioned above, within the microscopic
the paper of Radoviet al** the multimode solutiorexact  model by Ivanowet al? the parametey, is equal to the ratio
numerical solutiop for the superconducting layer has beenof normal state conductivities= o,/ os. Taking our mea-
presented. A numerical investigation of the single-mode apsurements of the residual resistivitigg=2x 10"° Q cm for
proximation in Ref. 18 showed that the exact and the singlethe Pb layer angho=1.1x10 ¢ Q cm for the Fe layer, we
mode solutions coincide asymptotically @>2¢s, where  get »=1.8 which is a factor of 50 larger thap derived
d; is the thickness of the superconducting layer inFH&/F above. The discrepancy is obvious and striking.
trilayer. This result is expected physically, because the Figure 10 shows the spatial variation of the real part of
single-mode propagation momentumrepresents the long- the pairing wave functiorr near the interface with the pa-
est mode with a range-&s, higher order modes are essen- rameters obtained in our fitting. At th@ side the function
tially short-range modes and strongly dampedgt és. As  ReF, decreases slightly as the interface is approached.
we intend to employ the analysis to Fe/Pb/Fe trilayers withwhen crossing the interface the derivativeFofunction in-
ds/és>2, the single mode solution is a good approximation.creases by a factay 2, giving a steep decrease bf, at the
The T.(dpy) curve in Fig. 7 shows that the citical thick- F side of the interface. At larger distances from the interface
nessdpy below which superconductivity vanishes @)  F,, exhibits the oscillatory behavior with a change of sign at
=700 A for the trilayer. From the measurements of the up-d,,~0.5¢,,. The main peculiarity in the behavior of the pair-
per critical field we gets=170 A, thus the superconductiv- ing function is the sharp drop &, near the interface caused
ity vanishes atds/¢s=4. Sets ofT (ds) curves calculated by the smally value.
using Egs.(6), (7), and (11) for the cased,,/¢,>1 and There is another hidden discrepancy between our experi-
differente values gives =3.4. The dotted line plotted in Fig. mental data and the theory of Radoweital. If one assumes,
7 is the theoreticall.(ds) curve corresponding to this as it is done within the Radovibeory, that the pairing func-
value. tion is continuous at the interfacdee., assuming a perfectly
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- 0.8 a evidence of the intrinsically reduced interface transparency
S 6 in the V/IV,_,Fe  multilayer system. They discussed their
g experimental results using the boundary conditions in the
2 0.4 S F dirty limit for the S/F interface, which have been derived by
= . .
T 02 Kupriyanov and Lukiche%’ from the general boundary con-
T ditions for the quasiclassic Green functions by Zait&kthe
0.0 first boundary condition is Eq8), which ensures the conti-
nuity of the electric current associated with charged quasi-
_ 0.8 b particles crossing the interface, the second boundary equa-
S 0.6 S F tion (9) atx= *+d¢/2 is replaced by
=
= 0.4 VT
= =DMy V) = =5 (Fs—Fo), (14)
E 0.2
0.0 wheren,, is the unit vector perpendicular to the interface and
T,, is the dimensionless interface transparency parameter
_ 038 ¢ (Tme[02]):
s
= 06 > ¥ . —fldt tT(t) 15
= 0.4} ™ Jo T 1-T()” (19
<=
& 0.2 T(t) denotes the angle-dependent quantum mechanical coef-
0.0 ficient of transmission through the interfa¢es cosé, where
—— , \ 0 is the angle between the interface normal and the trajectory
345350355360 0 4 8 12 16 20 of the transmitted electron. The key qualitative difference
x (&) x (&) between the boundary conditidf) used by Radoviet al.
s m

and the modified one in Eq14) is that the latter allows a
jump of the anomalous Green function at the interface, while
Eq. (9) assumes that the pairing function is continuous across
the interface. In other words, the boundary conditidd)
explicitly takes the finite transparency of ti®F interface
for the Cooper pairs into account.

Now, using the boundary conditior8), (10), and (14)
and taking the renormalization of the diffusion coefficient in
the F layer' into account, one obtains a new basic equation
for finding ¢ in Eq. (7)1%32

FIG. 10. Spatial variation of the real part of the pairing function
near the interface in the model by Radowical. for the series S749
with dpy=730 A andd.=4 A (a), 9 A (b), and 20 A(c) with the
parameters,=170 A, ¢,=16 A, ande=3.4 as obtained by the
fit.

transparent interfagand neglects any influence of spin-orbit
interaction, theT; suppression can be easily estimated quan
titatively. The exchange splitting of the conduction band in
Fe, A, is about 1 eV(see, e.g., Ref. 1, and references N N N
therein. In the Cooper limit, which is sufficient as a rough ., 1(%) (% (kpds)tanh(kydpy)
estimate, the effective exchange field acting on the Cooper 2\ Ns/\ Ds/1+ (2D, kI Trvmtanh(k:dm)
pairs in the Fe layer is given by its value averaged over the (16)
total thickness of the Fe/Pb/Fe trilayer

where
|2l o 20 13 i+t
=2l Feq o 13 k+=2” + 7] an
m D+

Then we consider the Clogston limit for the spin splitting of m
the conduction band, i.e. the fiehti= V2A/gug Which com-  with
pletely quenches superconductivity. With the gap parameter
A=1.7&gT.=1.2 meV for Pb and the exchange field esti- D+—1 Vemlm 18

mated aH=1./gug, a complete quenching of supercon- m-3 m
ductivity is expected forde~0.5 A. This corresponds to
less than one monolayer and is in strong contradiction to thélere N, and N is the density of states of the conduction
experimental result in Fig. 9 where we find that supercon€lectrons at the Fermi level in the ferromagnetic and super-
ductivity survives up tal~40 A. This second severe con- conducting layer, respectively. The complex value of the dif-
tradiction demonstrates that there is an essential shortcomirfgsion coefficientD,, reflects the inhomogeneous character
in the theory which makes it unrealistic for a quantitative of the pairing state in the exchange-split conduction band of
comparison to experimental systems. We will argue in thea ferromagnet. The inhomogeneous pairing function experi-
following that this shortcoming is the high transparency ofences pair breaking with characteristic scattering timde-
the interface assumed in the theory. pending on thd value® due to spin independent potential
Aartset al® were the first who shed light on the important scattering of electrons. Now the transition temperature of the

role of the interface transparency and presented experimentl S/F trilayer is determined by the solution of the set of
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Egs. (6), (7), and (16), and depends on the transparency of _ 08 a
the interface via the paramet€y, (15). s 0.6
In the case of the perfect quantum mechanical interface =
transparency for the paramefgy, in Eq. (14) T,>1 holds. x 04 S F
In this limit and reasonable values of other parameters the = 0.2
second term in the denominator of Ef6) can be neglected. 2
Then making use of the definition ofy=o0,/05 0.0
=(Ny,Dn/NgDg) in Eqg. (16) and neglecting the renormal-
ization in D, we reproduce exactly the previous equation _ 08
of Radovic(11), which turns out to be the high transparency e 0.6 S F b
limit of Eq. (16). We thus conclude that the theory by Ra- ="
dovic et al. can be expected to provide a quantitative model = 04
for an experimental system only in the case of perfect inter- ‘% 0.2
face transparencyT(,,>1). e
If, as in most experimental systems, t&éF interface 0.0
transparency is not very high we have to use the general
equation(16) for the calculation ofp in Eq. (7). In this case _ 08
the parametrization of the basic equatidfg (7) and (16) s 0.6t S F Y
via the coherence lengths, the magnetic stiffness length ;f
& =vg /21, the mean free path of conduction electrons in x 0.4f
the ferromagnetic layet,,, the interface transparency pa- % 0.2}
rametefT, and the ratio N,.vrm/Ngves) appears to be natu- e ~—_
ral. 0.0 ——]
At the first glance, due to the large number of parameters

the fitting of this theory to the experimental data looks rather 345 350 3550360 0 4 8 1216 20
arbitrary. However, combining all experimental results x_(A) x_(A)
which we have and considering restrictions limiting the
range of validity of several parameters, one is able to fit a FIG. 11. Spatial variation of the real part of the pairing function
realistic set of parameter values. First, the coherence lengthear the interface in the model by Tagirov for the series S749 with
¢ has been determined from the upper critical field measuredes=730 A andde=4 A (a), 9 A (b), and 20 A(c) with the
ments. Next we regard the limit,> ¢, which imposes re- Parameters,=170 A, £=7.7 A, 1,=15 A, Nvem/Neves=1.3
strictions on the possible values Bf, and N, Vem/Nove).  2ndTm=0.4 as obtained by the fit.
In the limit t,—0 at d,>¢, using Egs.(7) and (16) we
obtain for the critical thickness of the superconducting layercurve. The shape of the minimum ©f(dgg) in Fig. 9 yields
from Eq. (6): Tn,=0.4, thus corresponding with Egq.(20) to
NmVem/Ngves=1.3. The oscillation amplitude givds,/¢
_ T NV /Ngv ~2 as an estimate, the position of the maximum giges
d?“=2@§sarcta{ 25 gZCS( r;ijz/-l—S o - (19 ~7.7A, corresponding td,,~15 A. Actually, we regard
v s " the existence of an oscillation .(dgg with a maximum at
Equation(19) is valid for an arbitrary transparency parameterdre~20 A as not clearly proven, regarding the experimental
T, andl > & (see discussion of the latter inequality in Ref. points alone. However, the theoretical curve suggests that an
18). Using dg”‘: 700 A for our Fe/Pb/Fe trilayer systers, oscillation exists and the drop df, for the sample with
—170 A as derived above and the BCS coherence lenth dire=34 A is definitely outside of the experimental error bar.

Pb £gcs= 830 A % from Eq. (19) we obtain So the optimum strategy for fitting the experimental results is
to control the shape of the minimum By, , the height of the
NmVEm 1 shoulder byl ,, while rescalingd,,, by &, to ensure the correct
NeVes mzo-zz- (20 position of the minimum and the shoulder.

A fit of the experimental results with the set of parameters
Numerical analysis shows that tig(ds) curve hardly de- obtained following this strategy is plotted as a solid line in
pends onl,,. At the same time thd (d,,) dependence is Figs. 7 and 9. The numerical values of the parameters are
very sensitive to the variation of thg, andl,, allowing to  given in the subscript of Fig. 11. The quality of the fit is
determinel ,, and the pairsT,, and N,ven/NgVEs), con-  satisfactory, including details in tHE,(dgo) Structure in Fig.
fined by Eq.(20). As can be seen from Figs. 3 and 5 of Ref. 9. This means that the position of the maximum which gives
18 the superconducting transition temperature exhibits oscil¢, is determined correctly.
latory behavior as a function of the ferromagnetic layer We want to comment shortly on the qualitative features of
thicknessdy,. The first minimum inT.(d,) curve occurs at the pairing wave function on the ferromagnetic side in Fig.
d,,~0.5¢, for T,,>5. With decreasing thd,, below T, 11. The amplitude and phase of the wave function inEhe
~5 the minimum shifts to a smaller magnetic layer thick- layer results from an interference of the incident wave func-
ness. TheT,, value affects mainly the region of the first tion and the wave function reflected at the ferromagnet/
minimum of theT(d,,) curve. The value of,,, in contrast, vacuum interface. The situation is not intuitively clear and
mainly influences the oscillation amplitude in tAg(d,,) the wave function must be calculated numerically by solving
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the wave equations with respect to the specific boundargopy, which lies in the rangg0, 1]. Equation(15) suggests
conditions and the kinetic transparency. The main experithe following parametrization of the transparency parameter
mental manifestation of the oscillating pairing wave functionT,:
on theF-side is the evident minimum in th&.(dg) curve,
possibly followed by a strongly damped further oscillation.

The theoretical analysi&shows that the existence of mini- Tm:L_, (22)
mum in theT.(d,,) curve is very robust feature against any 1-T

perturbations which destroy the interference of the pairing

function in theF layer. whereT denotes the angular averaged quantum mechanical

Next we want to discuss critically the numerical values oftransmission coefficient of the interface anecT<1. In

the parameters. Using the values for the Fermi velosiy  contrast to a similar single-parametric characterization of the
~10° cm/s and the splitting of conduction band in Fé 2 interface transparency by Aarét al., T thus defined does
~1 eV (see, e.g., Ref. 1, and references thgreire obtain  not depend on the film properties suchl gor &,, but only
&=hven/21~6 A which agrees well withé, value ob- on the transmission properties of the interface. Wih
tained from our fit. =0.4 derived from our proximity effect experiments we ob-
The value for the electron mean free path~15 A is  tain from Eq.(21) T=T,,/(1+T,)=0.29, which is consid-
considerably lower thah,~100 A which we have obtained erably reduced with respect to the ideally transparent inter-
from our resistivity data using agaimg,~10® cm/s. We  face having?zl.
believe that this discrepancy can be resolved as follows: The The microscopic origin of the strongly reduced interface
electric current in a ferromagnet with exchange split subtransparency needs to be explained. We believe that, the ex-
bands is carried by two parallel, spin-up and spin-down, spirthange splitting of the conduction band in the ferromagnet is
channels, which do not mix at low temperatures and carthe main physical reason. In fact, the spin polarization of the
exhibit strongly differing conductivitie®® In resistivity mea-  conduction band of a ferromagnet introduces a difference
surements the highly conductive channel shunts the low corR€tween the transmission probabilities througrsah inter-
ductive one, thus one essentially measures the long med@ace for quasiparticles with spin-downT () and spin-up
free path of the highly conductive channel. In contrast, in the(T1)- Itis natural to suppose that the transmission coefficient
proximity effect theoryl, plays the role of a decay length of for the Cooper pairs in th&/F proximity effect theory is

the pairing function in the ferromagnetic lay@t | > ¢)). close to the smaller one of the two transparency coefficients

Since the Cooper pairs consist of two quasiparticles from | andT_l for quasiparticles fo.rmin_g Cooper pairs. Quantum
echanical reflection of quasiparticles due to Fermi momen-

h nds it is plausibl me that the shorter .
both subbands it is plausible to assume that the shorter pa um mismatch takes place for quasiparticles incident on the

dominates in the decay length. Since the difference in th ; L
. interfaces. For example, electrons for which the projection of
mean free path can be a factor of 5 and lafjehe discrep- . e
the momentum parallel to the interfakg satisfies the con-

ancy seems plausible. One should also bear in mind that th&ti . .
. o A on kg <kj<kg, (kg; andkg, being the two Fermi vec-
value ofl,, obtained by our fitting procedure will increase Fi=kj<Kez (Ke1 F2 DeING

) ) ~1 18 ) tors), experience complete internal reflection from the side of
when introducing a nozero value feg =™ In our fit we e |argerk., thus decreasing the phase space of electrons
took 75'=0 because its value cannot properly be deterresponsible for the mutual influence of the ferromagnetic and
mined from the experiment. superconducting layers.

.The spatial variation of thg pairing .functi'on ca}lcul.ated We expect an additional decrease of Thealue due to a
with the set of parameters derived here is depicted in Fig. 1lehemical mismatch of Pb and Fe giving rise to a contact
The main difference between the behavior of the pairingyotential barrier at the interface. The barrier height is deter-
function obtained within the model by Radowt al. (Fig.  mined by the difference in the work functions of both
10) and the new model is the definite jump of théunction  materials®® This barrier leads to a weak hybridization of the
at the interface. We now fingg=0.5 for the parameter de- Pb and Fe derived wave functions at the interface. We expect
fined in Eq.(8) compared toy=0.028 derived within the that the barrier height is larger for immiscible metals, such as
theory of Radovic Since =0,/ 0s is the ratio of the nor- Pb and Fe in comparison to metals which are soluble similar
mal state conductivitiesy=0.5 seems reasonable. to V and Fe, or form intermetallic compounds such as Nb

The above results should convince the reader that a coand Fe. This will further reduce the transparency of $he
sistent interpretation of the experimental data can bénterface and the amplitude of the pairing function in the
achieved within the framework of a proximity effect theory, ferromagnetic layer.
which takes explicitly the finite transparency of t8& in- Finally, it is worthwhile to compare the transmission co-
terface into account. The transparency param@tge0.4  efficient derived from proximity effects with direct measure-
derived here is considerably reduced as compared o ments of the transmission coefficients using tunneling or
=10-15, which ensures the applicability of the Buzdin- point contact spectroscopy. These measurements also point
Radovic perfect transparency limit from the general set oftowards a possible strong reduction of the transmission
equationg6), (7), and(16). coefficientsT, andT, of the quasiparticles through tt&'S

The transparency paramefBy, entering in the proximity interface3®’ For example, the authors of Ref. 37 deduced a
theory may vary within the randeé<]. It is not suitable to  transmission coefficienT| for the spin-down electrons of
compare it with the quantum mechanical transmission coefT|=0.38 for Co/Pb and’|=0.43 for Ni/Pb, as compared to
ficient obtained vieS/F tunneling or point contact spectros- T =0.79 for Cu/Pb. This demonstrates the substantial reduc-
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tion of the transmission probabilities for ferromagnetic ma- In the second part of the paper we concentrated on the
terials compared to nonmagnetic materials. analysis of theT (dro) and T.(dp,) curves obtained for the
Electronic energy band structure calculations taking thePb/Fe layer system using two different theoretical models.
band matching and the complicated Fermi surface into acyhen fitting the more recent mod@iwhich is a generaliza-
count allow a first principle calculations of transmission andtion of the pioneering work by Radoviet al.** we got a
reflection coefficients oF/N interfaces such as Ag/Fe, Au/ consistent interpretation of the experimental results and
Fe, Cu/Co, and Cu/N¥ These calculations, too, demonstrate couid derive important and otherwise poorly defined micro-
the strong spin dependence of these quantities. The transmigsqnic parameters such as like the exchange stifiness length
sion probabilities averaged over the Fermi surface lie in the,,q the effective interface transparency.
range of 0.14—0.38 for the minority spin states transmitted
from the ferromagnetic to the nonmagnetic side, and in th(?h
range of 0.16—0.8 for the reverse direction. The calculation‘s;v
clearly reveal the physical origin of the low transmission of
the interface:(1) weak hybridization of some electronic
states due to symmetry restrictiori®) internal reflection for

A comparison of the fitting parameters obtained within
e two models also revealed the origin of an inconsistency
hich has often been encountered when applying the Ra-
dovic et al. model to experimental systems: The assumption
of a highly transparent interface, which is implicitly con-

the part of the Fermi surface where the momentum paralletﬁir!ed in this_mo_del, is not justified in most systems studied
to the interface does not match, af8l complete reflection until now. A fit Wlth the parameters of_ t_he model Iead_s to an
for certain areas of the Fermi surface if the sizes of the Ferniinrealistically high gradient of the pairing wave function on
spheres are different. The third reason can be expressed a$g ferromagnetic side of the interface which mimics the dis-
Fermi-momentum mismatch at the interface. Due to the comcontinuity in the pairing wave function actually occurring in
plex nature of the energy bands the transmission probabilitjeal systems. The possibility of a reduced and strongly spin
usually varies strongly over the area of the interface Brilloundependent interface transparency in systems composed of
zone. Nevertheless, as a rule, the strongly reduced averafgrromagnetic and normal metal has been recognized in re-
transparency of the interface especially for the minority eleccent years in connection with the problem of the giant
trons atN/F boundaries is clearly evident from the calcula- magnetoresistancé.lt is caused by quantum mechanical re-
tions. Thus both, point contact spectroscopy and band strudlection of the conduction electrons at the interface due to
ture calculations for theN/F interfaces support our electron energy band mismatch.
conclusion about the low interface transparency of the Pb/Fe We find that the transmission coefficient of the Pb/Fe
interface. interface has a remarkably low value, comparable to the
typical values derived for the minority spin electrons in
VI. SUMMARY AND CONCLUSIONS otherS/F systems. This low transparency leads to a strongly
. . ) reduced mixing of the superconducting and ferromagnetic
In the first part of this paper we presented a detailed eXg|ectron systems and is the basic reason for the fact that
perimental study of the proximity effect in the Pb/Fe layeredihe superconductivity in the thin Pb layers survives up to
system. The growth of flat layers is rather problematic in thisy rather large thickness of the Fe layer. We argued that
system, but bilayers and trilayers can be grown on sapphirgye |ow transparency of the Pb/Fe interface for the
substrates with sufficient structural quality. At very low Fe- quasiparticles is on the one hand due to the weak hybridiza-
layer thickness of only few A, the FMR-results indicate atjon of the Pb- and Fe-wave functions and on the other hand
possible discontinuous ferromagnetic film. The proximity ef-que to the exchange splitting of the Fe-conduction band,
fect, however, averages over the lateral magnetic inhomogpmbined with the fact that the decay length of the super-
neities on a length scale of the superconducting correlatioeonducting pairing function in the ferromagnet is mainly de-

length, so the superconducting transitions remain sharp evegrmined by the lower of the two spin dependent transmis-
in this thickness range. As expected from the alloy phasgjgn coefficients.

diagram of the Fe-Pb system, there is no alloying of the
elements at the interfaces and the Fe layers are ferromagnetic
down to the monolayer thickness. Comparing differ8tE
material combinations used for the study of the proximity
effect up to now, the Pb/Fe layer system fulfills best the The authors would like to thank Professor G.G. Khaliullin
theoretical assumption of a sharp interfat& ¥ We find  for his participation in this study during the early stage,
oscillations in theT.(dgo) curve, which we regard as a clear and for fruitful discussion of the results at the final stage.
indication of the existence of an unconventional, propagatinghe support of this work by the Deutsche Forschungsge-
pairing state in the ferromagnetic sublayers of Pb/Fe. Asneinschaft(Grant No. DFG-ZA 161/16-1and by the Rus-
mentioned in the Introduction, in the Nb/Gd and Nb/Fe syssian Fund for Fundamental Resear@roject No. 99-02-
tems, where an oscillatingl(dg) has been observed 17393, is gratefully acknowledged. One of ud.A.G.)
previously®>* the situation is not at all clear due to the com- acknowledges NATO support under Grant No. HTECH.EV
plex influence of the alloyed interfaces. 972833.
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