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Proximity effects and characteristic lengths in ferromagnet-superconductor structures
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We present an extensive theoretical investigation of the proximity effects that occur in clean ferromagnet/
superconductor K/S) systems. We use a numerical method to solve self-consistently the Bogoliubov—de
Gennes equations in the continuum. We obtain the pair amplitude and the local density of states, and use these
results to extract the relevant lengths characterizing the leakage of superconductivity into the magnet and to
study spin splitting into the superconductor. These phenomena are investigated as a function of parameters
such as temperature, magnet polarization, interfacial scattering, sample size, and Fermi wave vector mismatch,
all of which turn out to have important influence on the results. These results should help characterize and
analyze future data and are shown to be in agreement with existing experiments.
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[. INTRODUCTION Landau theor¥ predicts that the depletion is governed by a
length scaleég(T) that diverges aff ;. Although the essen-

The importance of understanding the characteristic lengtlials of the standard proximity effect have been well under-
scales and geometrical effects inherent to heterostructuressood for a long timé,the length scales in the intermediate-
consisting of ferromagnets in electrical contact with supertemperature regimes have not been systematically or
conductors has received a considerable reinforcement froonsistently studied for a normal-metal—superconductor bi-
the ever-increasing advances in nanofabrication technologjayer system, although self-consistent microscopic calcula-
These advances have made it possibie, e.g., Refs. 133 tions exist for layered structurésand results within the
to fabricate high-quality nanostructures involving ferromag-quasiclassicéldescription have been obtained. Other predic-
nets, as well as normal metals, and superconductors. In paiens are limited by being based on phenomenological or
allel, there has been significant progress in the developmemon-self-consistefit approaches.
and refinement of tunneling spectroscopy techniques. Scan- If the nonmagnetic normal metal is replaced with a ferro-
ning tunneling microscopySTM) allows one to locally magnet F/S junctions and structurgsthe relevant length
probe the electronic density of statd30S) of hybrid sys- scales in the problem are altered significantly. Naively, one
tems over atomic length scales with sub-meV sensitivity. would expect that all phase coherence would be lost in the

When a normal metal is in good contact with a superconimagnet, since the superconductor and ferromagnet have op-
ductor, superconductivity is weakened in the superconductqguosite types of long-range ordering: a ferromagnet favors
and induced in the normal metal. When the normal metal iparallel spin alignment and acts as an effective pair breaker,
not magnetic, this phenomenon is the traditiérabximity ~ while a superconductor is comprised of Cooper pairs Viith
effect which is described quantitatively via the pair ampli- the ordinarys-wave pairing considered hgrantiparallel spin
tude F(r), which encompasses the spatial dependence ailignment. However, a stable superconducting state can arise
pair correlations in the both the superconductor and normah the ferromagnet in which the Cooper pairs have a net
metal. If the nonsuperconductor is a ferromagnet, the supecenter-of-mass momentutriThe spin splitting in the ferro-
conducting proximity effect is drastically modified by the magnet introduces a new length scéjeset by the difference
finite exchange field. Furthermore, the magnetic material cam the spin-up and spin-down Fermi wave vectggs: (kg
induce spin polarization in the superconductor, resulting in a—kFl)*l, typically much smaller thaig,.
magnetic proximity effect. The study of the spatial variation  An interesting manifestation of this effect is taephase
of both the pair amplitude and the local DOS is fundamentajunction comprised of a ferromagnetic material sandwiched
to the understanding of these nanostructures. between superconductof®:*? This particular interplay of

When considering such inhomogeneous systems, there aferromagnetism and superconductivity has been studied for
multiple length scales involved that must be elucidated. Asome time:3~*® The peculiar oscillatory stat@riginally in-
T=0 the phase coherence in a clean normal metal in conta¢toduced in the context of a new superconducting state that
with a superconductor decays inversely with distance fromarises in when magnetic impurities are pre&&t leads, in
the interface, with a characteristic lengéy(0), which is  the sandwich geometry, to a nonmonotonic dependence of
essentially infinite. At finite temperatures, the phase coher-the critical temperature on the ferromagnet layer
ence decays exponentially over a much-reduced distandaickness-8-2! Other worké? have focused on the variation
£n(T).% Conversely, at lowT, the pair correlations in the of the Josephson current with temperature. For certain values
superconductor become depleted near the interface overd the exchange field, spontaneous curréntsay arise in
length scale given by the zero-temperature superconducting/S heterostructures.
coherence lengtlg,, while for T close toT;, Ginzburg- For heterostructure configurations in which any of the ma-
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terial thicknesses are of order of or smaller than the largest afolving the continuum Bogoliubov—de Genng8dG)

the relevant intrinsic lengths, size effects will play a role, andequation8 for the quasiparticle amplitudes and energies. The
the finite thicknesses of the layers become important geometrethod of numerical self-consistent solution has been de-
ric lengths in the proximity effects. It is then clearly prefer- scribed in Ref. 34 where results for particular lim{izero
able to tackle the prob|em using a theory which does notemperature, no barrier or mismatch, and semi-infinite geom-
involve coarse graining over atomic length scales. It hagtry) were given. Finding the dependence of tikéS
been shown that in thin superconductor—normal-metal bilayProximity effects on temperature and other parameters will
ers, interlayer resistance plays a key pANariations in the ~ thus be a part of our task here. These numerical procedures
local DOS were calculated as a function of ferromagnegllow for the study of coherence lengths much longer than
thicknes€>28 These calculations were all based on the quathose one can consider in lattice real-space motiéfs.
siclassical Usad®l or Eilenberge?® equations. The use of It was showr* that for F/S junctions there is, besides the
quasiclassical techniques may not be appropriate when thésual characteristic spatial peridd, another length scale
thickness of the materials is only of a few atomic layers.§1~ &> which describes the fast decay®(r) very near the
Also, the Usadel equations are restricted to the limit wherinterface.

the mean free path is much smaller than any other relevant Our objective is to investigate the length scales character-
length scale in the problem, and therefore their use in thes@ing the F/S proximity effects in both bulk and finite-sized
situations is questionable. It is therefore desirable to studjunctions consisting of a ferromagnet of varying polarization,
finite-sized systems using a microscopic, self-consistenin contact with a superconductor. As alluded to above, the
theory that can accurately account for these geometrical epften extreme differences in length scales in the problem
fects. require a self-consistent microscopic theory that can deal

We are aware of no work that addresses the influence owith them simultaneously without the approximations inher-
the proximity effect of the mismatch between the three Ferment to quasiclassical and dirty-limit equations. We shall con-
energies(or Fermi wave vectojspresent inF/S junctions  sider here several areas in parameter space highlighting the
(corresponding to the superconductor, and to the up an€iffects of temperature, Fermi energy mismatch, interfacial
down spin bands in the magnePrevious work® on this  scattering, and finite sample size. Results will be given for
question was limited to the case of nonmagnetic metal, aihe pair amplitude and for the local DOS for both bulk and
temperatures nedf.. It was found that when the Fermi finite heterostructures, and thus we will analyze the various
wave vector in the normal side is smaller than that in thdength scales involved.
superconductor, a strong suppression of the pair amplitude in Although the objective of our study is to stimulate new
the normal metal ensues. Also for nonmagnetic materials, thexperiments and to help analyze and characterize the result-
DOS was Studie7d using a microscopic formalism that al- |ng data, we particularly aim also here to make contact with
lowed for different Fermi wave vectors, in the context of €xisting experimental work. Recent STM measurentéis
layered short-coherence-length superconducting structuregicate a clear modification to the normal metal density of
but there was no systematic study. Therefore this influence igtates for a Nb-Au junction, as a function of superconductor
still an open question in the full parameter range. Fo8 width. We compare our results with these data using a bilayer
junctions, the influence of Fermi wave vector mismatches ofinodel in which both the normal metal and superconductor
the proximity effect is virtually uncharted territory. Spectros- have widths of ordeg,. We also compare our theoretical
copy studie? revealed a nontrivial dependence of the con-results with tunneling dafarom a F/S (Ni-Al) junction in
ductance spectrum on Fermi wave vector mismatch; howwhich local DOS measurements were taken in the supercon-
ever, the proximity effect was ignored there and theductor. The relatively large exchange energy of Ni makes it
calculation was not self-consistent. an ideal candidate for investigating the effect of magnetism

Another relevant quantity that has a strong influence oPn the pairing correlations in the superconductor. In both
the proximity effects and which has been insufficiently stud-cases, we find, using relevant values of the parameters de-
ied is the interfacial scattering strength. The variatioTpf ~ scribing the materials used and the geometry of the experi-
with interface scattering strength was calculatednd the ~mental setup, very good agreement between theory and ex-
influence of interface scattering was investigatedPeriment.
experimentally?3® for S/F/S structures. High-sensitivity =~ The rest of this paper is organized as follows. In Sec. Il
transport measuremems revealed that interface barrier Weé outline the method of self-consistent solution to the prob—
strength was an important parameter. Since appreciable scd@m. In Sec. Ill, we present our results for the numerous
tering at the interface should lead to a reductiofr(n) near ~ Parameters discussed above for different geometries and
the interface, this is another example where a systemati€ompare our results with recent tunnel spectroscopy data.
self-consistent solution to this problem is needed. Finally in Sec. IV we summarize our conclusions.

The main aim of this paper is therefore to present the
main results of a comprehensive theoretical investigation of
the influence of these many relevant parameters or1ise
proximity effects. We will use for these purposes a very re- In this section we briefly review the spin-dependent mi-
cently developed numerical method that allows for an exactroscopic BdG equations in our geometry and then outline
self-consistensolution of the relevant microscopic equations the numerical method used for solving them. We also explain
in the ballistic limit. The approach is based on numericallythe procedure for calculating physical quantities paramount

Il. METHOD
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in the study of proximity effects: namely, the pair amplitude 9(2) «,
and the local DOS. Most of the techniques used here follow A(2)=—— Z [uh(2)v(2) +Uup(2)v(2) Ttank(€,/2T),
those of Ref. 34. We will omit most of the details given there
. . (2

and focus our attention on those points where the methods
employed depart from those developed in that work, such aghere T is the temperature ang(z) is the effective BCS
the inclusion of an insulating barrier and of finite tempera-coupling constant, which will be taken to be zero outside the
tures. superconductor and a constant within it. The prime on the

The BdG equatior?sare a Conceptua”y Simp|e and con- Sum in Eq(Z) indicates that the sum is restricted to Eigen-
venient set of microscopic equations used for studying inhostates with ;| < wp , wherewy, is the Debye energy.
mogeneous superconducting systems, in our case structures\WWe now solve Egs(1) by expanding the quasiparticle
involving, in addition to the superconductor, a ferromagnetamplitudes in terms of a complete set of functiafgz),
We consider a particular slablike geometry where the mate- N N
rials are assumed to extend to infinity in tkey plane and Tron_ T [P !
have a total arbitrary thicknesisalong thez direction, where Un(2)= % Ungal(2), vn(2)= % Unaba(2)- (3

the only geometrical variation occurs. We denote the thick-

nesses of the ferromagnetic and superconducting layers Bge will use the normalized pqrticle in a box wave functions
d’ andd—d’, respectively. These materials are in general?q(2) = v2/dsin(2) as our choice for the complete set. Here

separated by a thin insulating barrierzatd’. Since in this Kq=@/7d andq is a positive integer. The finite range of the
geometry the system is translationally invariant in thg ~ Pairing interactionwp, permits the sums in Eqe3) to be cut
plane, some aspects of the problem are effectively one dRff at an integerN as discussed in Ref. 34, in a way that
mensional. For this configuration, we then have two sets of€P€nds on the maximum wave vector present. Upon insert-
coupled equations, one for the spin-up and spin-down quasifd the expansiong3) into Egs.(1) and making use of the
particle and quasihole wave functions!(v}), and another ©rthogonality of thegq(z), we arrive at the following X

for (ul,0]). The first takes the forfi* (h=kg=1) X2N matrix eigensystem:
, H" D v v @
J _ =€ , 4
—%;+sl+U<z>—EF<z>—ho<z>]uL<z>+A<z>v#<z> LN
z where ¥, is the column vector corresponding nﬂ
=e,ul(2), (1@ =(uly,...uly.vk, ... why). The matrix elements are
given by
L7 +U(2)—Er(2) +ho(2) |v(2) K d
| T 5 —,5;TE€& - v
om g2 | ot F 0 n H;’q,: ﬁh% 5qq,+f0dz¢q(z)u(z)¢q,(2)
+A(2)ul(2) =€ i(2), (1b) o a
—Esz z ,z—Esz 2) pqr(2),
wheree, is the transverse kinetic energy, are the quasi- F1lo Po(2)bqr(2)Ers d $a(2) P (2)
particle energy eigenvaludthe indexn labels the relevant (53
quantum numbejsandhgy(z) =hy®(z—d’) is the magnetic
exchange energy. Scattering at the interfeassumed to be K2 d
spin mdep,endemtls agcounted for by the potentid)(z) qu,:—[ﬁh% 5qq,—f dzdg(2)U(2) g/ (2)
=HJ§(z—d"), whereH is the barrier strength parameter. The 0
pair potentialA(z) satisfies a self-consistency condition as & d
discussed below, and since we will assume that there is no +EF1J dz ¢q(z)¢q,(z)+EF5J dz¢y(2) pqr(2),
current flowing in the system, we can take it to be real. In 0 d’
general, we must allow for the possibility of having up to (5h)

three different Fermi wave vectors or bandwidthisn the
problem. The quantitygg(z) equalsEg,, in the magnetic d

side, 0<z<d', so that Eg;=Egy+hy and Eg,=Egy qu,:Jd,dz%(z)A(z)d)q,(z). (50)
—hg, while in the superconducting sidd; <z<d, Eg(2) ] o )
—Egs. We will be assuming parabolic bands so that The self-consistency condition is now transformed into
=1/2m(kZ+kJ) and there are three Fermi wave vectors, cor- 2

responding toEg;, Ef , and Egs. The solutions for the A(Z)zg_ > > [u,ﬂpv#  Pp(2) pr(2)

other set of wave functionsif,,v|) are easily obtained from 2 op P

those of Eqs(1) by allowing for both positive and negative

.
energies, and then using the transformatigp-v/ v, — T UnpVnp $p(2) bpr (D) JtanM(&/2T), - (6)

—U},€n——€n. where the sum over the quantum numbemncompasses a
Equationg1) must be solved in conjunction with the self- sum over the continuous transverse enesgyand a quan-
consistency condition for the pair potential, tized longitudinal momentum index;
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TABLE |. Dimensionless variables.

;I*};/%/. (7)

Physical quantity Dimensionless form

The matrix eigensystem E@4) and the self-consistency Exchange energy I=ho/Epy
condition(6) constitute the primary equations drawn upon in  EFermi wave vector mismatch A=(Key /Kpg)?
this paper. They are solved numerically, using the algorithm  Temperature t=T/T,
developed and described in previous wétkThe iterative Coherence length = o=Krséo
computational process is completed when the maximum rela- pepye energy w=wp Ers
tive error inA(2) between successive iterations is less than a - gayrier strength He=mH/key
prescribed value as explained below. Distance relative to interface Z=kes(z—d")

Once we have the self-consistently calculated eigenvalues
and eigenvectors, we can then construct all relevant physical

guantities. For example, the usual penetration depths are . , .
conveniently obtained from the pair amplitudiéz) systematics of the temperature, exchange field, Fermi wave

vector mismatch, and barrier height for bul{S systems;
F(2)=A(2)/9(2). (8)  (2) dependence of the results on the finite thickness of either

_ ) ) _ ) the F or the S layer; and finally(3) a comparison with ex-
The pair amplitude, unliké\(2), is therefore not restricted perimental results. Most of the results are conveniently ex-
by the coupling constant to vanish in the nonsuperconductopressed in terms of the dimensionless quantities compactly

F(z) gives a quantitative measure of the superconductingjefined and listed in Table I. Unless otherwise indicated, we
correlations in both the superconductor and nonsupercondugse »=0.1 for the Debye cutoff in units oErs and =,

tor where there may exist phase coherence between particley_ s =50 in this work. All lengths are measured in units

and hole wave functions. The value®(z) in the nonsuper-  of the inverse okgs. For example, the widths of the ferro-
conducting region, however, does not affect the quasiparticlﬁqagnet or superconductor layers are representedas
d_ynamics since it is onl (z) that enters into the BdG equa- —kesd’ andDs=keg(d—d'). The bulk case is studied by
tions. _ ~ choosing values obg and D¢ sufficiently large so that the
We can also use our numerical results for the excitationggits become independent of these quantities.
spectra to calculate the experimentally accessible local aAg mentioned above, we employ a numerical algorithm as
single-particle properties via the thermally broadened DOSjy Ref. 34 to solve the self-consistent eigenvalue problem,
_ Egs.(4) and (6). The procedure involves making a reason-
N(z.2)=N;(z,2) *N,(z.e), ©) able initial guess forA(z), where the coordinatg is of
where the local DOS for each spin state is givefby course discretized for numerical purposes. The initial guess
may be taken to be a previously obtained converged result
corresponding to a slightly different set of parameter values

_ ! T, e
Ni(z.€)= E zn: [UnpUng #p(2) ¢pr(2) T (€= €n) or, in the absence of any such suitable previous result, a step
PP function, e.g.A(Z)=A,0(2Z), whereZ is the dimensionless
+vava,¢p(z)¢p,(z)f’(e+ €], (109 distance from the interfacésee Table )l and A, the bulk

value of the gap al =0. We then diagonalize theN2x 2N
matrix described by Eq4) for each value ok, . The cutoff

Nl(Z,G)Z—E, 2’ [U#puﬁpr%(z)%'(z)f'(f_ €n) numberN, as explained in Ref. 34, depends chiefly Bn
PP =keyd, wherekgy is the largest Fermi wave vector in the
+vrﬁpv,ﬁp,¢p(z)¢p,(z)f’(e+ €] (10b  problem and the total thickness, which is up to 12GQ in

our calculations. We use 5000 different values:pfconsis-
Heref'(6)=8f/&e iS the deriVatiVe of the Fel’mi fUnCtion. tent with the energy Cutoff_ The Va'ue 5000 iS 5-10 times
We will also be interested in the quantity larger than that used in previous work, which makes for bet-
ter convergence and smoother results. Self-consistency is
ON(z,8) =Ny (z,e) =N (z,e), (1D achieved* via an iteration process. The process terminates
which will be used to characterize the effective leakage ofvhen the relative error between successife) is less than
magnetism into the superconductor. a suitable number, chosen here to be “.0one-tenth of the
criterion in previous work The pair potential settles down,
after starting with a step function initial guess, to its self-
consistent form within about 25 iterations. This value is typi-
In this section, we present numerical results for the paircal for most parameter values and system sizes used in this
amplitude and local DOS, and discuss other physicallypaper. The only exceptions are when the temperature ap-
meaningful quantities arising from the self-consistent excitaproachedl . (the bulk transition temperature of the supercon-
tion spectra. We will analyze the various length scales charducton or when the superconductor width is of order&gf
acterizing the influence of the superconductor on the ferroThen the number of iterations needed for self-consistency is
magnet and vice versa. We divide this section into fourmuch larger(up to several hundredf one starts with a step
different subsections dealing with the following topi¢d)  function guess foA(Z). This problem can be alleviated by

Ill. RESULTS
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calculating A(z) self-consistently for a given temperature L L L L
and then use this as input for a nearby temperature as de
scribed above. 0.05

A. Parameter dependence

We consider in this subsection the main highlights of the .°
dependence of our results on temperature and on materie=>
parametergexchange field, wave vector mismatch, and bar- 1L-0.05
rier heighy, in the limit where both ferromagnet and super-
conductor are very thick“bulk” limit ). By this we mean
that bothDg and Dg are taken to exceed the temperature- 0.1
dependent coherence length. In this subsection we hav
taken Dp=Dg=12=, (recall 2,=50), so thatDg,Dg i 1
>5, and we are in the bulk limit except extremely close to Ly ]
T., t=0.99. We subdivide the analysis into three categories -40 -30 -20 -10 0
that address, respectively, temperature and exchange effect 4
Fermi energy mismatch, and interfacial scattering effects.

We will focus here on the results fos 0. We have, how-
ever, extensively studiégthe limit (I=0) where the nonsu-
perconducting material is nonmagnetic and verified that pre-
viously known results for this well-studied case are 08
reproduced.

1. Temperature and exchange energy dependence 06

o
L
=

We now study how variation of the temperature aﬁectsu
the pair amplitude and local DOS at finite values of the di- 0.4
mensionless exchange energylo isolate these effects, we

assume that there is no interface barrier and no Fermi energ 0.2 i

mismatch \=1, Hg=0; see Table)l We consider first the y :
pair amplitudeF(Z). At 1=0 this quantity has a very slow //
decay into the normal region and &t=0 is expectet to 0 e el ErmaraEI R R
decay as the inverse of the distance from the interface, 0 100 200 300 400 500

VA

(12 FIG. 1. The pair amplitud&(z), normalized to the zer®-bulk
value Fo=A,/g in the superconductor, plotted as a function of

wherec, andc, are constants. We fiddthat the expression, dimensionless distancg=kgsz from the interface. Results are for
Eq. (12), is valid, but only very close to the interface. Upon I =1/2. The top panel depicts tht_e magngtic region, while the bottom
increasingT, the relevant length scale in the normal metal isPanel shows the superconducting region. The curves correspond,
set b)f‘ en(T)=ven/27T, Wherevey=Kkey/m. As T in- from top to bottom on the superconducting side or in order of de-

. creasing amplitude in the magnetic side, to temperattees/T
creases the length scale characterizing the decaly(@)  ZT0V STRC RS (1 TGS K Rere the different vertical
decreases, and that at a fixed, finite temperature it cannotl%‘ T e T

fd horizontal scales used in both panels.
fit to a single exponential. For temperatures clos& o an P
approximate form for the pair amplitude has been giveh 3Sfrom the interface. For most of the temperature range, the

_ _ characteristic lengthég fits well to the GL expression

F(2)=®@Z)exid ~|Z|/énT], (13 £4(T)=0.742,(1—t) Y2 Thus, our limiting results are in
whered(Z) is a slowly varying function. Our resuffsagree  agreement with previous theory and expectations for the
with Eq. (13) in the temperature regime negy (t>0.9) and  standardnonmagnetigproximity effect and we can proceed
for sufficiently large|Z| (|Z|>E,). On the superconductor with confidence to the more interesting case where the ex-
side, as the temperature is increased, the depletion of superhange energy parameters finite.
conducting correlations occurs over a length scale which in- In Fig. 1, the pair amplitudé& (Z) is shown in the mag-
creases witlT. We denote this scal@n units of inversekrg) netic and superconductor sidésp and bottom panels, re-
by é4(T). Close toT, the profile for the pair amplitude is spectively for a wide range of temperatures, at the interme-
well known from standard Ginzburg-Land&BL) theory’ to  diate valud = 1/2. In all plots for this quantity, we normalize
be given by a hyperbolic tangent form. Our restilfit the  F(Z) to the zeroT bulk valueFy=A,/g. The two regions
GL expression adequately for temperatuflesT.. As the Z>0 (superconductgrand Z<0 (norma) are plotted in
temperature is decreased, the GL expression remains an ag&kparate panels because their significant features occur over
equate fit within a region of at least one coherence lengthlifferent length and vertical scales. The pair amplitude, how-

C1

" e
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ever, is always continuous across the interface. We see thédctors. The amplitude of the oscillatory decayFfZ) no
on the magnetic sidaupper pang| F(Z) has an oscillatory longer decays as the inverse distance from the interface, but
behavior, very different from the monotonic behaviorlat now has an additional slowly varying exponential term
=0. This is because when an exchange field is present th@'(Z) and a purely temperature-dependent amplitade
spin degeneracy that existed for 0 is removed. The result
is that the Fermi wave vectors of the spin-up and spin-down . SiN(Z+ 0)/Kesé2]
electronskg, ,kg| , are different, and consequently a Cooper F(Z)=A()P'(2) (Z+ 0)/Kesé,
pair entering the ferromagnet acquires a net center-of-mass
momentum. The superconducting order induced in the ferrowhere 6 is a small, weaklyl-dependent shift that accounts
magnet arises from the product of particle and hole wavdor the sharp monotonic decay right at the interface into the
functions[e.g.,u/(z)v ()] summed over all quantum num- ferromagnet. We find that E16) holds for nearly the entire
bersn. It is the superposition of these wave functions thatrange values of O<I<1. Certain exceptions occur in the
causes the superconducting wave function to oscillatea  extreme cases of very smak=Aq/Egy or very largel =1
length scale set by the difference in the spin-up and spinand will be addressed below. The formAft) in Eq. (16), is
down wave Vectorsgzw(kFT—kFl)’l, We have fitted well by the formA(t)=A(0)(1—1t?). ThusA(t) de-
creases faster with temperature than the bAi(K'), which
1 shows that the decrease of the amplitude with temperature is
————— K &2, (14 not merely a normalization effect but involves an intrinsic
[A(1+D)] decrease of the pairing at the interface. Temperature has a
whereA is the wave vector mismatch parameter of Table | marked effect on the amplitude, but it doest wash out the
Sincé* ke &,~1/1, we see from this figure and similar re- oscillations themselves, .WhICh remain quite well defined
sults for other values of that the characteristic length of €Ven at temperatures quite closeTi. _
oscillations scales asl1/and therefore, except at extremely 1 he superconductor sideottom panel of Fig. lshows a
smalll, it is much smaller than length scale set in the normaf€havior ofF(Z) very similar to that in the =0 case, with
metal case above. the variation ofF(Z) again occurring over the length scale
We have previously studiéthe explicit form for the pair ~ és(T). The very slight wiggles irF(Z) which may be ob-
amplitude in the ferromagnet at zero temperature. We foungerved near the. interface are QUe to the increased mismatch
that for most exchange fields and except extremely near thf the two Fermi energy levels in the ferromagnet v .

(16)

Keséo=

interface, the pair amplitude is given by The effect of the exchange field d®(Z) in the supercon-
ductor region therefore seems to be minimal at all tempera-
SiN Z/ (Kesés) ] tures. We will see, however, that the pair amplitude is only
F(Z):aZ/(k—stz)’ T=0, (15  partially useful in conveying the total effect of magnetism

leakage into the superconductor. The quantity(z) from

where « is a constant. Very close to the interface, the pairEq. (11) will be used below for extracting additional useful
amplitude monotonically decays over a characteristic lengtlinformation on this question.
&, which is defined as the first point inside the ferromagnet In the extreme(half metallig case ofl =1, where only
at which F(Z) is zero. The length scalé; goes also as one spin band is present in the ferromagnet at the Fermi
Keséi~1/1. level, the characteristic length scale that describes the main

We are interested in how the pair amplitude and variousscillatory behavior is still given from Eq.l4) as kgsé,
characteristic lengths associated with it are modifiedTas =1/2 (recall that we are using.=1 in this subsection
increases, at finite Starting with the largest amplitude curve The relevant spatial variations occur now only on an atomic
in the upper panel of Fig. 1T(=0), we see that, beyond a scale. This reflects that Andreev processes are inhibited by
small region of fast decay at the interface, the pair amplitudehe absence of Fermi level down states deep within the mag-
exhibits damped oscillations, with a temperature independertet. One then finds clear deviations from the pure damped
period that coincides with the expected valliesé,~ 1/1 sinusoidal behavior seen for smaller exchange field values.
=2, independent of. The envelope decay of the oscillations The superconducting region follows the same pattern as the
varies inversely with distance as given in E§5). The quan-  other cases, but very near the interface there exist small os-
tity &, is also independent of temperature, since as can beillations of order of the Fermi wavelength. The oscillations
seen in the figure the location of the first nodeFqZ) as it  were barely glimpsed dt=1/2 and disappear with decreas-
monotonically goes to zero near the interface is the same fdng I.
all temperatures. A3 increases, however, the amplitude of  The pair amplitude at the interface at constant temperature
the oscillations inF(Z) markedly decreases. This decrease,decreases markedly with while at constant it decreases
as we shall see below, is not merely a reflection of thewith T. The minimum valué\, of the normalized\(Z) in
smaller value ofA(T) in the bulk superconductor. Because the superconductor occurs right at the interface, and because
of this competition between thermal and exchange energiesf the relatively wide horizontal scale in the bottom panels of
the pair amplitude now has a slightly more complicated func+ig. 1, it is not possible to read its value from that figure. The
tional form than that given by Eq15). We find that in order effect of the exchange field o,y turns out to be quite
to fit our numerical results, Eq15) must be modified by pronounced, and as the temperature approathed i VS
incorporating additional spatial- and temperature-dependerttcurves tend to collapse into a nearly straight line, tending to
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zero att=1. The superconducting correlations at the inter-
face are also obviously depleted lascreases.

It is now pertinent to examine the local density of states at “’JA\W/\M
various positions on both sides of the interface. The local
DOS gives further direct insight into the proximity effect, 051 7-_3
and more important, it is an experimentally accessible quan-
tity. Its calculation is achieved through E®) and the com- : : : : : :
puted self-consistent spectra.

At 1=0, our method reproduces, for the local DOS at low 1 W 2t 1=2A0/Ers
temperature within the normal metal region, the sawtoothlike
pattern characteristic of the de Gennes—St. James states ()
predicted long agd’ The DOS is small but finite at the
Fermi energy due to filling by thermally excited quasiparti-
cles and then rises nearly linearly at small energies. The An- &
dreev bound states result in peaks in the DOS. These are duN
to constructive interference of the electron and hole wave® 1 ”‘_\/WMN\\V,,,~ 2t I=1/4
functions, as they undergo Andreev reflection atfi8 in-
terface and normal reflection at the vacuum—normal-meta 0s | [
interface at the opposite end of the sample. The characteristi ’ Z=—1
energy E. of the peaks is determined by adding up the
phases for a given trajectotyIn agreement with theoretical

expectations, we find that the first peak occurs at an energ!
E.~mvgy/4d’~0.2A,, while the other peaks occur ap- 1 2y 1=1
proximately at multiples of B.. The energy scalgE, can be

seen directly in the calculated self-consistent energy 05 & IR
spectrunt’ In the energy region below the gag/o<1), it Z=0
is found that for nearly longitudinal momenta,(~0), there
exist roughly three excitation branches, at the same energie
as the peaks seen in the local DOS. The width of the peaks i
due to the numerous quasiparticle states with momente &/Ag
nearly perpendicular to the interface. The bound states di-
minish as one moves further into the superconductor, and FIG. 2. Local DOS(normalized to its Fermi level value in the
there are no longer any states at the Fermi energy. Increasim@rmal state of the supercondudtoplotted vs dimensionless en-
the temperature tends to smear the lowaesults. ergy €/Aq. The left column is for the cask=1/2 andt=0.02 at

The effect ofl on the local DOS is very drastic, as seen infour positions near the interface. The right column corresponds to
Fig. 2, which shows results for the local DQBSormalized, the variousl values shown, at the fixed positidh=50=5,. The
as will be our convention in this work, to its normal-state temperature is given by=0.02.
Fermi level value in the superconducting materitdr |
=1/2, at several positions. The above discussed bound-stagerather low temperature, the oscillatory behavior is never
phenomena, seen &0 in the normal side relatively far completely washed out by the temperature, as remarked
from the interface, are no longer observablel at1/2 be-  above in conjunction with the discussionffZ). The same
cause the overall decay of superconducting correlations takdehavior holds truea fortiori for the half metallic case
place over considerably smaller distances. On the other hane; 1. One important difference between this and the interme-
this decay takes place now in a nonmonotonic matter, whicldliatel case is the spatial scale at which the DOS oscillations
gives rise to a new set of features in the ferromagnet, vergccur. Since 1/=1, the complete DOS inversion should oc-
near the interface: in the left column of Fig. 2 we show thecur at points separated by an intengl of order unity.
local DOS at four positions at and very near the interface. In the right column of Fig. 2 we consider the supercon-
The influence of the oscillatory pair amplitudgig. 1) be-  ductor side of the junction: these panels display the local
comes evident as we examine the four plots in this columnDOS one coherence lengtfy from the interface for four
The subgap structure in the top cuni2= —3) evolves so different exchange fields, at the temperatuw®102. For the
that maxima and minima become reversed at— 1, closer  value ofl in the top panel =A,/Egg, which for the values
to the interface. The same occurs fB=—2 andZ=0. of the parameters considered in this subsection, equals
Comparing with Fig. 1, we see that the oscillating supercon9.0127, as can be seen from Table | and the BCS relation
ducting order has in effect induced oscillations in the localkg&y=(2Eg)/(7Ag)], possible resonance effects have been
DOS as a function of position within the ferromagnet andpredicted*” Focusing on energiels/A| <1, we see a dra-
that the large exchange field induces noticeable particle-holmatic jump in the DOS near the gap edge and five smaller
asymmetry. The length scale at which the DOS fligsZ(  peaks at lower energies. Upon doublingo | =2Aq/Egg,
=2) coincides with the characteristic distarggy¢,, given  the sharp peak structure neatA,=1 vanishes, and four
in Eq. (14). Although this figure depicts results obtained for smaller subgap peaks appear. Indeed, we have found that the
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tremely small(as we shall see belgvat these distances, at
02r 1 %2y /\\M ] which only the self-consistent energy spectral distribution
0 /‘/\ﬁ 0 shows magnetic penetration spin-splitting effects. We see
Sy that SN vanishes at the Fermi level but the details of this
£ oz Z=50 1-02 \/ Z=50 T fairly long-range redistribution of energy states are nontrivial
T o4 | o4 and difficult to interpret. Nevertheless, that the effect is
Q , , larger near the gap energy can be readily understood if one
T o2l 1 o2l | recalls that® the imaginary part of the wave vector of in-
£ A jected quasiparticles below the gép a non-self-consistent
CZD 0 A, 0 =/ approach vanishes as the gap edge is approached.
In previous work* it was found, as mentioned above, that
-02 Z=150 -02 Z=150 . .
for =1 and no mismatch between the spin-up and super-
04} 1 -04} ] conductor band Eg, /Egs=1), the effect of the exchange
0 1 > o 1 , field on the superconductor was small af(Z) decayed
away over a few atomic distances. However, the current con-
efAq dition A=1 implies, atl=1/4 and particularly al=1, a

considerable mismatch betwekps andkg, . We shall study

FIG. 3. The quantitydN [see Eq.(11)] normalized to the  this point in more detail below, in the context of our discus-
normal-state DOS summed over spins, plotted vs dimensionless eBjon of wave vector mismatch in general.

ergy at two indicated positions in the superconductor,|fe0.25
(left column andl=1 (right column att=0.02. )
2. Fermi wave vector mismatch

sharp peak exists only &t=Ay/Eg), . It would be of con- In the last paragraph, we have seen tfzat previously’
siderable interest to verify experimentally the appearancseen in a different contextismatch among the three Fermi
and disappearance of the very sharp peak at the gap edge foave vectors involved in the probleffor the three band-
| =Aq/Egy . The third panel from the topl £1/4) demon- widths) may have a considerable effect on the results. As
strates a reduction in the interference patterns seen abov&uch mismatch is experimentally unavoidable, we now pro-
The smoothing effect of increasddis further exemplified ceed to investigate it in some detail. Thus, we will consider
below it for the half metallic casd £1), where there is also values of the mismatch parameter(Table ) different from
a slight decrease in the number of states at the Fermi leveinity. We will still keep the interface barrier parameter at
(e=0). The four figures illustrate the near absence of DOSHg=0. We focus on the situation where the bandwidth in the
asymmetry in the superconductor. normal metal is smaller than that of the superconductor. This

Examination of results such as those displayed in the botis the more common situation /S structures and, in any
tom (superconductor sidepanels of Fig. 1 shows that the case, it turns out to lead to more prominent effects.
exchange field seems to affect the pair amplituelez) At | =0, the superconducting correlations decréaasA
within the superconductor relatively little over any signifi- decreasegthat is, as the mismatch increaseAt A=0.1
cant length scales. We want to study the possibility, howevermphase coherence is virtually destroyedZat —200 at low
that the differential local DOSN(e,z), defined in Eq(11), temperatures. Away from the interface, within the supercon-
may show, within the superconductor, magnetic penetratioductor, the pair correlations still decay in accordance with
over distances much larger than that revealed\fg). We  Eg. (12), the only modification being that the amplitude fac-
have a hint that this might be the case: the resultd\f@) in  tor c;(A) becomes mismatch dependent. Thus, a smaller
Ref. 34 exhibited no significant dependence lpnwhile  bandwidth in the normal metal tends to restrict the influx of
O6N(€,z) was appreciably nonzero within a small region in Cooper pairs. Physically, since the parallel momentum of a
the superconductor near the interface. These previous resul@oper pair at interface is conserved, the longitudinal com-
were obtained for the special case whiegg=ke;, a condi-  ponent is restricted by the smaller number of states acces-
tion which corresponds to aRdependent mismatch param- sible in the normal sid& This is consistent with the behav-
eterA =1/(1+1), which may yield results different from the ior of F(Z) in the superconductor. The characteristic rise
caseA =1 considered here. length in the superconductor now decreases with mismatch.

We examine spin polarization effects in the superconHowever,F(Z) remains continuous at the interface. The ef-
ductor in Fig. 3, where we plot the normalizé#l(Z) [see fects of values ofA in the rangeA>1 are in the opposite
Eq. (11)] for 1=1/4 (left column andl=1 (right column. direction, but always much less prominent. For this reason
We uset=0.02 and choose two locations in the supercon-his range has been deemphasized.
ductor, atZ=E, andZ=3E. At the positionZ=E (top The top panel of Fig. 4 displays the damped oscillations
panel$ there is a clear manifestation of the magnetic prox-of F(Z) in the magnet, at=1/2. The period of the damped
imity effect through a nonzero value @N neare/Ag=1.  oscillations varies inversely with’A, in agreement with Eq.
The effect decreases dsincreases and, fdr=1/4, it nearly  (14), but they nearly wash out whek=0.1. Also, the sharp
dies outaZ=3 =. At | =1 (half metallic casgthe effectis = monotonic decline very near the interface increases in slope
more prominent and extends over larger distances. Howevewith greaterA, so thatF(Z) first reaches zero at a greater
the integral of SN over energies turns out to be always ex- distance fromZz=0, thus also increasinkgsé;, defined ear-
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FIG. 5. Normalized local DOS plotted vs the dimensionless en-
ergy /A, at 1=1/2 andt=0.02 for three values of the mismatch
parameter\ =0.8,0.4,0.1(from top to bottom pane)sThe left col-
umn corresponds to the positiah —4 in the ferromagnet, while
the right column corresponds #= =, in the superconductor.

0 50 700 150 200 disappear af\ =0.1. The superconductor side shows an in-
7 teresting trend. At a distance of order of one coherence
length from the interface we find that, as one decredses
FIG. 4. Normalized pair amplitude for the case1/2 andt  the existing small but distinct peaks within the gap found at
=0.1. The top panel illustrates the variationfefZ) for three dif- A =1 turn into small wiggles at\ =0.4 and disappear alto-
ferent A (as indicateylin the ferromagnet, while in the supercon- gether forA=0.1. The BCS peaks at the gap edge become
ductor side(bottom panel results for values of the mismatch pa- much more pronounced, indicating a substantial reduction in
rameterA (see Table)lA=0.1-1, in increments of 1/10n order  Andreev reflection at the interface because of the increased
of decreasing\ from top to botton. The inset depicts the value of mismatch in Fermi energies, which results in superconduc-
A(Z) at the interfaceAy , as a function of the parametar. tivity being more “confined” to the superconductor.
We saw in the top panel Fig. 4 the effect af on the
lier. Quantitatively, one can obtain an excellent fit for the damped oscillations of the pair amplitude. We investigate the
damped sinusoidal dependence of the pair amplitude by ugorresponding effect on the DOS in the left column of Fig. 5
ing Eq.(16) with kesé, as a fitting parameter. The results of for the same values dfandA. There we depict the changes
doing this yield values in excellent agreement with Eigl).  in the magnet side local DOS, with the coordinate fixed to
In the bottom panel of Fig. 4, the top five curves show thez= —4. As expected the DOS again experiences oscillations
drop in F(Z) within the superconductor as the interface iscorrelated with the characteristic lendthsé,, as a function
approached. The main feature that stands out is that the ref A. One can see an evident inversion between Ahe
sults in the range 0ZA <1 are nearly independent df, =0.8 andA =0.4 cases, whereby the positions of minima
while those forA <0.7 exhibit a marked\ dependence. This and maxima are interchanged. The superconductor side is
unexpected result arises ad at1/2 andA =2/3 one reaches examined in the right column, which shows the samneal-
the special point wher&g,=Egs. This property is further ues as in the left set of panels, at a distadagf one corre-
exemplified in the inset where we presénjy as a function lation length inside the material. The top panel exhibits be-
of A. One can see a kink in the curve at abdut 2/3. havior similar to that found foA=1: the density of states
The Fermi wave vector mismatch influences also the localvithin the gap is appreciably nonvanishing, and the peaks at
DOS as we shall now show. At=0, the main effect in the e/Ay,=1 are relatively low. The peaks near the gap edge for
normal metal at low temperatures is that Asdecreases A =0.4 are more prominent and there is a concomitant de-
(higher mismatch the bound-state peaks decrease, until theycrease in subgap states. This is quantitatively different from
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The parameter characterizing the degree of wave vector mis-
151 115l 1 match is therefore important in the study of proximity effects
] A= ; A=0.4 on both sides of th&/S interface.
05r 1057 ] 3. Interface scattering
< I
«© 0 0 Up to this point we have considered only transparent in-
B 5 17087 terfaces. A thin oxide layer at the interface adjoining a su-
N perconductor and a normal metal or ferromagnet can be
g 151 1451 1 modeled by a repulsivé function potential as defined earlier
5 1L A=2/3 1 4L A=0A1 1 in Sec. Il. The spin-independent scattering strength is param-
Z sl 1 o5k etrized in dimensionless units by the quantity, defined in
o o Table I. Here we summarize the salient results of the inclu-
0 W—' sion of this parameter. Reference 39 can be consulted for
05y | ‘ By | | further details. We concentrate on the case of fairly low tem-
0 05 1 15 0 05 1 15 peratures and mismatch parameter close to unity for this dis-
cussion.
efAg At 1 =0, F(2) still decays slowly into the normal side, but

with an overall large decrease in amplitude. The pair ampli-
tude is adequately fit by the functional form of EG2) but
with the parameters; andc, being both functions oHg.
There are Friedel-typé oscillations inF(Z) near the inter-
what we mentioned happens lat 0, where there are more face: as the insulating barrier becomes stronger, the two parts
subgap states and the BCS peaks are significantly sharpef the system become more isolated from each other. Within
Finally, the bottom panel reveals a near absence of stateRe superconductor, the pair correlations within a range of
below the gap and the usual BCS-like peaks/dt,= 1. order &, from the surface increase with increasing barrier
It was also seen in Fig. 4 th&(Z) in the superconductor strength. The oscillations near the interface have the same
decayed away from its bulk value near the interface in geriod as in the normal metal, and their amplitude increases
strongly A-dependent manner. To address whether this pawith Hg . As in the previous subsectioR(Z) is continuous
rameter also affects the spin splitting in the superconductoit the interface.
we now calculatedN(z,€). Figure 6 showssN (still at t At intermediate or large values of it is found that the
=0.02 and normalized as previouslgs a function of the amplitude of the damped oscillations decreases as the scat-
dimensionless energy and at a distance of énérom the  tering potential is increased. The period is independent of
interface, for several values df, atl=1/2. Starting at\  Hg, in agreement with Eq14). The additional decay of the
=1, we see an effect reminiscent of what was seen in Fig. 3amplitude of the oscillations can be incorporated into Eq.
there is a net negative spin population #1(=<0.85, then  (16) through a multiplicative factor that decreases linearly
for larger energies, a greater number of up spin states, whiohith Hg . The location of the first node ¢%(Z) in the mag-
decays quickly so that the two spin states equalizeefdi,  net is nearly unaffected, demonstrating that both the charac-
>1.5. Next, consider the case whefe=2/3 (when kg,  teristic length scalekgsé; and kesé, are independent of
=Kgg). In agreement with Ref. 34 the result is nearly zerointerface transparency. On the superconductor side, the
for this special value. This value of is also the point at length scale over whick(Z) regains its bulk value from the
which the F(Z) plots (Fig. 4) start diverging with further interface decreases as the scattering potential increases. As
decreases irk. At this special matching point little leakage the barrier becomes very stronig § of order unity the prox-
of magnetism into the superconductor occurs. The imporimity effects become of course minimal.
tance of this crossover point becomes more evident in the The local DOS is also modified by the finite barrier
remaining curves, where the mismatch parameter is destrength. Atl =0, the general trend on increasing the scatter-
creased to\ =0.4 and then to 0.1. The sign of ti# varia-  ing potential is a reduction in the magnitude of the peaks for
tions with energy is reversed. This pattern and the relativelysubgap energies. The characteristic energy spdgirghows
large maximum and minimum values 6N reflect that the relatively little change, but the shape of the péaks al-
high peaks reached by the DOS at these value's @fee Fig.  tered. For the superconductor, the de Gennes—St. James
5, right column occur at slightly different values for the up bound states become smeared ouHasincreases, until at
and down spin bands. Again, the magnetic moment at thosgbout Hg=0.6 the influence of the normal metal becomes
distances is very small: if one integrates the normaligsld  almost nonexistent. Thus we find that although both the in-
over the variablee/Ay, the result is of order 10 at Z  sulating barrier and the Fermi energy mismatch tend to de-
=F,, changing sign at\ =2/3. Only very near the inter- stroy superconducting order in the nonsuperconductor, their
face, at values of of order unity, do we find that this inte- DOS signature is quantitatively different.
gral is larger and, of course, always positive. As a rule, spin- At finite exchange fields, there is, for sméllg, a wide
splitting effects in the self-consistent DOS extend throughstructure in the subgap DOS. Upon increasing the barrier
several timest, (being larger neae/Ay=1 for the reasons strength there is a dramatic reduction in this structure. When
already discussedexcept of course at the reversal point. the barrier strength is rather largel§=0.6), the DOS on

FIG. 6. NormalizedéN at Z=E, in the superconductor for
different values ofA, as labeled.
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the magnetic side shows very minimal signs of the proximity
effect even very near the interface. On the superconductc
side, a similar trend can be noted. One coherence lengi
away from the interface, the subgap states at zero barrie
gradually disappear with increasingg, while simulta-
neously sharp BCS peaks develop. Fy=0.5, the results
follow closely thel =0 case since the influence of the non- L
superconductor material has vanished. These results illustragy
the importance of fabricating samples with good, clearj7~
interfaces.

NN IR AN INENER AN AN A BN

B. Structures oL 25 0 20
All of the above results pertained to “bulk” structures, in i De
that both slabs were taken to have dimensions significantl [ —
larger than the zero-temperature BCS coherence length. W ° 50 100 150
now address what happens when either the ferromagnet « Z

the normal metal is thin enough so that size effects are af
preciable. A bilayer system of this type is an appropriate
model for the case when the mean free path in the finite laye :V\/\/VW

is larger than the layer’s width. We will present a broad range 1
of results, varyingDg from a few atomic spacings up to of

order 24, while keepingDs>Z=,, and vice versa. We will 08 o
consider the case where bdth- and Dg are small in Sec. ) .
ol -or

Il C. For the sake of brevity, we will take the interface to be =5
transparent lg=0), the mismatch parameter to Be=1, N °°
and fix the temperature tio=0.02. L )
We begin with a normal metall €0) of finite width 0_4 03f austagm , w |
backed by a “bulk” superconductor, taken here to bg ! .
=16=,. The top panel in Fig. 7 shows the pair amplitude in ! o2 . . ]
. . 0.2 0 50 100 150
the superconductor for various normal metal widths. We i D
show F(Z) only for the superconductor side since the pair i
amplitude in the finite normal side is cut off at different 0 50 : T00
distances. The top curve corresponds to a single superco 7
ductor slab(zero width for the normal metalwhile subse-
quent curves are for increasing normal metal widths ranging FIG. 7. Pair amplitude in a superconductor in proximity to a
up toD=200. The oscillations near the interface at zero omonsuperconducting layer of finite thickneBs (see text The top
very smallD¢ are again the well-known geometrical Friedel panel shows results fdr=0. The curves from top to bottom corre-
oscillations. The largest changes in the pair amplitude neaspond toD(=0,5,10,20,30,40,50,100,200, respectively. The bottom
the interface occur for €@ D<20. WhenD =50, the char- panel has results fdr=1/2. The top two curves are f@g=0,5.
acteristic length scale for superconducting depletion is giveﬂ_he other curves, all of which essentially coincide, are for the re-
approximately by the coherence lengih. The inset dis- maining vall_Jes oD¢ as shown in the top panel. The insets show
playsAy [as usual, the value @f(Z=0)] as a function of ~Amn VS De in each case.
Dg. It is seen thatA,,y drops rapidly until abouD =50
=E, and thereafter it decays more slowly. conducting penetratiofat low T) into the normal metal is
The same geometry as in the top panel of Fig. 7 but withvery large, while for a magnet with=1/2 it is characterized
the finite nonsuperconducting layer being ferromagneitic ( by a length of ordeg,. OnceD reaches that limit, further
=1/2) is considered in the bottom panel of this figure, whichincreases are ineffective.
again depicts the pair amplitude in the superconductor. As We have also calculated the DOS for the geometries used
the ferromagnet thickned3; begins to increase from zero in Fig. 7. Since the nonsuperconductor layer is in some cases
the pair amplitude drops very rapidly, as in theO limit. A quite thin Dg<E,), the local DOS in the normal region
notable distinction exists here, however. WHep is larger  exhibits strong oscillations as a function of For this rea-
than aboutDg=10, the characteristic length scale overson, we present results for the spatial average(a, ) over
which F(Z) rises to its bulk value becomes approximatelya distance in th& direction equal to the layer thickneBs
independent oD . This behavior is also seen in more detail if Dz<E or over one dimensionless coherence lerighf
in the inset of the same figure where we plbf,y, as a Dg>E,. In the latter case this average is centeredZat
function of D . The decay ofA,,y occurs nearly entirely in = —Dg+E /2. We present in the two top panels of the left
the regionD <10, while forl =0 it takes place over a much column of Fig. 8, the averaged DOS within the normal (
more extended range. This of course reflects that the supet-0) metal for two different thicknesses, tat 0.02. The top
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pushed further towards the Fermi level. Although not shown,
] the DOS structure evolves to that of a BCS form deep within
the superconductor.

The case where the nonsuperconductor layer in the system
is a ferromagnet is presented in the four bottom panels of
Fig. 8, still att=0.02 andl =1/2. In the magnetic side, we
spatially average the DOS over its widby: as described
’ ’ above. The result is shown in the two bottom panels of the

1 left column of Fig. 8. The curve foDr=20 exhibits two
slightly asymmetric peaks at/Ay~0.2. The structure seen
there is washed out at the largBr-=50, as seen in the
bottom left panel. There is no gap in the ferromagnet DOS
shown but we fountf a minigap whenD is small D¢
~kpsé5). The corresponding DOS at the poifi= = inside
the superconductor is illustrated in the right column of Fig.
8. In the third panel from the topD(=20), it is seen that
the higher most peaks are shifted slightly towards lower en-
ergies €/Ay~0.9) compared with the bulk BCS result. At
even lower energies there are subgap states. These states dis-
appear aD=50, as one can see in the bottom curve. We
find that the presence of the magnet next to the supercon-
ductor results in more prominent features in the DOS, at
smallerDg values.

We now reverse the role of the two materials in the bi-

1 mang N e 1 1 layer; that is, we consider a very thick “bulk” ferromagnet

(we takeDg=16=, as was done above f@g), in contact

1

Normalized DOS

DF=50 with a finite superconductor layer. Temperature and other
parameters are as in the previous case. In order to study fully
2 _‘1 ('J 1 2 2 _'1 6 1 o> the geometrical effects associated with varying the super-
conductor thickness, we shall consider a wide range of

e/Ag widths Dg, taking £, close to the lower bound, since the

superconductor ceases to maintain pairing correlations when
FIG. 8. Local DOS for the same geometry analyzed in Fig. 7.D <= .
The top four panels are far=0 and the bottom four are for The top panel of Fig. 9 shows the modification of the pair
; é’sz'inTS:z ‘r)]‘z’r‘g'j‘ :anrct:r?d:iftto(rzoéumtr'] ﬁho"" the r:jormahzed localerrelations in a bulk normal metal €0) that occur as the
. . P | spatially average over@as width of the superconductor varies. The top cunigg(
described in the text, for the indicated valuesdf. The right — . . . . . .
column contains the respective local DOSZa¢ 50 in the super- =45, differs relatively little from the situation discussed
conductor, for the same values Bt as in the left column. above, where both the normal metal and superconductor
were in the bulk. A decreasing trend is followed &g de-
creases. The slow decay B{Z) away from the interface is
left panel correspoan Fo a thin ﬁlm. w?[th 20 (“regalll th‘?}t adequately fit by Eq(16) )f/or(Diz 1.5yEO, the only modifi-
the superconductor is in the bulk limitA clear “minigap cation being an overal s-dependent factor that reduces the

Ztructure 'S prdesenltt._AIB,E)ls w:jcretatseq tdljF:.E’O’ tthf galp amplitude. The bottom two curves, correspondinglg
ecreases and mutiple bouhc-state ripples rise 1o two 1arget ; o Eo.E0, have an even slower decay. The inset depicts

peaks. We find thalthere exists a maximum thlckness_for thg o corresponding change in the pair potential at the inter-
normal metalDe~E,, such that, if exceeded, the gap inthe ;00 A as a function oDs. This inset emphasizes the
normal side DOS disappears. The observed filling in of thagt rise in the pairing correlations at the interface wBan
states originates from quasiparticles with relatively large mois on the scale OE,, and it includes additional values Dfs
menta parallel to the interfacek (~kgg). In the two top  not presented in the main plot. In the bottom panel of Fig. 9
panels of the right column of Fig. 8, the corresponding localye show the damped oscillations B{Z) within the ferro-
DOS in the superconductor is shown. Here we need not spanagnet (=1/2) for the same values dbs as in the top
tially average the local DOS, since we are in the bulk regimeyanel. The main effect of changiris is to reduce the am-
and the DOS varies smoothly. We present the local DOS glitude of the oscillations while their period remains, as ex-
Z=E,, while all other parameters take the values used irpected, the same. Their amplitude, however, drops very
the left column. The top curveD(=20) shows a widening markedly wherDg approache& . This is illustrated in the

of the gap, while the main peaks still remain bele inset, where we displaj,y versusDg. The essential be-
=1. As D increases t@ =50, the bound-state peaks are havior is similar to that in thé=0 case in the other panel,
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FIG. 10. Local DOS results for a structure consisting of a su-

perconductor of finite thickned3 g adjoining a thick nonsupercon-

ductor. The top four panels are fo=0 and the bottom four fok

] ) o =1/2. The left column corresponds to the nonsuperconductor, at
FIG. 9. Pair amplitude a structure consisting of a superconz— _19q for the top two rows and= — 3 for the bottom two. The

ductor of finite thicknes® adjoining a thick nonsuperconductor. yajye of the thicknesBs is indicated in the labels. The right col-

The main plot in the upper panel shows the decay of the pair aMgmp depicts the local DOS for the same structure, averaged over

plitude in the normal metal I1E0) for values of Ds  gnex, (see textfrom the end of the superconductor, for the same
=200,100,75,50,4%from top to bottom. The lower panel shows D values as in the left column.

the pair amplitude at=1/2 and the same geometry. The values of

Dg are the same as in the top panel, and the amplitude of the

oscillations decays with decreasiiys. The insets illustrate the left pane), it is evident that this width is sufficient for co-

behavior ofA,,y Vs Dg in each case. herent Andreev reflection to become well established and,

hence, for the formation of a structure recognizable as simi-

wherebyA,,y changes the most fdds<1.5=,. The over- lar to that described for the bulk case. However, D&

all magnitude is reduced, however, by the finite value of the= E, (second panel from left toponly a slight hint of struc-

exchange energy. ture remains. These results reflect that the de Gennes—St.
The local DOS is also sensitive to the spatial extent of thelames peaks arise mainly from Andreev reflection at the

superconductor. This is shown in Fig. 10. The left column innormal-metal—superconductor interface, so that wibgmule-

this figure contains results for the normalized local DOS increases, so does the minimum daee Fig. 9, inset in the top

the nonsuperconducting side, while in the right column wepane). On the right side, we see the DOS in the supercon-

examine the DOS in the superconducting side, using theuctor, averaged as explained above. g is decreased

same parameters as for the left side panels. In the supercofiem Dg= 100 (top right) to Ds=50 (second from top right

ducting side we perform a spatial average over one coheany remnant of subgap states becomes filled in due to the

ence length centered aroudd= Dg— E,/2 (in analogy with  greater influence of the normal metal on the superconductor

the thin magnet cageThe top four panels are fdr=0. In  for smallerDg.

this case the left column contains resultsZat — 100. Spa- The bottom four panels of Fig. 10 show results lat

tial averaging is then unnecessary. B=100=2%, (top  =1/2, with all other material parameters being identical to
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those in the top four panels. We present in the two bottonwidth on a superconductor of varying thickness in #hei-
panels of the left column, the local DOS at the positibn rection, in a manner similar to Sec. 1l B. We take,

= —3 for two values oDg. ForDs=2E, the DOS profile =1 A1, and we assume the normal metal to have a width of
has two rounded peaks near the gap edge, while the min2o0 A. The transition temperature & =9 K. We assume
mum is neale/Ay~0. This is fairly similar to what was seen the temperature to bE=270 mK, a value which is slightly

at the same distance in Fig. 2. To understand the behavior ¢figher than the experimental valde=60 mK. This is in-

the DOS for smalleDs, we recall the spatial dependence of tended, in the usual way, to account for additional smearing
the pair correlations in Fig. 9. There it was found that theeffects associated with the finite energy resolution of the ap-
oscillations inF(Z) did not undergo a change in period as paratus. The interfacial barrier strength parameteég)(is

the superconductor width decreased. Rather, there was taken to be zero, which is appropriate for the clean, highly
smooth reduction in amplitude d3g decreased. This sug- transparent interface used, and the Fermi wave vectors in the
gests that changes in the DOS with decreadigwould  two materials are assumed to be equal. Other parameter val-
behave similarly. The bottom panel in the left column of Fig.ues used in our calculations are the bulk Nb gap valye

10 agrees with this reasoning: the effect of redudingis to =2 meV, which is close to the experimental vafti@nd the
lower peaks and raise minima, so that the leakage of supeDebye cutoff parametas=0.03, the value of this parameter
conducting order is effectively eliminated whéhs=7=,. having little effect on the results. The modeling of the super-

The two bottom panels in the right column of Fig. 10 showconductor width is less trivial since the Nb dot in fact varies
the corresponding DOS in the superconductor, averaged ov@f size not only in thez direction, but also in the transverse
a distance of on&, in the usual way. The third panel from direction. With this in mind, we assume a superconductor
the top ODs=2E, so that the average is taken centered athickness varying from 50 to 150 A. Because of possible
Z=175) shows a clear reduction in subgap states and littl@onuniformities in the composition of the Nb dot, this quan-
variation in the DOS fore/Ag>1. WhenDgs= =, (bottom tity should be viewed as an effective thickness that accounts
pane) there is hardly any evidence of the previous superconfor any geometrical discrepancies between our model and the
ducting structure, indicating that superconductivity is nearlyexperimental configuration, and which may be interpreted to
destroyed as the thickness is down to one correlation lengtlsome extent as a fitting parameter. The final physical param-
eter needed is the coherence lengh This parameter must
be identified here as an effective correlation length to absorb
the inherent effects of disorder in the system. Measurements
We have seen above that the calculated self-consistemitere taken at several points: sorfvehich were labeled as
results for the physical quantities depend in a systematic wagointsa—d in Fig. 1(a) of Ref. 37 were on the flatter part
on a number of parameters, some of which are related to theear the center of the dot. The others, labeted in that
materials employed, while others are experimentally adjustfigure, were in the sloping part near the edge. Disorder ef-
able. While testing these systematic dependences is the tafécts are likely to be more prevalent in the region in the latter
of future experimental work, we will, in this subsection, points, where oxidation of the sample surface has a more
compare already existing data with our theory. We will usepronounced effect on the superconducting order. Therefore
data from direct local DOS measureménisrather than re- we have set af,=100 A in the region corresponding to the
sults for indirectly derived quantities. Although we heavily pointse—j, while for in the region between the poirds-d
emphasize in this work the case where the nonsuperconduae take £,=200 A. These two sets of points were recog-
tor is a ferromagnet, we will examine also the proximity nized as behaving differently in the original experimental
effect when the ferromagnet is a normal metal. We will thusanalysis®’
compare our calculations with the experimental data of Ref. The geometry studied is not quite that in our earlier re-
37, where DOS measurements were made from the normallts of Sec. Ill B, where we varied the width of the super-
metal side, and with data from Ref. 3, where local DOSconductor in contact with amnfinite normal metal. Here,
measurements in the superconductor side of a magneboth the normal metal and superconductor are effectively
superconductor structure were taken. In this way, we test ouhin, and additionally, the assumed value of the coherence
theory against spectroscopy data obtained by probing eithéength is larger. Therefore, separate computations were re-
side of the interface, in the two cases where the supercomuired. We present in Fig. 11 the comparison of our results
ductor is in proximity to either a normal metal or a strong (solid line) to the experimental dafd.The DOS is scaled to
magnet. In making our comparisons, it is important to makets normal metal limit, with the curves shifted by a constant
pertinent choices for the applicable input parameters, as willor illustrative purposes. The energy is in the same voltage
be discussed below. units as in the experiment. Inspecting the spectra correspond-
Consider first the STM data of Ref. 37, where the supering to the pointsa—d (labeled in our figure as they were in
conductor(Nb) is in contact with a nonmagnetic met&lu). the experimental wopk Fig. 11 demonstrates the excellent
The experimental configuration consisted of a thin layer ofagreement between our results and the data. In the top panel,
Au of thickness 200 A, which capped off a superconductinga BCS-like gap is most evident for the position the location
Nb dot. The Nb had a smooth relief resulting in a thicknesdabeleda, and as the effective superconductor width is de-
(0—400 A that decreased away from its center. We modekreased from 150 A ira to 120 A ind, the gap becomes
this structure, as done in the experimental anaff/siss a  smaller, while the BCS peaks decrease in magnitude. The
bilayer system comprised of a normal metal of constantocations of the peaks in the fits and in the experimental data

C. Comparison with experiment
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in the DOS match well over the entire spatial range. Thus we
find that modeling this particular experimental structure as a
bilayer is successful over the entire spatial range. In Ref. 37
it was found that a fit to all the data using the Usadel equa-
tions was not possible and that very different physical as-
sumptions had to be used for the U- and V-shaped portions.
This is unnecessary within the exact theory.

When the normal metal is a ferromagnet, experimental
studies on the proximity effect are more sparse. The continu-
ing advancement in nanofabrication techniques, however,
has made probing the electronic structuré=¢% nanostruc-
tures experimentally accessible and some recent good-
quality data are available. We compare our theory with the
tunnel spectroscopy data of Ref. 3 obtained through probing
the local DOS in an Al superconductor adjacent to a Ni fer-
romagnet. Modifications to the DOS in the superconductor
are another important aspect of the proximity effect which
provides useful information regarding the influence of the
ferromagnet on superconducting correlations. As predicted in
Sec. lll A1 the local DOS near the interface in the supercon-
ductor should be substantially modified from the bulk BCS
result. It is then of great interest to see how our results com-
pare with the appropriate experiment.

To test our theory against the Al-Ni experimental data, we
must choose a set of parameters appropriate for the given
bilayer. Nickel itself is not a simple Stoner magnet with para-
bolic bands. A nearly free electron monovalent metal having
the same saturation magnetizaffdas Ni is easily seen to be
to have a value of of about 0.5 and this is the value we will
use. We assume a transparent interfadg=€0) in accor-
dance with the clean interface in the experimelite also
take T,=1.2 K, kgy=0.5A"%, and in order to limit as
much as possible the number of input parameters, we keep
the Fermi wave vectors the sames= 1. For thick supercon-
ducting layers the relevant length which governs the deple-
tion of superconducting correlations near the interface
scales with¢, whenevergy>1. In the experimental work,
distances were already given in units of the correlation
length, and this makes it particularly convenient to compare
with theory. Experimental data are given at two distances:

V(mV) one fqr from the interface an_d the other near to it. The_ pre-
cise distance from the tunneling probe to the interface in the

FIG. 11. Comparison of experimental STM data from Ref. 37second case _V\{as s_omewhat uncertain, howevgr, m{;}i!’lly be-
with theory. The solid curves are our theoretical results and th&@use of the finite width of the probe. We take this position to

dotted curves the experimental data. The vertical axis scales hake 280, which is similar to the value estimated in the ex-
been shifted for clarity. The labelsa—j correspond to different Perimental analysi3.
probe positions on the sample: they are the same labels as used in Figure 12 shows a fit of our resultsolid lines to the
the experimental work. See text for details. experimental data of Ref. 3. The vertical axis is the DOS
scaled to the normal state value, while the energies are in
are seen to essentially agree. A similar trend is seen for thdimensionless units oé/A,. We account for the influence
remaining probe locations in the bottom panel of Fig. 11,which single-charging effects have on the DOS by convolv-
where the effective coherence length dhglare smaller. The ing the DOS calculated from Ed9) with the acceptance
peaks move inwards while the previously empty gap starts téunction P(E) (as described in Ref.)3hat gives the prob-
fill in, with an approximately linear rise near the Fermi level. ability for the junction to absorb an enerdy*® The curve
This DOS profile is observably different from that in the with the more prominent peak corresponds to the DOS in the
panel above, where the subgap DOSI leaU shape com- bulk, away from the influence of the magnet, while the other
pared to the V shape here. It is remarkable that the level ofurve is the DOS two coherence lengths from the interface.
agreement between theory and experiment is so high, in thdthe open and solid symbols are the experimental results, the
the location of the peaks as well as the origin of the minimaformer ones being for the bulk DOS. The procedure em-

Normalized DOS

Normalized DOS
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1.6 — T T — T metal decays approximately as the inverse of the distance
‘ from the interface, with the overall prefactor depending\on
andHg. At higher temperatures and fatr=1, Hg=0, the
decay markedly increases and is set by a smaller length scale
En(T). The exact spatial decay &f(r) was found to be
more complicated than a single exponential. On the super-
conductor side, we tested our results for temperatures near
T. and found agreement with standard Ginzburg-Landau
theory. We also extracted the characteristic length of deple-
tion &4(T) for intermediate and lower temperatures, some-
thing not previously done in a systematic way. The length
scale (at low temperaturgscharacterizing the decline of
F(r) near the interface was found to decrease with smaller
or largerHg. The local DOS correlates with these results
and displays a functional dependence HnA, andHg as
well. We also systematically investigated the geometrical ef-
fects associated with the finite size of either the normal metal
e/A or superconductor and discovered that a small gap develops
in the normal metal DOS when its width is small. This
FIG. 12. Comparison of experimental DOS data for Ni-Al struc- “minigap” decreases to zero when the metal width is close to
ture (Ref. 3 with theory. The symbols represent data taken far fromthe coherence length, i.eD~=,.
the interfacgopen symbolsand near i{solid symbol$. The curves At finite values ofl, there are two characteristic proximity
are the theoretical fits obtained as explained in the text. length scalest, and & in the ferromagnet, governing, re-
spectively, the spatial period of the damped oscillations in
ployed to obtain these fits was the following: first we deter-F(r) and the sharp decay at the interface. Both lengths vary
mined the effective temperaturéo account for instrument approximately inversely with, independent of temperature.
resolution by fitting our results to the experimental DOS The amplitude of the damped oscillations, however, de-
near the interfacesolid symbols, solid curveThis resulted  ¢reases with increasing temperature. Mismatch of the Fermi
in a slightly raised effective temperatue=980 mK (in  energies increases the decay of the oscillations. A finite bar-
contrast with the experimental value f= 100 mK). Then,  rier strength has no effect on the period either, but does re-
without any further changes, we calculated the DOS at gyce the amplitude by a factor that scales linearly wih.
distance of 4, from the interface(dashed curve This po- The damped oscillatory behavior in the ferromagnet in-
sition should represent well the bulk characteristics in thejyces a corresponding spatial modulation in the local DOS.
DOS, since as we have seen previously, at that point, theor a transparent interface, the DOS in the superconductor
influence of the ferromanget on the superconducting DOS igjge (for |>1/4) exhibited a reduction in the usual BCS
minimal. No additional parameters were used to obtain thig)eaks, with a finite number of states within the gap, the
second fit. The results are clearly excellent: they have thgumber depending on the exchange field and location within
correct peak positions and relative magnitudes. We thereforgye superconductor. For small exchange fields of orddr of
find, again, good overall agreement with experiment in this— A /E_. a significant subgap structure emerged and, at
more difficult case. exactly | =Aq/Egs, a resonance phenomenon occurred in
which the BCS peaks became significantly enhanced. We
IV. CONCLUSIONS found there exi_sts a long-range spin splitting in the supercon-
ductor, extending over several coherence lengths. A non-
We have in this work presented extensive results fottrivial behavior of SN was found as a function of and
the pair amplitude and local DOS in heterostructures involvthe mismatch parametek: when the pointEg,=Egg is
ing superconductors and magnetic materials. These resultsossed, the spin splitting becomes very short ranged, as
were obtained from numerical, self-consistent solution offound in Ref. 34.
the Bogoliubov—de Gennes equations, without approxima- Finally, we have compared our results with two sets of
tions. We also discussed the length scales characterizirgkperimental data for the local DOS, corresponding to two
the influence of the superconductor on the ferromagnet andifferent values of and to measurements taken either from
vice versa. the superconductor or the nonsuperconductor side of the het-
For heterostructures with geometric dimensions largeerostructure. In both cases we found, using reasonable values
than the relevant intrinsic lengths, we have shown in detaifor the material and geometric parameters, very good agree-
how variation of parameters such as temperafiréermi  ment between theory and experiment.
wave vector mismatch\, and interfacial and scattering  The only approximation made here is that of assuming the
strengthHg (see Table )l affected the pair amplitude and clean limit. It is of interest to briefly consider how the inclu-
local DOS for a wide range of exchange enerdie&or | sion of scattering would affect the results. We have men-
=0 and lowT, we find that the pair amplitude in the normal tioned in Sec. lll C that the coherence length would have to
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be replaced by its effective value. One can risk some furthethat our results should remain valid for reasonably clean

speculation by comparing with existing wérk’ within the ~ samples.

Eilenberger approximation. Unfortunately, in these semiclas- In summary, the number of relevant parameters involved

sical papersA is not determined self-consistently, so our iS o large and the variety of behaviors so rich that a study

comments must remain very tentative. The main periodicitysuch as this one must concentrate on the highlights and leave
of the oscillatory behavior appears to be independent of th'0st of parameter space unexplored. Itis clear, however, that
impurity mean free path and still given by ((FT_kFL)_l- the machinery developed here can be readily applied to most

The relevant dimensionless parameter for impurities is, irictu@l experimental situations. We hope that this paper will
stimulate future experimental work and facilitate the analysis

our notationkgl, as one would expect. The main effect of a
finite | appears to be that the amplitude decays of oscillator

quantities contain a damping factere 2?'. However, we
have foundsee, e.g., Fig.)lthat there is a marked amplitude

)pf the resulting data.
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