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We have investigated the behavior of the superconducting transition tempefatimesuperconducting/
ferromagnetic(S/H multilayers, as a function of the different layer thicknesses and for varying magnetic
moment ur of the F-layer atoms. The system studied consists of superconducting V and ferromagnetic
V,_Fe, alloys with x such thatug on the Fe atom is varied between 2 and @.g5 We determined the
superconducting coherence length in the F lageer which is found to be inversely proportional ta- . We
also determined the critical thickness of the S layer, above which superconductivity appears. This thickness is
found to be strongly nonmonotonic as function of the Fe concentration in the alloys. By analyzing the data in
terms of the proximity-effect theory, we show that with increasing, the increasing pair breaking in the F
layer by the exchange field is counteracted by a decreasing transparency of the S/F interface for Cooper pairs.
[S0163-182607)02129-2

. INTRODUCTION d",., needed to decouple two S layémseaning that the order
parameter in F is fully depressgds very small. Further-

In combining a superconduct@®) with a ferromagnetF)  more, the order parameter on the S side will be profoundly
rather than with a normal metal, various effects have beefnfluenced, since it must bend almost to zero at the interface.
predicted to occur. One is the modification of Andreev re-Experimentally, this translates into the fact that one S layer
flections at the S/F interfacewhich would introduce spin  petween two F layers needs a minimum or critical thickness
SeleCt|V|ty in the Conductance Of an SF junCtion, W|th Strongd?r for Superconductivity to develoma being governed by
implications for devices at mesoscopic length scAl8®-  oth . andé, . Of course, the concept of a critical thickness
other is the possibility of a phase different@ = 7 overan s not peculiar to the S/F problem. In S/N systems it may be
SIFIS junctiorf’, resulting'in an oscillatory behavior of the encountered as well, but the behaviorTafwith dg is more
superconducting transition temperatuile with F-layer  complicated because of the temperature dependence of the
thicknessdr of S/F multilayers™ An oscillation inT. was  coherence length in the normal megal. In the S/F case, the
recently reported for Nb/GH, but its origin is still  eychange energy is much larger than the superconducting
controversiaP All such effects concern the behavior of the transition temperature, which makas virtually temperature
superconducting order parameter near the S/F interface, a'i'ﬁ’dependent. We will come back to this below.
in that sense they form part of the general issue of the prox- Going one step further, it may be asked hgwcan be
imity effect, well known for the S/N case, _but hardly inves- \,aried. Control is clearly by the exchange splitiagE.,,
tigated for the S/F case. Apart from the spin dependence, thgsfined as the effective energy difference for electrons at the
main parameter which discerns an F metal from an N metaterm; |evel with spins parallel and antiparallel to the mag-

in the framework of the proximity effect is the coherence atization. It is connected to the magnetic momeptof the
lengthér, which measures the penetration depth of a Coopeg st ion by

pair into the ferromagnet. This length is supposed to be

small,_ as can be estimated from the simple clean-limit ex- AEo=| aitper )
pression
with lo4 an effective exchange integral. Thus, it is to be
Ee=Tvp/AEy. (1)  expected thagr can be increased by loweringe . Surpris-

ingly, these simple concepts have never yet been investi-
With v a typical Fermi velocity of 16 m/s andAE., a  gated. Itis the purpose of this paper to report such systematic
typical exchange splitting of 1 e\ is of the order of 1 nm, research, and to show that the above-sketched picture misses
much smaller than the typical superconducting coherencene essential ingredient, namely the transparency of the S/F
length és~10 nm. In consequence, the F layer thicknesdnterface for Cooper pairs. We present measurements on S/F
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TABLE I. Experimental values of the Fe momeumt , the mag- 2.5
netically dead layed,,q, the decoupling thickness,., the critical
thicknessd?,, and the specific resistivity at 6 K for alloys 2.0t
V,_4Fe,.

@ 15}

X e (pe) dmg (M) dg (M) dg (nm) - p(pQ cm) Z
1 2.0 0.1 0.42 28 6.3 =10
0.88 1.74 0.3 32 70 05|
0.77 1.57 0.2 35 69
0.53 1.0 0.2 0.86 34 168 0.0 —< ‘ ‘
0.38 0.39 0.3 1.44 30 94 0.0 0.2 0.4 0.6 0.8 1.0
034 025 0.4 2.06 28 92 o
0 10.6 FIG. 1. The effective magnetic moment per Fe atapversus

concentratiorx for alloys V,;_,Fe ; O indicates bulk alloys, data

taken from Ref. 11 indicates films, this work. The drawn line is

multilayers, where the F metal is a ferromagnetic alloy withmeant to guide the eye.

a moment which can be varied over almost an order of mag-

nitude by changing the alloy composition. We determinexg(x) with values found in bulk alloysfrom Ref. 11 is

df. anddg, for different ur, and find a surprising nonmono- given in Fig. 1. Films and alloys show some differences;

tonic behavior for the latter. From analysis of the data usingiearx=1, the values in the films are slightly lower than in

proximity effect theory, it is found that by including the in- the bulk while belowx=0.75 the films show higher values.

terface transmission coefficiefir transparengyT as a pa- We assume that this is due to the different morphologies of

rameter, we are able to account for the experimental result§lm and bulk material. Furthermorey,q is relatively low in

We find thatT strongly decreases with increasipg . This ~ all cases. Values stay below about 0.3 nm or roughly one

may well be due to the spin splitting in the ferromagnet,atomic layer, in clear contrast to the findings in the case of

which leads to partial reflection of Cooper pairs at the S/FCo and Ni?

interface as discussed for the conduction in Ref. 1. The second sample set was used to determdfhy the
variation of T as function ofd,,. This is done with samples
built with five layers (although three would suffige

Il EXPERIMENTAL de/dy /dg /dy /dg , with d fixed at around 5 nnfenough to

The multilayers were grown by dc magnetron sputtering'ePresent a “half-infinite” layer anddy, variable. The final
as described previousfyThey consist of V layer§T, = 5.1 Set was used to determird, by the variation ofT, with
K, Ginzburg-Landau coherence lengta, (0) = 13.9 nml  de; now five layers are needed?'/d\/df/dy/dR". The
and V, _,Fe, alloy layers. The case=1 (V/Fe) was already outer F layers are again of order 5 nm and meant to create a
studied'® In bulk V-Fe alloys, the average moment per Fesymmetric situation for the V layers whetf' is varied from
atom ur changes from 2,25 for pure Fe to 0 fox=0.31* 0 to 5 nm(essentially infinity; d,, has to be chosen differ-
The main reason for choosing an alloy is to have differenently for each alloy concentration which is best illustrated by
magnetic moments with the least changes of disorder at theome results.
interfaces. The V/Fe interface is well behaved, with a lattice
mismatch of only 5% and with disorder confined to the two IIl. RESULTS
atomic planes on each side. The alloys have even smaller _ . )
lattice mismatches with V, so that the favorable situation Figure 2 shows a compilation of results for the alloy with
with respect to compositional disorder will remain. x=0.34, havingug=0.25ug/(Fe atom, the smallest mo-

Samples were grown with alloy compositions 1, 0.88, ment in the series. First we consideg(dy), show_n in Fig.
0.77, 0.53, 0.38, and 0.34. Three different sets of multilayer€(®- The asymptotic value of 5.1 K for bulk V is reached
were prepared. One set was used to determipe built as agqve 150 nm. Below 50 nn,; starts to drop sharply, and
follows: d2“t/ Nx (d‘\’,‘/dF)/dﬁ’,”t. The outer V layersio" are da |sF reached around 28 nm. Also shown are measurements
for protection, typically 10-40 nm. The inner V laye§ is ~ Of dec. For this,dy is chosen from th&(dy) curve, such
typically 3 nm; it is not superconducting but meant to in- that the smgle_flImTC is in the range 2-3 K, well beIovv_ the
crease the number of interfaces, in order to obtain a realistieulk value. This is then the measurg for the decoupling
picture of the F layer magnetism. The F laykris varied in  Sample in the limit of largalf, called T¢" . Decreasingir
thickness, typically between 0.5 and 5 nm, while the numbefeads to increasing . when the superconducting order pa-
of repetitionsN is adapted to the strength of the moment. Forrameters leaking out of the V layers start to overlap. At
Fe, N=3 suffices, whileN= 20 for VggFes,. The magneti- dr=0, T, reaches the value corresponding tadg in the
zation M was measured with a magnetometer based on &c(dyv) curve [dotted lines in Fig. @)], which is called
superconducting quantum interference device at 5 or at 10 KIo9". In Fig. 2b), such transition curves are shown for two
In all casesM versusdg could be described with a straight different values ofdy,, namely 40 and 55 nm. Both curves
line, yielding the effective magnetic moment per Fe atomshow a steep descent above 1 nm, and level off to values
pe and the magnetically dead layer per interfakg (see nearT'(?W above 2 nm. Incidentally, neither curve shows an
Ref. 9,10. They are given in Table I, while a comparison of oscillation in T, as might be found ifr coupling were
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FIG. 2. Data for \j 3J€y¢6. (8 Critical temperaturd . versus
V thicknessdy, . Different symbols represent different sample sets.T¢(dy) curves are similar to the one presented in Fig).2
The dashed line shows the bulk for V. The drawn line represents The scatter in the individual points is small enough to find
the model calculations, witly andy,, given in Table Il. The dotted values fordfr with good accuracy. All values fodf, are
lines show the range df; values covered by the experiments dis- collected in Table I. Especially interesting is the behavior
played in(b). Also in.dicated i . (p) '!'? versusdg for two values nearx=1, which is reproduced in Fig. 5. Ther,(dy) is
?rl;lg;’ér-r:aet:?;(g‘;d lines show the limiting values as follow from the 104 o a4 somewhat expanded scale for the three systems
' with the highest momentsxE&1, 0.88, 0.77. The behavior
for x=1, 0.77 is very smooth; fox=0.88, the scatter in
points is quite large, actually the largest by far of all sets
Fneasureo[compare also Fig. (@) for x=0.34]. Even then,

present. We will briefly come back to the issuemtoupling
at the end of the Discussion.

In Fig. 3, the same transitions have been plotted, bu v ) .
scaled toT"™".T! and for all concentrations. Far=0.34 th_e plot uneguwocally ;hows that the curves sh!ft to higher
the curves for both thicknessek, essentially coincide, as thickness with dec-reasmg. Th|_s _behawor IS quite unex-
they should. Furthermore, the steepest descent of the curvBECted, and comprises the main issue of our research, to be
clearly shift to highed, upon decreasing or ur . We now dlsscussed below. Flgure 6 shows the full behavior of
defined’, by extrapolating the steepest slope in the transitiorflc{#F)- A clear maximum is found betweex=0.77 and
curve to thedg axis (see Fig. 3 Different definitions, such X=0.53, before a slow decrease sets in. The valug=at
as using the 50% point, turned out to give very similar re-0-34, where the magnetic moment has decreased by a factor
sults. Values fodf are given in Table 1. We plot this quan- 8 is actually equal to the value for=1 (Fe). To make the
tity againstug* in Fig. 4 and find a reasonably linear rela- Point in another way, we plotted in Fig. 6 the results of
tion. Making the identificationi/2= &, it follows that&, ~ €arlier measurements with Co and Ni as the - mipén
behaves as described by E@$,2). Given the small thick- circles,’ wheredg, is found to be much lower at the same
nesses involved, such clean-limit behavior could be exvalues for the magnetic moment. Nexte , another factor
pected, but the linear behavior also implies that the quantitynust play a major role in determining the physics. We will
ve /o basically remains constant with varyixg now argue that this factor is the interface transparency.

Next we turn to the behavior ais.. For all alloys, the
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FIG. 3. Change of critical temperatufe with F layer thickness
de, scaled according to* =(T,—T'°%)/(TN"—T!°%  The lines FIG. 5. Change of critical temperatufe with S layer thickness
are meant to guide the eye. The construction for the determinatiods for alloys withx = 1, 0.88, and 0.7ftwo sample sejs The lines
of df is indicated forx=0.53. The arrows show the valuesdff.  are the results of the calculations with the parameters given in Table
for all alloy concentrations. Il.
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FIG. 6. @ indicates values of the critical thickned§, for all

alloy concentrations plotted versus magnetic moment O indi-

cates data for Co and Ni taken from Ref. 9. Drawn and dashed lines /":I'IG.w7it.h 'E:chei\:]culgt;d ecrht?rilgkenelr;é?lgatlf\:)er ;;'t:flaélllt:emger;ture
are meant to guide the eye. c/leo ging y s y

(drawn lineg and an N/S/N trilayefdashed lines for y=0.1, 1

and complete transparencyy=0).
IV. DATA ANALYSIS BY PROXIMITY EFFECT THEORY

in the Appendix. Here, we continue with showing some of
) o the results of the model calculations, which will serve to
Scattering of a normal electron or quasiparticle on a pojllustrate the analysis of the experiments. For the underlying
tential barrier at an interface will lower its transmission co-data, we need the dependericéds), for different values of
efficientT. In S/N structures, one source for this is the PO-the proximity effect parameter/ and the transparency pa-

tential step due to the difference in lower band-edgeametery,, defined agsee the Appendix
energies. Defects can also cause potential scattering, and are

usually modeled as & function with a certain strength. _ psés _ Reg
Theoretically, the consequences of redudedor different y_PF&:’ Yb_PFfF' )
guantities such as the superconducting density of states or,

the critical temperature, have long been a subject for invegth pi the normal-state resistivity of metaj and Rg the
tigation, starting with McMillan’s tunneling model for bilay- normal-state boundary resistance times its area. The connec-

ers, which represents the limit of small A good overview 10N betweeny, and the transparency is roughly given by

of the early work can be found in Ref. 12. Experimentally, 1
T is usually treated as an adjustable parameter. Systematic
investigations have been few, as are numbers for the “intrin-
sic” value of T in a given NS combination. This may not be Figures 7 and 8 show two types of results from the calcula-
surprising, since interface imperfections play an importantions. In Fig. 7,T.(ds) is given for an F/S/F trilayer with
role. It is also useful to remark that the transparency disdg=10(¢, ps=pg, &5/€-=10 (y=10) and complete trans-
cussed here is conceptually equal to the barrier strength pa-

A. Theory; a brief description

T= 1ty (4)

rameterZ in the Blonder-Tinkham-Klapwijk mod&l for
transport properties of tunnel junctions. 1 v =
Recently, model calculations were performed on the prox- 0

imity effect in S/IN multilayers for arbitrary transparency of
the interfacé The model is based on the Usadel equations,
with boundary conditions for the normal and anomalous 1L
Green’s functions at the interface as derived by Kuprianov k
and LukicheV!® following earlier work on the clean-limit .
case by Zaitse® The model can be easily adapted to the S/F 33
case by noting that the coherence length in the F metal is ©
determined by AE,, and therefore independent of 01 E
temperaturé=® In an earlier analysis of results on V/Fe
multilayers'1°® a similar model was use(due to Radovic
et al*, which could well describe the behavior of critical
temperatures and critical fields, but did not incorporate inter- |
face transparency explicitly. As a matter of fact, the single
parametere of that model is, in general, not suited to de-
scribe proximity effect and transparency in an independent Yo

way, although it turns out to be possible in the limiting case

of F/S/F trilayers withde> £ . This point is quite important FIG. 8. The calculated change in critical thickneld¥s for an
for the correct description of experimental results and therer/s/F trilayer as function of the transparency parametefor dif-
fore the model and this issue in particular will be discussederent values of the proximity effect parameter
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TABLE Il. Values for the coherence lengtl§s, for the specific

resistivity p at 6 K, for the proximity-effect parameteyr, and for a . lb
the transparency parametgy, for alloysV;_,Fe, . 50 /-,r' 10 los
X & (m)  p(rQ cm) y Yo - s N\ Jos

40 | w-’ 4
1 0.14 6.3 100 180 e N\, ~
0.88 0.16 70 8.5 10.1 T orom I 1%
0.77 0.17 69 7.8 7.3 ol e |

. - 0.2

0.53 0.27 168 2.1 1.3 1 >
0.38 0.69 94 1.4 1.1 /AR e 00
0 34 1 08 92 o 93 O 6 0.0 0.5 1.0 1.5 2.00.0 0.5 1.0 1.5 2.0
O. ’ 10.6 ’ ' Hp (kg) tp (11g)

FIG. 9. (a) (@) indicates Critical thicknesdfr versus magnetic

_ . . _momentug for all alloy concentrations(l) indicates calculated

o Bousaa, B L e e PArAT. gl hosal, computed iy, - O(l ansparncy

) g q ransparencyl versus alloy magnetic moment:. All lines are
only clearly visible belowT./T;,~0.5, where the tempera- meant to guide the eye
ture dependence @f, becomes important. In the F case, it is '
easy to define a value for the critical thickness, caﬂﬁd for .
which we take the thickness &t /T, = 0.01. Figure 8 ones. Especially for Fe, a low value fgﬁ and an also rela-
shows the behavior i for the F/S/F case as function of tively low value for pr. lead to a very highy and a theoret-
the parameters and y,. The plot demonstrates some gen_lc;a;gcr)lﬂlegthmkness which is close to the asymptotic limit
etrr?l featurejlproximity effect systems. In the angtrit, The simpsié fact thadlZ is much smaller than expected for
do/és — m\2ye =6, with yg the Euler constant. This limit e .
. . the casey,=0, already indicates reduced interface transpar-
is hard to reach in S/N sygtems,_whf&&_,\] are of the same ency: a?/yakl)lue toT < 1 3(/7 ~0) leads to smalled® (see Figp
order of magnitude, but 'S easily met in S/F systems Wlth8)' fc;r T=0 the supercgnductor will behave gs an iSO|<';lted
ps/pr of order one, and witiss an order of magnitude larger fiIr’n d,—0). The next step therefore is to use the model
than &g . Also, if y is large and therefore “proximity leak” (de—0). P

is small, it takes a very high barriglarge y,, smallT) to calculations in order to find the valug of, need_ed to repro-
lower dh duce the measured values fdf.. T is then simply found
“ from Eq. (4). The results, plotted in Fig.(B), show a very
. . simple relationT is low for the case of Fe, increases more or
B. Discussion of the results less linearly with decreasing or x, and reaches the order
As has been discussed above, a full description of th@f 1 for low Fe concentration. The observed maximum in
T, variation in a proximity effect system needs five param-d3, is therefore due to the competition of three ingredients:
eters: the S bulk layer critical temperatufg, , the thick-  on the side of high Fe concentration, the increasjpgand
nesseds anddg, the proximity-effect strengthy and the  decreasings/pg will lower df,, but the increasing interface
transparency parameteg,. Starting withy, it can be seen transparency will increasdf,, and wins; on the low Fe side,
from Eq. (3) that this parameter is fully determined by mea- the change in interface transparency has become less impor-
surable quantities. We tak& from the linear relation be- tant, and the change 'njfr is as expected from the change in
tweend§, and s, shown in Fig. 3, rather than from the
actual values ofif.. The values used are given in Table Il. ~ We believe this to be the first demonstration of a barrier
For £ we use 8.8 nm, correspondingdg, (0)= 13.9 nm'®  transparency which is changed in a continugasd con-
The normal-state resistivitiepsr are also known. They trolled) fashion, and over a large part of the full range. Of
were measured on thin films of 50, 100, and 200 nm, dowrtourse, the given values fdr should not be taken too liter-
to 6 K for all compositions and for V. The averaged valuesally. They depend on the way in whicft is extracted from
are given in Table Il. Due to the use of alloys; actually  the T (dg) curves, on the measured valuesmfr (which
increases considerablpbout 2. cm/at % up tox=0.5, may be somewhat different in multilayers or in single fijms
thereby lowering the resistivity ratio ity from 1.7 to 0.06. and on the approximation used to go fropg to T. Espe-
Values fory can now be calculated, and they are foysde cially a near-zero value for Fe may be too low. On the other
Table I) to decrease monotonically with decreasing mo-hand, a seriously reducell is needed to explain the low
ment. Note that this is due to a decrease in both the factorgalue fords,, while a serious concentration or moment de-
ps/pe and £s/ée, and neither factor therefore can be the pendence off is needed to explain the increasedp. This
cause of the measured increasedgf. With the values for point leads to the question of the cause of the low value and
v, we calculate theoretical valueté’} under the assumption its change. It is possible th@itdepends ox as a result of the
that y, = 0. The numbers, plotted as squares in Figy,9do  changing compositional disorder or the changing lattice pa-
not mimick the experimental results, shown as filled circlesrameters(strain. It is more probable, however, thatr,
in two respects. They do not go through a maximum, as wameaning the ferromagnetism and the spin-dependent band
already anticipated from the monotonic behaviorygfbut  structure, play a role. One mechanism may well be the re-
also, the measured values are much lower than the calculateliction of Andreev scattering due to the exchange splitting,
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since this would translate to a reduced transparency through poor, whereas on the dilute side the transparency change
the use of the boundary conditions for the Usadel equationsas become small, with a correspondingly small effect on
(see the Appendix The effect is linear iIMAE,,/er, with  Tc.

er the Fermi energy, and might therefore be appreciable, of

the order of 30—50 %. Another mechanism can be spin de- V. SUMMARY

pendence in the normal-state reflection at the interface, such

. . L . . In summary, we investigated decoupling in S/F/S struc-
as now investigated in view of giant magnetoresistance effures UDON Varving the maanetic moment of the E laver at-
fects(see, e.g., Ref. 271t would take reflections in only one P ying 9 Y

spin channel to lower the transparency for Cooper pairsoms. Indications ofr coupling in the form ofT; oscillations
. p - = . . .
Both effects can be present at the same time; from this view"Elre not observed. Identifyind'y, with & we find a simple

: . . : and reasonable dependerize« ,uF‘l. We also measured the
point, low transparency looks quite feasible. Interestingly, .~ ) s :
critical thicknessdZ. in F/S/F structures. Here we find a sur-
the few reported values faﬂf,/gs are much below the upper ~ .. c . .
limit of 6. For Nb/Gd, for instance, the value is 42For prising and nonmonotonous behaworl as functionupt. By
Nb/ET thé value appéars 0 be betv;/een 2 AW t.rans- analyzing the data in terms of a proximity effect theory, we

b L oh in's/ onclude that this behavior is due to the competing effects of
parency may prove to be a general phenomenon in S/F MU creasing attenuation deptige) of the order parameter in

tilayers. the F material, and of also increasing transparency of the S/F

interface for the penetration of Cooper pairs. More insight in

this effect should come from a better understanding of the

spin dependence of the different scattering mechanisms at
In the discussion of the results on the decoupling behavthe interface.

ior, we already noted that no oscillatory behaviofTgf, and

therefore no indication ofr coupling is found with varying ACKNOWLEDGMENTS
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nied by two virtual spin flips of that moment. Given the der Materie” (FOM), which is financially supported by
strong and itinerant nature of the magnetism in tidet&n- WO.

sition metals under consideration, the spin flips would take

the form of spin-wave excitations. This process will have a APPENDIX

small probability in view of the large energy denominator
involved. In principle, a system with strongly localizéslg.,

C. On the issue of# coupling

We consider a multilayered structure consisting of alter-
nating F and S layers of thicknedg anddg, respectively,

4f) moments, might offer a better chance for finditagcou- . -
pling. Still, we do not believe that the oscillationlike changesand with a finite tr_a_nsparency of the FS boundary. _The S
layer has a bulk critical temperatuiie,. We assume dirty-

in T, which were found recently in Nb/G@Ref. 7 are actu- .. o gy
ally due to this mechanism. Rather, transparency may agaiIImIt conditions for both F and S metalk: s<¢ s, where
F.s and &g s are the mean free paths and coherence lengths

lay an important role, as can also be inferred from a repo .
gn )(/)scillatgryT 's in Nb/Fe by Minge et al.® who investi-p in the RS) layers. Due to the translational symmetry of the
¢ ? problem it is sufficient to consider an elementary unit cell

gated(essentially trilayer samples with a single supercon- with period A =(de+dg)/2. With these assumptions the

ducting layer. The key observation in both Nb/Gd and Nb/Fe_ ~'. ™" ) : o
is thatT,. increasest the onsebf ferromagnetism in the thin proximity effect in the system can be described within the

F layer. In the spirit of the model used above, we wouldfr"’lmewOrk of the U_sadel equatlo_ns fc_)r the S anq F Ia_lyers.
NearT, these equations can be linearized and written in the

describe this in the following way: at thicknesses below th 56

onset, strong paramagnetic fluctuations will still act as pai

breakers of a strength comparable to the one in the ferromag- 7T d?

net andT, goes down with increasinds. At the onset, a T DI -DI=2A5", 0<x<dg, (A1)
static exchange splitting sets in, decreasing the interface || dx

transparency anthcreasing . Since this jump will be su- 42

perimposed on a fallind.(dg) curve, it is entirely feasible éW‘DEI@g:O' —dp<x<0, (A2)

that T, decreases again with further increaselpf Also, the
fact that these very thin films have not yet reached their bulk
Curie temperature will still chang&- and AE,, beyond the
transition to ferromagnetism. It is interesting to speculate
that in the results on Nb/Gd reported by Struztkal,'® the
onset of ferromagnetism occurs where the plateau irfHere QE,SEQF,S(w)iCDF,S(— w) are the anomalous
T.(dgy begins, rather than at the downward jump. The reaGreen’s functions integrated over energy and averaged over
son that no clear plateaulike effects are seen in the measurtte Fermi surface] is the order parameter in the S layer,
ments presented here is then that for the Fe-rich alloys mags* =1, 5~ =0, andw=#T(2n+1) with n=0,+1,+2,...
netism already sets in at very smd} where the resolution are the Matsubara frequencies. Note that the functions

T
Aln="+7T, >, [(2A—D¢)/w]=0. (A3)
TcO w>0
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®r 5(w) are not symmetric with respect to sign reversal ofwhere the different wave vectors must be projected on the
the energyw, i.e., @ o(w) # P s(— w). This symmetry is  direction perpendicular to the interface, giving thelepen-
restored in the more conventional case of proximity effect indence. For equal and free-electron-like bankisr \e, Ky
an NS sandwich®y g(w)=®y ¢(—w), which results in  «./e—h,, kloc\/e—k ho, with € the energy of the electron
QDQ’SE 2Py s, and Py s=0. Another important difference with respect to the Fermi energy, it can easily be shown that
between the NS and FS cases is thgtis w dependent, T = 1 whenhy=0, while T=0 for hy=€r, since then no
whereas{r is constant. Some specific phenomena which reoccupied states are present for thesubband. In between
sult from these peculiarities of FS systems were pointed outhese limits,T(h,) is roughly lineart
previously in Refs. 4—6. Here we are interested in the effects Equations(Al) and (A2) were discussed extensively in
of the intransparency of an FS interface. Similar to the cas®efs. 20,21 in connection with the proximity effect in NS
of an NS sandwich, Eq94Al) and (A2) must be supple- sandwiches with thick S layers and thin N layers, which is a
mented with the following boundary conditions in the middle particular case of the multilayer problem. It was shown there
of the layers: that solving Egs(Al) and (A2) may be reduced to solving
q q Egs.(Al) and(A3) in the S region with an effective bound-
oo _ oo _ ary condition for®g(0). Such a boundary condition can be
&CDS(x—dS/Z)—O, &®F(X_ de/2)=0, (A4) derived for certain limits. For instance, solving the equation
for ®y in the N region and using the boundary conditions of
as well as at the FS boundafy Eqg. (A5) in the linear regime under consideration ndar,
d d one obtains

§s&q)§: YgF&q)g )

A5 py0) =M () (A9)
" ST L pmAn(e) T
nydeCI)?:(I)é—CI)é , where the parameteXy(w) is given by the expression
X
1/2 1/2
where dN)( ® ) }
A = tanh | =— , (A10
¢ R e (cho {2@ o |7 A0
_ Psss _ "B _
YT prgr T prEe (A8)  with &y=\onTW/67Tco.

In the case of an FS sandwich, one needs an effective
Here & is defined in Eq.(1), & is defined as boundary condition fofb¢ , since this function goes into the
£s=2&6.(0)/m, p; is the normal-state resistivity of metal self-consistency equatioA3). Such a boundary condition
i, andRg is the normal-state boundary resistance times itsvas derived in Refs. 5,6 for the case of a fully transparent FS
area. EquationA3) is a self-consistency equation for the interface and may be straightforwardly generalized for the
order parameter in the S layer. The parametgrand y,  case of arbitrary transparency using E45). The condition
have a simple physical meaning: is a measure of the is simplified considerably in the most interesting case of a
strength of the proximity effect between the F and S metalslarge exchange splittind Er ; one arrives at an expression
whereasy,, given by similar to Eq.(A9) with Ay substituted byA-. The length
& is independent of temperature, which means thatw)
Yo= (21 (Ie/1Ep)((1=T(0))/T(6)) (A7) becomes independent of
o]
coth 5 & .
(A11)

de
+co§(2—§F

de

describes the effect of the boundary transparency. The pa- q
F
tanh =—
2¢F "(2&

rameterT(#) denotes the transmission coefficient through A=
the interface for a given angl@ between the quasiparticle
Relation(A11) leads to the oscillatory dependenceTgfon
F layer thickness discussed theoretically in Refs. 4—6. Fur-

trajectory and interface and. . . ) denotes the angle averag-
ing over the Fermi surface. The conditigg=0 corresponds
to a perfectly transparent boundary, wheregs-c corre-

sponds to a vanishingly small boundary transparency. SpethermoreA =1 in the limit of thick F layersdg/2é¢> 1

cific expressions fofl can be obtained for certain models for o . racult Fin the latter regime the effective p’aﬁamgter i the
the potential barrier. _The case of é&potential barri;ar boundary éonditior[Eq.(Ag)] becomesy/(1+ y,), i.e., the
U(X):U05(X_X02) vields  T(6)=4ve(0)vs(0){4Us  yansparency can be incorporated in a single parameter. It is
+[ve(6) +v(0)]7), whereve () are the projections of a0 possible to find the correspondence between this single
the Fermi velocities of F and S metals on the direction per'parameter and the parametefrom the model of Radovic
pendicular to the interface. If the exchange splitting in theg, al.* defined as

ferromagnet is the main cause for intransparency, a simple

o

expression foll was given in Ref. 1. By assuming a Stoner- ¢
like model, in which the exchange eneryy results in a == (A12)
potential step for one of the spin subbands, it follows that néF

AK2K. k Simple algebraic manipulation shows that, since for full
ST (Ag)  transparency we have= e *, for arbitrary transparency we

TsH0)= T2
s (k&+Kkk))? must have
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_ps 1

pe 1+’
In this same case of thick F layers, the equationsT{oalso
reduce to a very simple form:

Otan(Qdg/2é5) = y/(1+ yp),

n (A13)

(A14)

d, "%,

Y1124 Q2T o/2T) — (112 =In(T o/ T).

It is interesting to note that these equations are nothing else
than those from the de Gennes—Werthamer th&tywith

the effective boundary condition introduced above. Further-
more, it should be remarked that the single parameter de-
scription only holds for the linear problem negy whereas

the behavior of the densities of states in S layers is not sim-

ply scaled asy/(1+ yy).

Finally, it is easy to solve Eq9A14) in two limiting
cases of weak and strong suppressionTgf In the first
regime, where T.o— T.)/T¢<<1, the thickness dependence
of T, has the form:

772§s Y
Tc/Tco:1—2—%1+—%, Y (1+yp)<1, (A15)
772552
T/ Teo=1— Z_dS , YL+ y)>1.

The critical thicknessdg} is easily found by taking the
limt T, /T.—> and using the asymptotic form
y(2)=In(4vy2) at z>1 in the second part of EqA14)
(where yg=1.78 is the Euler constant We obtain
Q§r= 1/2yg and then the first part of Eq(Al4) yields
dSY¢e=m\2yg=5.93 for  y/(1+y,)>1, and
dey ST és=4ye v/ (1+ yp) for y/(1+ yp)<1.

Ts

FIG. 10. Comparison of the calculated change in critical thick-
nessd‘é}lfS for F/S/F trilayers(drawn lineg and N/S/N trilayers
(dashed linesas function of the transparency parametgr for
different values of the proximity-effect parameter

already made in Fig. 7 for two values gfand fory,=0. In
accordance with earlier calculatiorisee Ref. 4 and refer-
ences thereinthe behavior ofT.(ds/&s) for SF and SN is
most different in the regime of strong pair breaking,
T./T.o<<1, where the drop of . in the SF case is steeper.
Nevertheless, a critical thickness exists both in the SF and
SN cases; it is a general property of proximity-effect sys-
tems, provided that the (N) layers are thick. To illlustrate
this, in Fig. 10 we compare the dependencedtcﬁfgs on the
interface transparency in the S/F and S/N cases for several
values ofy. In both casesd™ was taken at the value where

The well known de Gennes result for the critical thicknessT /T .,<0.01. Sincedﬂ} is controlled by the parameter

for SN systems with full transparencyy,=0, and y<1
readsd™SY és=22ygy.2* Thus, for comparable values of

cr
the pair-breaking parameterthe critical thickness in an SN

vI(1+ ), it decreases with the increase of the intranspar-
ency parametey, and with the decrease of the pair-breaking
parametery. The curves in Fig. 10 may be used to estimate

multilayer is somewhat smaller than in an SF one. A com-itical thicknesses in real multilayer structures.

parison ofT;(ds/ég) curves for SF and SN multilayers was
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