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Layered ferromagnet-superconductor structures: Thesr state and proximity effects
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We investigate clean mutilayered structures of #f€Sand SFSF Stype (where theS layer is intrinsically
superconducting and thE layer is ferromagnetj¢ at low temperature, through numerical solution of the
self-consistent Bogoliubov—de Gennes equations for these systems. We obtain results for the pair amplitude,
the local density of states, and the local magnetic moment. We find that as a function of the thizkoEdse
magnetic layers separating adjacent superconductors, the ground state energy varies periodically between two
stable states. The first state is an ordinary “O state,” in which the order parameter has a phase difference of
zero between consecuti&layers, and the second is ar“state,” where the sign alternates, corresponding to
a phase difference of between adjacers layers. This behavior can be understood from simple arguments.

The density of states and the local magnetic moment also reflect this periodicity.
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[. INTRODUCTION the exchange field in the ferromagnet, that ultimately leads to
damped oscillations df(r) in the magnet, with a character-
The study of layered ferromagnet-superconductets) istic length&g typically much smaller than the superconduct-
heterostructure has sustained the active interest of many rétg coherence lengthy. These oscillations are akin to high-
searchers. This is due in great part to continuing and receriteld oscillatory phenomena described a long time an
progress in the preparation and fabrication of mu|ti|aye|’ Sysihe absence of currents and magnetic fields, the modulation
tems, and to the potential use of such heterostructures if the order parameter determines whether two neighboring
various important applications. In particular, structures conSuperconductor layers share a stailer O phase difference.
sisting of alternating ferromagnef] and superconductor FOr @ multilayer F/S heterostructure with ferromagnet layers
(S) layers may exhibit, in certain cases, a ground state i 0rder még in width, it is intuitively evident, taking into
which the difference\ ¢ between the order parameter phaseaccount. the CO”“T‘“'W OF () across theF/.S mterface apd
of adjacent superconductor layers equalsThese are the so the particular oscillatory Uat“re. of th.e pair amp“‘“‘.’e n the
called “r junctions.” TheseF/S hybrid structures offer ad- ferromagnet, that a configuration will result. in which it is
vances in the field of nanoscale technology, including quan_energetlcally favorable to have a phasg difference gf .
tum computing, where the implementation’of a quantum =1, rathe;r 'Fhan zero, between successive superconducting
C . layers. This indeed turns out to be the case.
two-level system is based on superconducting loopsrof —“Ajthough recently there has been a surge of interest in the
junctions. Furthermore, artificial composites involving a SU-study of F/S multilayer structuregsee, e.g., the theoretical
perconductor sandwiched between two ferromagnets, the dg;ork of Refs. 9-28 and the experimental work discussed
sign of which follows from giant magnetoresistiv€MR) below)) work on superconductor-ferromagnet-super-
devices, show potential use as spin vafvéand nonvolatile conductor 6FS Josephson junctions started long &3@he
memory elements.An essential principle behind many of Josephson current was calculated for a short weak link in the
these spin-based devices is the damped oscillatory nature gfean limit, and found to exhibit oscillations as a function of
the Cooper pairs in the ferromagnet region and the associatede ferromagnet exchange fieftilt was later demonstrated
phase shift in the superconducting order parameter. that for aSFSsandwich obeying the dirty limit conditions,
The coupling between nearby superconductors separatefle critical current oscillates as a function of the thickness of
by a ferromagnet is a property that follows from the proxim-the magnet and of the exchange fi&ldA more detailed
ity effects, which in the context df/S multilayers consist of  analysis of dirty junctions near the critical temperature
the existence of Superconducting correlations in the ferrOanowed for differing transparencies of the ferromagnet_
magnet and magnetic correlations in the superconductosuperconductor interfacé®.Many interesting phenomena
arising from their mutual influence. The resulting superconhave heen proposed or discussed. Calculations were more
ducting phase coherence is quantified by the pair amplitudgecently performed for &FSjunction with arbitrary impu-
F(r)={(¢,(r)(r)), where theys, are the usual annihila- rity concentration. For nonhomogeneous magnetizafidh,
tion operators. It is now well established that the leakage othe superconductor may exhibit a nonzero triplet component
superconductivity is due to the process of the Andreewxtending well into the magnet. For quasi-two-dimensional,
reflection® whereby a quasiparticle incident onFdS inter-  tight-binding, F/S atomic-scale multilayers, the ground state
face is retroreflected as a quasihole of opposite spin. It is inas shown in some cases to be thatate'® and the density
turn the coherent superposition of these states, spin split byf states(DOS) exhibited prominent features that depend

0163-1829/2004/69)/01451711)/$22.50 69014517-1 ©2004 The American Physical Society



KLAUS HALTERMAN AND ORIOL T. VALLS PHYSICAL REVIEW B 69, 014517 (2004

critically on the exchange field and transfer integral In this paper we investigate the proximity effect and as-
parameteré® For multilayer structures consisting of two fer- sociated electronic properties of clean three-dimensiBhal
romagnets and an insulator sandwiched between two supenultilayer structures comprised of alternating supercon-
conductors, an enhancement of the Josephson current wector and ferromagnet layers. Our emphasis is on the study
predicted>??for antiparallel alignment of the magnetization Of the existence of pair potential behavior of thetype. We
in the ferromagnet layers. Spin-orbit scattefifg and implement a complete self-consistent microscopic theory
changing the relative orientation angle of the in-planethat treats all the characteristic length scales on an equal
magnetizatioré were shown to significantly modify the be- footing, and thus can accommodate all quantum interference
havior of the dc Josephson current. effects that are likely to be pertinent. The problem will be
The rapidly evolving theoretical views compounded with solved from a wave function approach using the
technological advances that permit the fabrication of well-Bogoliubov—de Genne@dG) equations. To do so, we ex-
characterized heterostructures has prompted a considerafignd an earlier methdtiused for a singlé=/S structure, to
number of experimental investigations mfcoupling on sev-  allow for a more complicated geometry, consisting of an ar-
eral fronts. A study of the superconducting transition tem-bitrary number of layers. Self-consistency is rigorously in-
perature fofF/S multilayers revealed oscillatory behavior as cluded, as it has been demonstraté@that this is essential
a function of ferromagnet thicknedsFor 7 junctions in-  in the study of the proximity effect &t/S interfaces.
volving relatively weak ferromagnets, variations in tempera- We present in Sec. Il the geometry and the numerical
ture can induce a crossover fralp=0 to ther state, and approach we take to solve the microscopic BdG equations
this was observed as oscillations of the critical current ver- and obtain the self-consistent energy spece@envalues
sus temperature. The transition to thestate is also reflected and eigenfunctions We also explain in some detail how the
in critical current measurements for Josephson junctions ifPcal DOS and the ground state energy are calculated. In Sec.
which the ferromagnet |ayer Separating the two Superconul we first present our results foB FSstructures and show
ductors was Systematica”y Varié%j_The Superconducting examples of the relevant quantities: these include first of all
phase was measured direcfiyising SQUID’s made ofr the pair amplitude, which is used to illustrate the cases in
junctions, demonstrating a half quantum flux shift in the dif-which either the 0 orr state is energetically favored. The
fraction pattern. Direct evidence of the oscillatory behaviorthickness of thé= layer or layers turns out to be the decisive
of the superconducting correlations in the ferromagnet wagarameter, with the zero antistates periodically alternating
found through tunneling spectroscopy measurements thd stability as this quantity varies. The experimentally acces-
yielded inversions in the DOS for a thin ferromagnetic film, sible DOS averaged over a superconducting layer is next
in contrast with the behavior in a supercondudtor. discussed: results for both the sum and the difference of the

A common feature that pervades most of the theoreticaP and down spin terms are presented and their correlation
work mentioned above is the use of quasic|assica| forma]With the zero orm states demonstrated. Results for the local
isms, often compounded by the neglect of self-consistenc{nagnetic moment, which we show how to calculate from the
for the space_dependent pair potenfjh(r). These approxi_ spin-dependent local DOS, are also given: in the supercon-
mations do have the advantage of providing an accessib/uctor this quantity measures the penetration of magnetic
and efficient method to approximately calculate properties oforrelations. We analyze also, in a similar fashion, a more
inhomogeneous Superconducting SystemS, while a\/oiding th@)mpllcated ﬁVE'la.yer structure, discuss the similarities and
cumbersome numerical issues that arise when attempting ffferences between the two geometries, and the generaliza-
solve the corresponding, much more complicated, selffion of our results to more complicated structures. Finally in
consistent microscopic equations. The general underlying€c- IV we briefly summarize our results and discuss poten-
drawback of such approximations, however, is the eliminalial experimental implications and future work.
tion from consideration of phenomena at the atomic length
scale given by the Fermi wavelengtty, as can be seen in Il. METHOD
the derivation of the Eilenberger equaticisFurther ap-
proximations follow when the assumption is made that the[ur
mean free path is much shorter thgs in which case the
Eilenberger equations reduce to the widely used Usad
equations’ The elimination of the relatively small length

In this paper we consider a semi-infinite multilayer struc-
e of total lengthd in the z direction, consisting of an odd
umberN, of alternate superconducto6) and ferromag-
etic (F) layers, each of widthlg anddg, respectively(see

| roblems for iclassical met when Fig. 1). The sandwich configuration is such that the complete
scales poses problems for quasiclassical metfedm whe structure begins and ends with a superconductor layer. The

self-consistentwhen interfacial scattering is involvéd,or o " © 2 T e specularly reflecting. The

when_ the geometry or potentia!s have_sharp va_riations on thlgas:ic methodology we use is an extension of that which has
atomic scale. These issues, of increasing experimental IMPOL.an previously discuss@3*° Upon taking into account the

tance given the ever-improving quality of the eXper'mentaltranslational invariance in the—y plane, one can immedi-

s_amples, often require nontrivial effectlve poundary condl—ately write the BAG equatiofsfor the spin-up and spin-
tions that must supplement the basic equations. The problergown Lasiparticle and quasihole wave functiou# o)
worsens when dealing with multilayer structures, where the q P q rens

successive reflections and transmission of quasiparticles cre- H—ho(z A(z ul(z ul(z
ates closed trajectorigsthat may render the quasiclassical o(2) 2 T( ) —e, $( ) )
approximation scheme inapplicable. A(z)  —[H+ho(2)]]|vn(2) vn(2)
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FIG. 1. Schematic of the model geometry used in this paper. The
total thickness in the direction isd, and the thicknesses of ti&
andF layers aradg anddg as indicated. There is a total numbér K2
of layersN, =3 andN, =5 in this work, with the outer ones being = [—q +e,
superconducting.

d
5qq’ - fo dz (ﬁq(Z)EFT(Z) d’q’(z)

2m

d
where the free-particle Hamiltonian is defined as, - fo dz ¢(2)ER(2) g (2). (5a)
1 92 _ - -
HE—ﬁEﬂLsL—EF(z)_ 2 The expression foanq, is calculated similarly. The off-

diagonal matrix element®, are given as

Heree, is the transverse kinetic energy, thgare the qua- §

siparticle energy eigenvalues, andz) is the pair potential, = / :f )

described below. The magnetic exchange enérgfz) is Dog =(alA@la’) odZ $a(DA(2)$q(2). (5D
equal to a constartt, in the ferromagnet layers, and zero

elsewhere. A potential (z) describing interface scattering After performing the integrations, E¢ba) can be expressed
can easily be added to E(R). We define the quantiti,(z) as

to equalEg), in the magnetic layers, so that in these regions,

EFT: EFM+hO and EFl:EFM_hO' Likewise, in the super- (N_+1)/2 . _ _
conducting layersEg(z) =Egg. The dimensionless param- g+ — [E sin{(kq—Kq)[n(de+ds) — de ]}

eterl=h,/Egy characterizes the strength of the magnet. At 4 n=1 d (kq—Kq1)
=1, one therefore reaches the half metallic limit. From the )
symmetry of the problem, the solutions for the other set of _ sinf(kq—Kq')(n—1)(de+dg) ]

wave functions ¢} ,v!) are easily obtained from those of (Kq—Kq7)

Egs. (1) by allowing for both positive and negative energies.

The BdG equations are completed by the self-consistency sin (kq+Kq)(N—=1)(dg+dg)]
condition for the pair potential, +

(kqtKg)
2@=22 3 (i@ +u@el@ ke, _ Simkg* kg [N(dp+dg) dF]}]
€n=®p (kqtKg)

()
where T is the temperatureg(z) is the effective coupling _ Ees| {sin(kg—kq)[n(detds) e ]}
describing the electron-electron interaction, which be take to d (kq—Kqr)
be a constang within the superconductor layers and zero )
within the ferromagnet layers, anol, is the Debye energy. _ sin(kq—Kg)(n—1)(de+dg)]
We have not included spin-orbit coupling, and assumed that (kq—Kq1)
all of the F layers are magnetically aligned and
hencé®considered singlet pairing only in trewave. N sin (Kq+Kq)(N—1)(dg+dg)]

We solvé® Eq. (1) by expanding the quasiparticle ampli-
tudes in terms of a set of orthonormal basis vectaf$z)
=S qUiq®q(2) andvi(2)=Squhqbq(2). We use the com- sin{(kq+Kq)[N(dg +ds) —de ]} ’
plete set of eigenfunctionspy(z)=(z|q) = v2/dsink.2), - (kt k) » 9#Fq’.
wherek,=q/md, andq s a positive integer. The finite range q’
of the pairing interactionv permits the numbeN of such (6a)
basis vectors to be cut off in the usual wayOnce this is
done, we arrive at the following2x 2N matrix eigensys- The diagonal matrix elements are somewhat simpler, and are
tem, written

(KgtKq)
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Kk . this quantity some care must be taken in properly including
Hq+q=2—q+sl—2—dT (N_.—1)dg all energy shifts, even in the bulk ca&&'*In the inhomoge-
m neous case the restiican be written as
(N_+1)/2 . o 1
+ K n; sin{2ky[n(dg+ds) —de]} Eo= fo dzf_weN(z,s)deJr a<|A(z)|2>, (10)

where the angular brackets {iiA(z)|?) denote the spatial
(N_+1)ds average, ant(z,¢) is given in Eq.(8). One can rewritd
in a somewhat more standard way:

. Ers
—sin 2ky(n— 1)(d,:+ds)]} ~2d

(NL+1)/2

— k_q nZl Sin{2kq[n(dF+dS)_dF]} E0: _Ep Zr fn[(ULp)2+(U#p)2]+ é<|A(Z)|2>, (11)

(6b) which in principle givesE, in terms of the calculated exci-

~Sin2kg(n—1)(de+ds)] tation spectra

The self-consistency condition, E), is now transformed

into Il. RESULTS
27\ (2) In this section we present and discuss the results that we
/7T . . . .
A(zZ)= f de ful vt +ul ol have obtained through our numerical solution of the matrix
(2) ked 3} zq: +LngUng:  Ungl npr] eigensystem, Eq4), and the self-consistency condition Eq.
) . (7). We will study the two cases df, =3 andN =5, that
xsin(kpz)sin(ky z)tanh €,/2T), (1) is, SFSand SFSFSstructures separately. We consider only

where\ (z)=g(z)N(0), andN(0) is the DOS for one spin “regular” structures in which allS layers have the same
of the superconductor in the normal state. The quantum nunthicknessds, which we will take to be a fixed value larger
bersn encompass the continuous transverse energand  thané,, while theF layers, when there is more than one, all
the quantized longitudinal momentum indgx have the same thicknesdg, which we will vary over a
The primary quantity of interest is the local density of onecertain range while keeping these layers thin enough so that
particle excitations in the systeml(z,e). Current experi- We can study the periodicity idg of the relative stability of
mental tools such as the scanning tunneling micros¢ge  the 7 state. Structures with these characteristics are experi-
M)have atomic scale resolution, and make this quantity exmentally feasiblé®*” Our characterization of these struc-
perimentally accessible. Since we assume that well-definetires as regular might be questioned on the grounds that,
quasiparticles exist, the tunneling current is simply expresse@hen there are more than ti®layers, the two at the edges
as a convolution of the one-particle spectral function of thedo not play the same role as the others: since the ce@tral
STM tip with the spectral function for the ferromagnet- layers have neighboring layers on both sides, choosing
superconductor systefd. The resultant tunneling conduc- their thickness to be twice that of the edge layers might be
tance, which is proportional to the DOS, is then given as dghought of as more regular. For our purpose, however, which
sum of the individual contributions to the DOS from eachis that of studying the relative stability of the state as a

spin channel. We have function of dg for structures of no more than five layers at
low T, while keepingds> &g, our choice is perfectly ad-
N(z,e)=N(z,e)+N(z,e), (8)  equate. Nevertheless, for other purposes, such as studying
where the local DOS for each spin state is given by the transition temperature of superlattices made of relatively

thin?"?8 S and F layers as a function of layer number, the
situation is quite different, and it is then more consistent to
Ni(z,€)=— 2 {[ul(D) 1 (e— €n) +[v (D) 1?F (et &)}, halve the thickness of the outer layers.
A With the assumption that no current flows across the
(93 . :
sample, the quantity(z) can be taken to be real, but it can
in principle switch sign(0 or 7 state in going from oneS
Nl(z,s)z—E {[u}](z)]zf’(e— en)-l-[vrl](z)]zf'(e-f- €n)}- layer to the next. In our calculations we have studied two
" (9b) different values of the parametér |=0.5 andl=1. We
have set the superconducting correlation lengghto =,
Here thermal broadening is accounted for in the term involv=kgé&,= 50, whereks is the Fermi wave vector of the super-
ing the derivative of the Fermi functioh, f'(€)=df/Je. conductor, and taketn = wp /Egs= 0.1 for the dimensionless
We shall see below that we will also need to compareDebye energy cutoff. It follows from previous studi®¢hat
different self-consistent states. In general this is done inhe first of these parameters simply sets the overall length
terms of the free energy. However, we will consider herescale in the superconductor and is of little relevance when-
only the low temperature limit. FOF— 0, the entropy term everdg exceeds, as will be the case here, while the second
can be neglected, as it vanishes proportionallftoIn this  is unimportant at low temperaturdthe limit that we will
case all we need is the ground state endtgyln evaluating considey, as it simply sets the scale fdi.. We have also
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assumed that there is no oxide barrier between the layers amaken in the studies presented here a thickikedg= 300 for
that the “mismatch parameterA =(Egy /Egg) is unity. A the superconducting layers, and the paramkter mean-
nonzero barrier height would in general diminish the ampli-while is varied in the range between 1 and 20. The choice of
tude of all the phenomena discussed here, without qualiteksdg determines, through standard BCS theory relations, the
tively altering the results. The possible influence of varyingvalue of the ratio of the superconductor Fermi energy to the
A is more complicated: this paramefédetermines, together bulk order parameter.
with I, the basic spatial periodicity of the problegy~ (k; As explained above, results were obtained by iteration
—ki)*l, (wherek; andk, are, respectively, the Fermi wave from two initial configurations ofA(z), with the initial
vectors of the parabolic up and down spin bands in the ferguesses corresponding to opposite signs for the pair potential
romagne), which we shall see is very important here. Fur-in each of the twoS layers. For the range of parameters
thermore, the amplitude of the oscillatory behavior found inconsidered here, both initial guesses led in all cases to self-
simpler SF structures decreag@avith A. consistent configurations, which were either of the 0 or of the
As explained in previous worksee Refs. 39 and 40the 7 types, according to the initial guess. This is described in
self-consistent solution to these equations is obtained iterd=ig. 2, where we show examples of the two self-consistent
tively: one makes a suitable initial guess fofz), diagonal-  solutions for the pair amplitude(Z), as a function of the
izes the system equatidd) for that guess, and computes an dimensionless distanc&=kgz. It is not surprising that both
iteratedA(z) from Eq.(7). The process is then repeated until types of solutions are found: it is after all obvious that in the
convergence is obtained. The technicalities for the selflimit whered is sufficiently large, both solutions must exist
consistent solution of these equations were extensively disand be degenerate. The pair amplitudéz) =gA(z) does
cussed in previous wo:*® The diagonalization in terms of not vanish identically in the magnetic region, but it exhibits
the orthonormal basis chosen must be performed for eactme well-known oscillations. In the superconductor, it rises in
value of ¢, in the appropriate range. We took hekg absolute value towards the bulk result, away from 8iE
=5000 different values ok, , except as indicated below, interfaces. Results are shown for0.5 at three values of
and the number of basis functions required for convergencksdr. We can see that in certain cases, depending on the
was up toN=1000. The self-consistent solution process isthickness of theF layer, F(z) in the superconductgrand
terminated when the relative error between consecutive itetlenceA (z)] is larger, in absolute value, for the 0 than for the
ated values ofA\(z) nowhere exceeds 10. We have found 7 state(see top pangl while in some other casesniddle
that the number of iterations needed to achieve selfpane) the opposite occurs, and for yet some ottievalues
consistency can be quite large: in most cases, it exceeds 5@ee the bottom panethere is no observable difference. In-
Because our objective here is to discuss the possible tuitively, this happens because of the different way, depend-
states, in starting the iteration process we make two differerihg on ksdg, in which the pair amplitude in the two super-
initial guesses: one is of the ordinary “0” state form, where conductor regions must adjust itself to the oscillations in the
the initial guess has the same signventionally positive  magnet. That the oscillatory behavior of the pair amplitude in
in all the superconducting layers, and one of theform,  theF layer is clearly different for the 0 angt solutions can
where it alternates sign from oi@dayer to the next. We have be seen by careful examination of the portion of the plots
found that in some cases, for example, 8FS structures that lies in theF region.
with small dg (i.e., dg=§&;), and dgs=wé&g, the self- To find out the most stable configuration, one must com-
consistentA (z) typically converges t@ithera 0 or 7 state  pute the difference in the ground state energies, or equiva-
regardless of the initial guess, dependingdin A similar  lently the condensation energies, of the 0 andtates. This
trend holds for the smalllg five-layer SFSFSsystem but can be done in principle by using Ed.1). In practice this is
over a broadedy range. However, for the regular structures computationally very difficult: the value &, for each state
that we will focus on here, withls> &, two different self- must be computed separately from its own spectfumich
consistent solutions aralways obtained, one of the 0 and can consist of up to fOeigenstates and the results sub-
one of ther type, according to the type of initial guess. We tracted. Since eaclk, includes the normal state energy,
interpret this as showing that two local minima of the freewhich is many orders of magnitude larger than the conden-
energy exist. We then have to determine the stable minimursation energy sought, this requires extreme numerical accu-
by calculating the free enerdypr rather, at low temperature, racy. The problem is exacerbated because the “logarithmic”
the ground state enerpyf both self-consistent states, as last term on the right-hand side of Ed.) is in itself much
discussed below, and comparing them. larger than the condensation ener@gynd the latter is itself
considerably larger, as we shall see below, than the conden-
sation energylifferencebetween the two statgsand must be
exactly canceled by a portion of the first term. This is a
We consider first the case ofS8Ssandwich. Preliminary  well-known problem even in the bulk case, where great care
investigations showed that the situation of interest occurdas to be takéli to make the delicate cancellation analyti-
when the magnetic layer is not too thick. This is as expectedsally explicit. We have found it technically impractical to
since the overall length over which the superconducting cornumerically computeE, from Eq. (11) for all cases
relations penetratéin an oscillatory way into the magnet is  consideret® with the required precision. However, by using
characterized byI(T—kl)‘l, which at the relatively large increased values dil;, and N in a few selected cases we
values ofl considered here is fairly small. Thus, we havehave been able to verify that the ground sted@densation

A. SFS structure
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FIG. 2. (Color online Results for the pair amplitud&(2),
normalized to the bulk superconductor value, as a functioZ of
=kgz, in a SFSstructure. The dimensionless thickness of $he
portions iskgds=300, while the corresponding values of the di-
mensionless thickness of the interveniRdayer are(from top to
bottom ksdr=10,16,19. The blugdarke) lines represent self-
consistent solutions of the 0 type, and the tkghter) lines alter-
native self consistent solutions of thetype. The value of is 0.5,
and the dimensionless superconducting correlation lengityds
=50.
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FIG. 3. (Color onling The difference in condensation energies,
AE,, between the 0 ang states for &SFSsandwich in the low-
temperature limit, normalized toN{0)A2, calculated as explained
in the text. The results are plotted as a function of the dimensionless
thicknessksdg of the ferromagnetic layer, for two values bfAt
small dg the zero state is favored. The periodicity of the results is
determined by k; —k,) !, as expected.

Eo— Eon~—aN(0){|A|?). (12

This result isa posteriorinot surprising at all in the limit of
large dg and smalldg, as it is quite similar to what is
foundlanalytically for the bulk: in that case is exactly 0.5
and the spatial average is of course replaced by the uniform
bulk value. In our case we find the coefficiem< 0.5 within
our numerical uncertainty. The right-hand side of Etp) is
of course very easy to compute. Thus, we have adopted a
procedure based on E(l2) to compare condensation ener-
gies for the two competing states.

The results are shown in Fig. 3. The quantity plotted there
is the difference between the values pf|?) for the 0 andr
states normalized to I\'B(O)Ag, where Ay is the bulk gap.

energy(that is, after subtracting the normal ground state enThis normalization corresponds to twice the bulk value limit
ergy Eg, calculated for the same geometry and parameteof the condensation energy. This is then a dimensionless

values except for setting=0) for either the O ofr states is,
for the cases considered here wheke is small anddg
> &, approximately given by

measure of the condensatiéor equivalently, ground state
energy difference between the self consistent O ancbn-
figurations[see Eq(12)]. This normalized energy difference
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FIG. 5. (Color online Differential density of state¢DOS) be-
18 O\ i tween up and down spin states fBIFS structures. The quantity
0

plotted is that defined in Eq13), integrated over on& layer, and

05 | normalized toN(0). Results are shown for=0.5 at kgd=5,
where the stable stateee Fig. 3is of thew type (red curvg and at
0.0 : ksdr=10, where the O state is more stalidue solid curve
-2 -1 1 2
g/A show the DOS, integrated over the superconducting region of
0 thickneskgsds=300, as a function of the energy, normalized

FIG. 4. (Color onling Density of state$DOS) results forsFs {0 the bulk gapA,. Results are shown for two values bf
structures. The quantity plotted is the local DOS integrated over onéOP @nd bottom panelisand, for each value of, at two
Slayer, normalized t\(0). Theenergy is normalized to the bulk Values ofksde, one corresponding to the case where the
gapA,. The top panel shows results kjds=5, where the stable €quilibrium state is of O state type, and the other correspond-
state(see Fig. 3is of the w type (red curve, labeled as), and at  ing to the opposite situation. One can see thatIfe10.5
ksde=10, where the 0 state is more stalfldue solid curve, la- there are states in the gap, and that these states are more
beled Q. In the bottom panell=1 and, consistent with the dou- prominent in ther case where there is a zero energy small
bling of I, the thicknesses displayed are halvedktdr=2.5 (7 peak. Atl =1 the DOS results are also different: although for
cas¢ andksdg =5 (zero casp See text for discussion. both of the cases shown there is a gap in the spectrum, the

location of the peaks near the gap edge is not the same for
is plotted as a function of the dimensionless thicknesk the 0 andr states, with the first peaks being more prominent
of the intermediatd~ layer, which is sandwiched between and at higher energies in the latter case. Thus, there are genu-
thick (ksds=300) S layers. We see that the difference in ine differences between the DOS of 0 andstates, which
energies is, as one would expect, only a small fractadyout may be experimentally observable.
one-tenth at the mosof the bulk condensation energy. We It is also of interest to show the difference between the
also see that it is an oscillatory function kfd: . Compari- local DOS for up and down states, as defined by
son of the top and bottom panelhich correspond td
=0.5 andl =1 respectivelyshows that the rough periodicity ON(z,e)=N;(z,e)—N(z,). (13
of these results is approximately given b ¢ ki)‘l, and it
is in fact very similaf® quantitatively to the oscillatory be- This is done in Fig. 5, where results are shown for the two
havior of the pair amplitud&(z) in a thick magnetic layer. cases corresponding to those also displayed in the top panel
At small ksdg, the O state is obviously very favored, as oneof Fig. 4. The differential DOS shown is integrated over the
would expect, while in the limit of largé&sdr the energy thickness of one S layer, and normalized to the total normal
difference is of course zero, reflecting the degeneracy of thbulk DOS value. Because of the finite valuelpthe results
two states. The influence of the paramétirquite dramatic: are not symmetric around zero energy. One can see that the
in the half metallic cas@ower panel the first peak favoring energy structure at the gap edge is appreciably more promi-
the 7 state is more prominent and the 0 state is generallyent for the thickness value that corresponds to an equilib-
speaking less favorable than that for the intermediate valugum 7 state, while for the O state the structure is broader and
of | shown in the top panel. more diffused.

We turn now to the density of statéBOS) for this ge- An alternative way of illustrating the magnetic polariza-
ometry. Typical results are exhibited in Fig. 4, where wetion effects, which has also the advantage of providing local

014517-7



KLAUS HALTERMAN AND ORIOL T. VALLS PHYSICAL REVIEW B 69, 014517 (2004

panels of Fig. 4. We see in this figure that for relatively small
ksdr, the quantity plotted rises up sharply from tRéS
interface and then has a slow modulation as it approaches its
bulk value in theF layer. The magnetization does not vanish
identically inside the superconductor: its behavior there con-
sists of strongly damped oscillations, with an overall charac-
teristic spatial decay on the order of a few Fermi wave-
lengths. The effect does not seem to depend strongly on
whether one is dealing with O ar states.

The self-consistent results displayed can also be inter-
preted as representing an effective, local valuel @),
through  the  relaton M(2)=pug{[1+1(2)]¥?*-[1
—1(21FAK[1+1(2)1¥%+[1-1(2)]¥3. The quantityl(2)
is then the magnetic counterpart of the self-consiskda),
measuring directly the magnetic part of the proximity effect,
that is, the leakage of magnetic correlations into the super-
conductor.

M(Z) By

B. SFSFS structure

In this section we consider the case of more complicated,
five-layer structures. These are realizable experimeritally
and therefore of considerable interest. As in the three-layer
case, we will study the situation where the three supercon-
ducting layers are relatively thick, taking agaigds= 300,
and as stated above, thdayers are thin enough so thatS
proximity effects cannot be neglected.

We begin by consideringsee Fig. 7 the pair amplitude

l_:IG. 6 (Color online Normalized Iocgl magnetic moment as F(Z). This figure is in every way analogous to Fig. 2, except
defined in the text and E¢15). Results in the top and bottom oy the jnsets, where we display in more detail the behavior
panels correspond to the same values ahd thickness as in the of F(2) in one of the ferromagnetic layers. Results for solu-
corresponding panels of Fig. 4. Thug the top panel id f00.5 and tions of both the 0 and ther type are shown. Both are
ksdr=5,10, while the bottom panel is far=1 andksdr=2.5,5. obtained self-consistently, the first by starting from an initial

uess in which the sign of the order parameter in the tBree
ayers is always the same, and the second by starting with a
guess in which the order parameter in the midglayer is
opposite to that in the other two layers. Self-consistent solu-
tions are always reached, upon iteration, for ladgeanddg
m(z)=,uBf de 6N(z,e)f(e), (14 in the ranges shown, in either case. We observe the expected
depletion of F(z) near theF/S interfaces, and the subse-
whereug is the Bohr magneton and the integral extends oveguent approach toward its bulk value over the length scale
the occupied states in the band. This can be cast in a mogg, with the maximumA (z) in the centralS layer only very

information, is through the use of the local magnetic momen
m(z). This quantity is easily obtained by integration of the
local DOS results. One has

convenient form as slightly reduced from the bulkk,. We also see in the main
panels that depending on the value lefdr, the absolute
m(2) = ugl(n1(2))—(ny(2))], (19 value of F(z) in the superconductors varies periodically be-

where(n,(2)) is the average number density for each spintween being larger in the 0 state to being larger in the
subband, and is written in terms of the quasiparticle ampliState, as was the case for three-layer structures. The insets
tudes as illustrate more clearly how the existence of the two states
relates to the oscillations d¥(z) in the ferromagnetic re-
B o2 . gion, which are very different in each case.
(no(z)>—; {lun(2) ] (eq) +vn(2) 11— f(en) 1} As in the three-layer case, therefore, we find that there are
two local minima of the free energy, corresponding to the 0
o=1,1. (16) and = alternatives. Again, the absolute minimum, at low
temperature, must be found by comparing the two condensa-
It is more instructive to plom(z) normalized to the corre- tion energies. This we do in the same way as for the three-
sponding integral oN,(z,e)+ N (z,e). We denote this nor- layer casdsee Eq.(12) and associated discussjofhe re-
malized quantity byM (z) and we plot it, in units of the Bohr sults are shown in Fig. 8, which should be compared with
magneton, in Fig. 6. The two panels there correspond t&ig. 3. The two figures are remarkably similar. In both cases
values ofl andksdg as in the corresponding top and bottom the behavior is oscillatory, with the same approximate spatial
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FIG. 7. (Color onling Results for the pair amplitud&(2),
normalized to the bulk superconductor value, as a functioZ of
=kgz, in anSFSF Sstructure, fol =0.5. The dimensionless thick-
ness of theS portions isksds=300, and the corresponding values
of the dimensionless thickness of the intervenihtayer are(from
top to bottomksde=10,16,19. The blugdarkejlines represent
self-consistent solutions of the zero type, and the(ligtiter) lines
of the 7 type. The insets are a magnification of one of thee-
gions. The vertical axis in the insets varies betweed.35 in di-
mensionless units.

periodicity related to that of the pair amplitude oscillations.
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FIG. 8. (Color onling Difference in condensation energies,
AE,, between the 0 andr states for a five-layeBFSF Ssystem,
calculated as explained in the text, and normalizeth()(DAS, as
in Fig. 3. This quantity is plotted as a function of the thicknlegs-
of each ferromagnetic layer. Results for two value$ afe shown.

layer, which has a ferromagnet on each side. The first peak
favoring the = state is higher and sharper for five layers.
Although the effect of increasing the layer number is not as
dramatic as that of increasirigone can nevertheless assert
from the trend that the oscillatory behavior withh would
not only persist but would be even more prominent if the
number of layers were further increased, as in superlattices.
A few selected DOS results for th&FSF Sgeometry are
shown in Fig. 9, which should be viewed in comparison with
the analogous Fig. 4 for th&FS structure. The quantity
plotted is averaged over one of the two outs&layers, and
all parameters are chosen to be the same as in Fig. 4. The
similarity between the two figures is at first sight very re-
markable, although a second look shows that the structure of
the subgap peaks is far from being the same, particularly for

Again, the obvious results that the O state is favored at smathe 0 state case, where additional shoulders appéar At

ksde and that the two states are degenerate for lkgde are

One concludes again that many features, including the 0 en-

recovered. The three- and five-layer plots are not identicalergy peak in the stable state of the top panel, are robust
however: in the latter case we find that the overall scale ofvith respect to increasing the number of layers, and very
the phenomenon is nearly a factor of 2 higher, as one can sdigely to persist, and even be more obvious, in larger regular
by comparing the vertical axes. This difference may be dustructures.

in part to the enlarged proximity effect in the the mid@e

The differential DOS between up and down states for this
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FIG. 10. (Color online Normalized local magnetic moment for
anSFSFSstructure, as defined in the text and Etyd). Results are
for 1=0.5 andksdr=5,10.

F(z) was obtained self-consistently by using an efficient nu-
merical algorithm. From the calculated eigenstates, we were
then able to obtain the experimentally relevant local mag-
netic moment and the local density of states.

We have demonstrated that for all the cases considered,

0 ! 2 where the thicknesds of the superconducting layers is much
g/A greater tharg, and that of the ferromagnetic regions is rela-
0 tively small, two local minima of the ground state energy

FIG. 9. (Color onlin® Density of stategDOS) results for SF-  €Xist, yielding self-consistent states of the 0 amdypes.

SFS structures. The local DOS integrated over one of the external §hrough a careful analysis of the pair amplitude and excita-
layers, normalized t\(0), is plotted vs the energy normalized to tion spectrum, we have calculated which of these two states

the bulk gap\,. The top panel shows resultskag-=5, where the IS the actual ground state, with the lowest energy. The results
stable statdsee Fig. 8 is of the  type (red curve, labeled ag)  show that the difference in condensation energies between
and atksdg= 10, where the 0 state is more statitbue solid curve, the 0 andsm states exhibits damped oscillations as a function
labeled 0. In the bottom panel,=1 and the thicknesses akedg of ferromagnet width, with the characteristic exchange-field-
=2.5 (m case andksde=5 (0 casg. dependent spatial period being given approximately as
2w(kT—kl)‘1, the same quantity that characterizes the os-
geometry exhibits a behavior sufficiently similar to that dis-cillations of F(z) in bilayers. The local DOS exhibits strik-
played in Fig. 5 for the SFS case that there is no need tingly different behavior for two exchange fields that differed
display it in a separate figure here. On the other hand, it i®y a factor of 2. Fot =0.5, the subgap DOS shows a gapless
worthwhile to illustrate an example of the normalized localstructure, with features that depend strongly on whether the
magnetic momeni (z). This is done on Fig. 10, where this ferromagnet width corresponds to the O7oistate. The half-
quantity, as defined in Eq14) is plotted with the same nor- metallic case I(=1.0) is, on the other hand, gapless in the
malization and parameter values as in the top panel of Fig. Gange ofdr considered, and the modified excitation spectrum
The behavior for the two geometries is certainly similar, butreveals itself through the differing peaks in the DOS. To
one again sees that the magnetic penetration effects becorillestrate the leakage of magnetism into the superconductor,
slightly more prominent as the number of layers increasethe differential DOS between the spin up and spin down
from three to five. This is another indication that such effectsstates was presented fo6d Sjunction. The most prominent
are very likely to be easier to observe in structures involvingspin splitting was seen for the junction at energieg/A,
a larger number of layers. ~1. We believe that this represents an experimentally im-
portant signature for the state. We have also calculated the
local magnetic moment for both the three and five layer
cases, to give further insight into magnetic polarization ef-
We have rigorously investigated the proximity effects thatfects. Although we found the results to be relatively insensi-
occur in clean multilayered F/S structures of tB&Sand  tive to a O orw state configuration, we were able to extract
SFSFStypes. We used a microscopic wave function ap-an effective local value off(z) in both theF andS layers.
proach that does not coarse grain the microscopic variables The calculations and method used in this paper, although
over length scales of ordar-, and thus accounts for atomic- sufficiently general to include in the future more complicated
scale effects. The space dependence of the pair amplitudsfects(e.g., finite temperature, other pairing states, spin-flip

IV. CONCLUSIONS
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scattering, and impurities were taken within the ballistic topics, and also others, including heterostructures comprised
limit. This limit is appropriate for ferromagnet layers whose of a single superconductor sandwiched between two ferro-

width is less than the mean free path, and this is consisternagnets with arbitrary relative magnetizatiéil,S multilay-

with our calculations, where we have takkgd:<20. The

ers with a greater number of layers, and smaller supercon-

inclusion of interfacial scattering would likely have the effect ductor widths, where geometrical and atomic-scale effects

of diminishing the proximity effect, without qualitatively al-

tering the characteristic results. For bulk impurity scattering,

the effectiveée would involve not justl but also the diffu-

are likely to be more prevalent.
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