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We present a microscopic theory of the proximity effect in the ferromagnet/superconductor/ferromagnet
(F/S/B nanostructures where S is amwave low-T. superconductor and F's are layers af Bansition ferro-
magnetic metal. Our approach is based on the direct analytical solution of Gor’kov equations for the normal
and anomalous Green’s functions together with a self-consistent evaluation of the superconducting order
parameter. We take into account the elastic spin-conserving scattering of the electrons assuaviagscat-
tering in the S layer and-d scattering in the F layers. In accordance with previous quasiclassical theories, we
found that due to exchange field in the ferromagnet the anomalous Green’s fuRt)oexhibits the damping
oscillations in the F layer as a function of distarecieom the S/F interface. In the given model, a half of the
period of oscillations is determined by the Iengﬂ'p: 7Ug leey, Wherevg is the Fermi velocity and ., is the
exchange field, while damping is governed by the Ieri@th(lllﬁllli)’l, with |, and |, being spin-
dependent mean free paths in the ferromagnet. The superconducting transition tempetei)ref the F/S/F
trilayer shows the damping oscillations as a function of the F-layer thickihesgth period &g = 7/ Vmegy,
wheremis the effective electron mass. The oscillationg gfdg) are a consequence of the oscillatory behavior
of the superconducting order parameter at the S/F interface vs thic@pesshich in turn is caused by the
oscillations ofF(z) in the F region. We show that strong spin-conserving scattering either in the supercon-
ductor or in the ferromagnet significantly suppresses these oscillations. The caldiylagddependences are
compared with existing experimental data for Fe/Nb/Fe trilayers and Nb/Co multilayers.

DOI: 10.1103/PhysRevB.68.054532 PACS nuniber74.78.Fk, 74.50tr, 74.62.Bf, 74.78-w

I. INTRODUCTION pendence was not observed. The following experinfehts
revealed the different and even controversial behavior of
The artificially fabricated layered nanostuctures with al-T (dg) for different structures. The nonmonotonic oscilla-
ternating superconducting) and ferromagneti¢F) layers tionlike behavior ofT(dg) was reported by Jianet al.” for
provide a possibility to study the physical phenomena arisind\b/Gd multilayers and Nb/Gd/Nb trilayers, by Mgeet al®
due to the proximity of two materialéS and F with two  for Fe/Nb/Fe trilayers, and recently by O#ii al® for Nb/Co
antagonistic types of long-range ordering. One such interesind V/Co multilayers. However, negative results were re-
ing effect is the existence of the so-calleephase supercon- ported for Nb/Gd/Nb trilayers by Strunlet al,'® for
ducting state in which the order parameter in adja&lal-  V/V,_,Fe, multilayers by Aartset al,'* for Fe/Nb bilayers
ers has opposite sings. The junctions were originally by Muihge et al.'> and Nb/Fe multilayers by Verbanck
predicted to be possible due to spin-flip processes in maget all® For interpretation of experimental results, along with
netic layered structures containing paramagnetic impuritiesnechanisms ofr coupling and suppression df. due to
in the barrier between S layerd.ater on, Buzdinet al>®>  strong exchange field in the ferromagnet, other mechanisms
and Radovicet al* showed that, due to the oscillatory be- were suggested such as the complex behavior of the “mag-
havior of the Cooper pair wave function in the ferromagnet,netically dead” interfacial S/F layeffor details, see Ref.)8
o coupling can be realized also for S/F multilayers. The the effects of a finite interface transpareftgnd spin-orbit
coupling leads to a nonmonotonic oscillatory dependence ofcattering:*
the superconducting transition temperatiiteas a function The original theory of the proximity effect proposed by
of ferromagnetic layer thickness:.>~* The effect occurs Buzdin etal®* is based on the quasiclassical Usadel
because of periodically switching of the ground state beequation® applied for S/F structures. In this case the Usadel
tween 0 andr phases, so that the system chooses the statquations must be supplemented by boundary conditions for
with higher transition temperatufg; . the quasiclassical Green'’s functions at the S/F interface. This
These theoretical predictions stimulated a considerable inessential point was recently discussed in Ref. 16. On the
terest to proximity effect in S/F structures also from experi-other hand, the boundary conditions for microscopic Green'’s
mental point of view. First, the oscillatory behavior of functions can be written obviously for ideal S/F interfaces if
T.(dg) was observed by Wonagt al.® in V/Fe multilayers  one uses Gor’kov equatio§These equations, however, are
and later on these results were well explained by theoreticahore complex to resolve than the quasiclassical ones. In the
calculations of Radoviet al* However, in subsequent ex- given paper, we present a theoretical investigation of the
periments with VV/Fe multilayerSthe oscillatoryT.(dg) de-  T.(dg) behavior for F/S/F trilayer structures based on
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Gor’kov equations. We consider that F layers adet@nsi-
tion metals and assume that the main mechanism of spin- A*(2)G?(z,z')+
conserving electron scattering in F layers is the scatter-
ing, while S layer is answave superconductor witls-s
scattering. We find the characteristic lengths determining the
periods of oscillations and damping of critical temperature
T. and Cooper pair wave function, and show that in the
given model these lengths differ from length scales predicted (ji) For the S layer,
by quasiclassical theoriég:*®*¥We show that strong spin-
conserving scattering either in the superconductor or in the
ferromagnet significantly suppresses the oscillation3 af

We compare our results with the existing dataTafdg) for
Fe/Nb/Fe trilayefsand V/Co multilayers,where F’s are @
ferromagnets, and find reasonable agreement between theory
and experiment.
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We consider a trilayer structure, F5/F;, where S is a
low-T. superconductor and F's arel3netal ferromagnetic =0 2
layers. The thicknesseass anddr of the S and F layers are jith
assumed to be much smaller than the in-plane dimension of
the structure, so that the system can be considered as homo- o' =w+icud *3(z2,2),
geneous in they plane(parallel to the interfacesWe de-
note the axis perpendicular to thg plane as the axis. Let _ 2% ss,
z=+a be the positions of the outer boundaries of the F Au(D)=A(2)+CcuF2,2). ®
layers andz= *=d be the positions of S/F interfaces, then
ds=2d anddr=a—d. We adopt thaS is a simples-wave
superconductor witts-s mechanism of electron scattering.
According to Ref. 19, for superconducting Nb which is usu-_~ " "
ally usedgin preparing the S?F heterostru?:tusewave scat- field in the ferromagnet, and=mT(2n+1) are Mgtsubara
tering is indeed prevailing. Concerning the ferromagnetidreéduencies(the units arefi=1=kg). The scattering pro-
layers, we adopt the simplified mod&tonsidering that two ~ CESS€s are introduced in the Born approm_manon. T.he param-
types of electrons form the total band structure dftgansi-  €t€rsuo andysq are the strengths of impurity potentials, and
tion metals: almost freelike spin-up and spin-down electron§ andXo are impurity concentrations in ti@andF layers.
from sp bands(these electrons are referred tosaslectrony ~ We assume that a BCS coupling constant is zero for the
and localizedd electrons from narrow strongly exchange- ferromagnet, therefora(z)=0 in the F layers. We also ne-
split bands. The main mechanism of spin-conserving electroglect the possible deviation af(z) from zero in the F region
scattering in @ ferromagnetic metals is thed scattering'  due to scattering, since this correction is of the ordegbf
because of a dominant contribution dfdensity of states which is small.
(DOS) to the total DOS at the Fermi energy . The mean The superconductor order parameter has to be found self-
free path of the conductios electrons depends on the spin consistently,
due to thes-d scattering and the differentdensity of states
at e for majority- and minority-spin bands. In the present ke kd K
work, we consider only the scattering by nonmagnetic impu- A(2)=\TX fo ZF*(G),K,Z=Z'), (4)
rities. ©

As a starting point, we take the system of Gorkovyhere summation oven goes up to Debye frequenayp,
eqslglatlon§ for the normal ?nd anomalous Greesrls functions, ~ ¢ s the BCS coupling constant in a superconductor, and
Gii(x1, %)= —(T,h(x)¢h1(x))  and [7(X1,X3) F=F$S. The critical temperaturd@, is defined as the first

- il i - i
=(T[(x)§1(x)), wherex=(7r) is a four-component .0 of equation (z)=0 whenT decreases from high tem-
vector and the creation and annihilation field operators ar%eratures

tari;%artrﬁgtimt?z %;Ctrogsn'e?; dcirvrg'rn%eo#; ;hiia'rzotlirr;ee: Below, in this section and in Sec. Il we present a scheme
Xy p , ginary to evaluate the Green'’s functions considering as the first step
7, we get the following system for the Green’s functions. . .
. the non-self-consistent solution of Eq4) and (2), where
(i) For the F layers, . .
A(z)=A is a real number which does not dependzoec-

In Egs.(1) and(2), « is the in-plane momentum, parallel
to the S/F interfacen s the effective electron mass which is
assumed to be the same for both meta(g) is the exchange

1 [ g2 tion 1V is devoted to the self-consistent evaluationAqiz).
iw+ oml 2 K’ | +ept+h(z)— xoygdG??(z,z) We will assume that the mutual orientation of magnetizations
oz in the F layers is antiparall¢/AP), thereforeh(z)=h>0 in
XG??(Z,Z’HA(Z)FT?(Z,Z’) the F layer andh(;) =_—h in t_he E, layer. The advantage of
the AP configuration is that in this case the self-consistency
=46(z—2"), can be achieved for real values &{z) in the S region. The
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study of the influence of the mutual orientation of magneti-Here p](“ is an electrorthole) momenta in the Flayer,
zations onT, (Refs. 22—-24in the framework of the given
model requires consideriny(z) as a complex-valued func- O \/ K2 P,
tion. This question is beyond the present study and will be pr'="\/2m| eg— ﬁihiiﬁ(l)i'“’ ' ©)
discussed in a forthcoming paper. However, as can be seen

further, the general conclusions of the given paper are nandp}!") are momenta in theHayer,

sensitive to the particular configuration of the

. . . 2
magnetizationé® At the first step we also suppose that there ) — \/ K 1L
is no scattering in the S layer. The scattering processes in the P =\ 2mlep— o FhEs g tie). (10
S layer[Eq. (3)] are taken into account at the last step of the ] - ) ] ]
evaluation of the critical temperatut€ec. \j. The inverse lifetimes of quasiparticles are given

~ -1 2 dd — _1(1) ey
By introducing the Green's functionsG}}(xy,Xy) by\/Tﬂ_L);ZXOVSqlmGTT(u). ke /(mly (), where ke
Tt dESS (T =2m(eg£th) being Fermi momenta in the ferromagnet
= (T, 4|(x1) %(Xyz» and Fri(xg,x2) =(T 0 (X1) i, (x2)) andl |, being mean free paths which are considered as pa-
the system of Gor’kov equations can be written in the matrix o neters

form?® . .
In the S region -d<z<d) the solutions of Eq(6) are
. [G R 1 1
[lwl—A] - |=18(z—2"), (5) 0, (2)=A~ elks (z+d) 4 pn e iki(z+d)
F m o \a

wherel is the unit matrix andd is the (2x 2)-matrix differ-
ential operator, the components of which can be found by +B%
comparing the Eq91) and(2) and Eq.(5).

In order to find the matrix Green’s function, consider

;f) eik,(z-%—d)_}_ B#

a .
L ) e—lk,(z-%—d)' (11)

- 1) 1)
Schradinger’s equation with Hamiltoniamt: l!fp(Z)IC’i< )e'k*(Zd)“LCp )e'k+(Zd)
a a
[iwl — Alp(2)=0. 6) @\ e @ o
p ik_(z— P —IK_(z—
This equation has four linear independent solutions D5 1/° o 1)® '

qD;(Z) where the wave vectols. are defined as
@,L(Z):( - (r=T1,1),

¢,(2) 2

; ) and
lﬁp(Z):(lﬁp(Z)) (p=T1,1).

i
a=—[Jo*+A%’—w].
We require thaty,(z) and,(z) obey zero boundary con- A[ ]

ditions at pointg=*a, and choose these independent soluye neglect the interfacial roughness, thus the coefficients
tions in such a way that two functions;(z) and y(2) A%, B&, Cf , andD% have to be found from the conditions

describe spin-up electrons in the ferromagnetic layers, angf—' S : :
. . . ; continuity of the function z) and z) and their
functionse, (2) and, (z) describe spin-down holes in the F derivatives )r:\t the points= ijoﬂw(hi)ch canwfa(e )found easily

layers. Namely, in the layef, (—a<z<—d) the solutions by solving the system of algebraic linear equations.

‘PM(Z) have the form To evaluate the matrix Green’s function, let us introduce
the matrices

1
= in ol
#:(2) (O)sur{pl<z+a>], (@) @D ol
O(z)=| _ |
0 ¢ (2) ¢, (2)
%(z):(l sipi(z+a)], ) .
o i (2') ¢ (2')
and in the i layer (d<z<a) the solutionsy,(z) are ¥(Z')= Y (Z') ¢ (Z) '
1) and letJ be the matrix of “currents,”
wz>=( o/ Spk@=2)], ®)

J=<Jﬂ J'm)
o | i Ju)’
n(2=|  |sitpya-21

with components
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the result of exponentiale™ = in Eq. (14) with rapidly

2.8 . K . .
AP configuration, ®=0 varying phases. Since the superconducting order parameter is

2.4 E =0,k =0.826 A determined by the integral ¢¥(£) over ¢, one can average
- 17120 A, |, =40 A F(£) over the oscillations.
'§ 20 ® A=9.25K Denotea,,, (u,p=1,]) as the components of the matrix
e}
T (17— an ap
= a; ay

Fora,, we get
sgriup) L PR PR
aﬂp_(l_az)BJ*uﬁp_B—[aMpe Ta,e 1

T T T T T T T 1
1000 2000 3000 4000 5000 6000 7000 8000

wher
Energy & (K) ere
FIG. 1. The typical dependence of the anomalous Green’s func- _ - Sgr(,up)[z k,A““C; Ped—2ik_B™ D7 pe—(s]
tion F(w,£,2) on the energyé=«k22m—ez under given A P (1—a?)

=9.25 K, =0, z=0, &£,=0, mean free paths in the F layer are
1,=120 A andl;=40 A, and Fermi momenturk-=0.826 A"™.

F (&) exhibits quantum qsci!latior!s; the smooth line shows function 5+ — Sgriup) ———"[2ik, A *C *e 5—2ik_BI“D :peﬁ],
F(¢) averaged over oscillations, i.€¢(¢) (see text for the details P ( —«a )
(15
:(P;(Zﬁzw;(z) (’DM(Z) W, (2). (120  where6+is= 6. =2ik.d andD =detd/(1— a?)?is the de-

terminant of the matrix of currents:
Here u,p=1,] and ?;(ﬁz—(ﬂ) is the antisymmetric =~ 20 _oip
gradient operator. The matrikis the Wronskian of system D=—Dg+I,e”"+T_ ™"
(6), which does not depend ani.e., 3J(z)/9z=0. Finally,  The expressions fab, andI'. are given in Appendix A.

the matrix Green’s function introduced in E®) is given by By carrying out the Fourier transformation ef,,, we
- - can write the first terms of the expansion
G(z,2')=2m®d(2)[I" ] ' W(Z"). (13
—hT @l - i
HereT denotes the transposition operation. The obtained ex- (a,,)= bﬂpe”“r bW,e SRR (16)

pression allows one to evaluate the normal and anomaloqﬁhereb

Green's functions in both layefS and B. ., are defined by the following integrals:

1 (+n a e "’+a’
ll. ANOMALOUS GREEN’S FUNCTION b* :_f d 1P Hp
ke 2m r.e?+I'_e'*-D,
A. S layer Using Eq.(13), we get an expression fét(w,&,z=2"):
Consider first the anomalous Green’s functi@@ooper
pair wave function F(w,«,z=2") in the S region. Denote , _ N
0. =2ik.d andd.=0=i4, i.e., 0 andé are real and imagi- Flw,§2=2 )=2mM pE:H ¢, (22 ¥, (2),
nary parts of phaseg.. . Using solutiong11) in Eq. (6) in '
the superconductor, we get the exact expressions for current¢here ¢ , (z) and w;(z) are the components of solutions
=(1-a?)j%,, ¢,(2) andy,(z) in the S layer. Denote

Where eliiélzkt(d'i‘Z), 02ii52:kt(d_2),

. . i - thend,+ 6,=6, 5,+ 6,= 45, and
jh,=2ik [A“Che " —ALCPe ] v v

—2ik_[B*D%e " —B~D €’ ].  (14) pu(2)=ALelfAteTn,
Since the currentg,, do not depend om, the same expres- w;(z)=2ﬁei b243P g 102
sions can be obtained using the solutions of &j.in the
ferromagnetic layers. where

It is convenient to introduce an energy varialdle e

— k?/2m. The typical dependence 6f(¢) on & under given
argumentso andA at the poinz=z'=0 is shown in Fig. 1. ) . s s ) ) s R
Function F(&) exhibits the quantum oscillations which are =5 =CPe "2+aD”?e%, 37 =Cfe%+aD’e" >

A#=aAte %1+B*e%, AF=aA*e’1+Bte
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The higher-order terms wite™""?, wheren=2, can be conductor. The solutions;(;)(z) in the layer K (d<z
dropped in expansiofil6) because they are responsible for —a) are given by Eq(8). For solutionse,,(2) (u="1,]) we
rapid oscillations of(¢). Finally, we arrive at the following  ¢an write
expression for the anomalous Green'’s function in the S layer:

Flw,§,2=2")=Fo(0,£,2) +Fy(w.£,2), <Pu(2)=><’i(0)e'93(“>+x“ o)e'p3<a2>

where
+Y*4

0 eiP(a=2) 4 yu 0 e ipsa-2)
1 1 ’

—Sup

Fo(w,&z)=2m>, {A%30b, +A*S b} (17)
mp whereX% andY# can be found from conditions of continu-
ity of functions ¢ ,(z) and their derivatives a=d, assum-
B o 2i6s e —2ip ing the perfect S/F interface.
Fl(w,g,z)—Zm% {ALX2[b, e "1 +b, e "] The anomalous Green’s function averaged over oscilla-
tions is

+A“30[b, e*%2+b, e 2]},
— )= - +

ContributionF; to functionF is essential only in the vi- Flo.§2=2") Zm%‘, (P”(Z)(a’”WT (2)
cinity of S/F interfacesz=*d, as far as,;~(z+d) and
0,~(d—2z). At the pointz=z'=0 (the middle of the S _
layern, the anomalous Green’s function is determined by the Zm% Ful@un)- (18
functionFy(w,&,2) which is shown by the thick smooth line o _ )
in Fig. 1. The obtained result is used below in Sec. IV wherdt tUrns out that functione, () contains four terms with

; . : il +6 0 : — i
we discuss the self-consistent evaluation of the order parampultipliers e=“+ and e=“~. Denoting .= 6+i45, we can
eter. write F, in the form

F,=0,e'+® e 19
B. F layer Bk " 19

Due to the proximity effect, the correlations between elec-Where

trons are induced in the ferromagnet close to the superco- @*z[@“cos(pizl)JrE“sin(plzl)]sir’[pT(dF—zl)]
ducting layer. Instead of a simple decay, as it would be for ~ * - 3 U 3 (20)
the superconductor/normal-metal interface, in the case of fer-

romagnetic layer the Cooper pair wave function exhibits the ¢~ —[@*cog pyz,) + E*sin(pizy)]sin ph(de—z,)].
damping oscillatory behavior in the ferromagnet by increas- .

ing the distance from the S/F interfat&!® The reason is Herez;=z—d is the distance from the S/F interface, and
that exchange splitting of bands in the F region changes the
pairing conditions for electrons; therefore, the Cooper pairs
are formed from quasiparticles with equal energies, but with
difference in modulus momenta; and —p,. Due to the
nonzero center of mass momentukp, the Cooper pair
wave function obtains the spatially dependent phase in the ko ke s

04 =B*e’+aAte ?,

O4=aqA*e’+B e 9,

- “ i S Ef=—DBle’+a—A"e
ferromagnetic layer. In the “clean” limi¢no scattering in the = pl # pi e
ferromagnetone can findf that the Cooper pair wave func- 3 3
tion oscillates with distancez into the F layer as ik
~SiN@E(@E), where&l=ve /ey U My VP MR- VIS,

This result holds also in the case of “dirty” ferromagnet. p3 P3

The microscopic theory of S/F multilayers based on the qua-

siclassical Usadel equatictfspredicts that the anomalous ~ Using Egs.(16), (18), and(19) we get the expression for

Green’s function behaves in the ferromagnet-asxp{—(1  functionF averaged over the rapid oscillations

+i)yh/Dyz}, whereD,,=v¢l/3 is the diffusion coefficient

andl is the electron mean free path in the F layer. Therefore, Flw,&z=2")=2m>, [db;b;ﬁdb;bl}].

a length scale for oscillations and damping is the same and M

this scale is set by the length, = \/2I§0/3. Below, in this .

section it is shown that in the frameWFork of our model the It follows from Eq. (20) for @ that the dependence of

scales for oscillations and damping of the anomalous Green&inction F(,§,2) on variablez or z,=z—d is given by a

function are determined by different lengths. sum of the terms with sine and cosine from argumepts (
We can find the anomalous Green’s functibifw,£,z  +P5)z and (i—ps)z;. The terms with phases p§

=2') in the F region d<z<a) following the same ap- +p3s)z; determine the short-periodic oscillations with re-

proach that was used to evaluate Eh&inction in the super- spect to oscillations with a larger period(pg— pg)*l. Ne-
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Cooper pair wave function € ox 7z

Apszi~—2z=—,
UF &m

where £2=mvleo= & is the half-period of oscillations
of F(z) (the distance between the nearest zerbwte that
gﬂﬂt 7lg in contrast to what is found by using a quasiclassi-
cal approach.

The oscillatory terms in Eq(21) arise due to quantum
interference between two plane waves describing an electron
and a hole propagating in the ferromagnetic layer with dif-
ferent momenta) and — p} along thez axis. If h#0 then
Ap;#0, and the oscillatory dependence of the Cooper pair
. . , . ' . . wave function occurs due to the exchange field in the ferro-

0 50 100 _ 150 200 250 magnet. Ifh=0, thenF(z) exhibits only the exponential
z (A decay into the F layer with characteristic lengghAs it was
already pointed out by many authors, the physical picture of

FIG. 2. The behavior of the anomalous Green's funcda)  the proximity effect is similar to the nonuniform Fulde-
along the F/S/F structure withds=400 A, de=50A, &,  Ferrel-Larkin-Ovchinnikov stafé? which is characterized
=1.156 eV,1;=133 A, 1,=35 A. The pointz=200 A is the SIF py the oscillatory dependent order parameter and arises in a

interface. Solid line — R&(2) and dashed dotted line — If(z).  homogeneous superconductor in the presence of a strong
The contribution Ré=(z) [see Eq(17)] to the function Reé~(z) in enough uniform exchange field
the S layer is shown by the dashed line. '

glecting the nonessential terms with short-periodic oscilla- IV. SELF-CONSISTENT EVALUATION
tions, the anomalous Green’s function can be presented in OF THE ORDER PARAMETER
the form

In this section we proceed further by constructing the self-
F(w,§,z=z’)=@(w,§)cos(Ap3zl)+§(w,§)sin(Ap321), consistent solution of Egqgl), (2), and(4). In the case of
(2D antiparallel orientation of magnetizations in the ferromag-
netic layers the self-consistency can be reached if the order
parameterA(z) takes the real values. We will search the
self-consistent solution of Eq4) in the S layer assuming
that in this equation the functiof(w, £,2) is replaced by its
o first contribution Fy(w,&,2z) given by Egq.(17). Function
F(2)=T>, f dé F(w,£2) Fo(2) is shown by a dashed line in Fig. 2 and can be ap-
o JO proximated by a simple analytical function an such as
normalized on the value of its real part at the paist0 (the ~ *C0S02, whereq is a parameter. In order to take into ac-
middle of the S layerare shown in Fig. 2. The dashed line in coUnt the correctiori,(z) one has to choose a more com-
Fig. 2 shows the contributioff,(z) [see Eq.(17)] to the plex class of sample fun.ctlc_)r)s far(z). However, this will
function F(2) in the S layer. We can estimate the lengths"Ot change the results significantly.
responsible for the oscillations and decay using @@) for Let us look forA(2) in the form
momentap} and p4. Neglecting +iw in Eq. (10), since
|o|<wp, we obtain

wherez,=z—d, Aps=pi—p4, andpl(?) are given by Egs.
(9) and(10).
The real and imaginary parts of the function

q222
A(z)=Acoqq2)=A 1—7 ,
i1
pi=2m(¢=h) 1iZTl(%)—§+h+~-- :
N where the wave vectay (which has to be foundis small.

As far as the integration ovefr goes from O teeg, then the  The magnitudeA(d)=(1— §;)A defines the amplitude of

damping of oscillations is determined by the value the superconducting order parameter at the S/F inteffeme
Fig. 2; here ,=qd?/2~0.1 is a small parameter. Follow-
Niz £+£ ing the well-known WKB approximatioff, we search the
lo 1y 1} solutions of Schrdinger’s equatior(6) in the form
Neglecting=+ir}, and *iw in Eq. (10), we get _
e'§+(z)
pT(l): /ng 1i2£§+-- } l/f(z):(ei§(z)).
If é~ep, then For £ we get the system of equations
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1 . .
it g+ S (i€ —¢.%) |t +A(2)e' =0,

(22

) 1 _
A*(2)eé+ o= E= 5 (I£1 — £ %) |e=0,

where é=g-— k?/2m and primes abové. denote the de-
rivatives byz

In the case ofy=0, A(z)=A, four solutions of system
(22) are &9 =+k,z, £2=*k,z+ilna and & =+k_z
+iIna, £ = *k_z which give four initial eigenfunctions of
the nonperturbed equatidf) (q=0):

1 , .
ug(z):(a>e:|k+z, U%(Z)=<al)e:'k*2.

Consider, for example, the perturbed solution (z)
which corresponds ta® (z) in the case ofj# 0. We look for
the phaseg.. in the form §t=§§+ N+, where§3=k+z,
& =k,z+ilna for u’(z). The typical order ofy. is
~qz~qd=26,<1. By linearizing systen(22) with re-
spect ton.. we arrive at the following equations:

— == gl +iA(g-—p)=A : (23

1k q°z?

am 2
ke , q%z?

a - iy =) =A——.

We have also dropped the terms wigh? and 5" which are
small as compared tok.7., since 7.°~7%.7y./d
~n'N28y/d<k. 7 if d~200 A, k.~0.5 A%, and 7"
~nlld<k. 7’ . The equations similar to Eq&23) can be
written also for phaseg.. which determine other three so-
lutionsu_(z) andv . (z). Solving these equations we get

etilk.zt 7@

aetilkizt n(i)m]) ’

U+(Z):(

with
77(;)(2): T§Z3+ TziZz-i- Tliz+ 7'3 ,
77(4_,_)(2) = 7'5:23— 7'2:224' sz— Toi :
and
aeti[k,z+((f)(z)]
e T e &
where

($(2)=p32°+p; 2%+ pi 2+ p;

((@2)=p32°~p;22+pi 2 p; -

The expressions for coefficients” and p;” of polynomials
are given in Appendix B.
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Next, the procedure of evaluation of the anomalous
Green'’s function in the S layer is similar to one described in
detail in Secs. Il and lll for the case &f(z)=A. By repre-
senting the solutiong ,(z) and ¢ ,(2) of Eq. (6) as a linear
combination of eigenfunctions.(z) andv.(z) similar to
representatior(11), we can find the new coefficien&&” ,
B%, C4, andD% solving the system of four linear equa-
tions. By evaluating the currenfs,, at the pointz=0 (j ,,
do not depend om), we obtain the expressions fpg, simi-
lar to Eq.(14), wherek.. should be replaced by

2, - -_ 2.+

T ~ p1 —ap

Lok =k L 21,
1-«

+
~ T, &

and 0. =2ik.d=6+i5. The substitutionsk. —k. also
have to be made in E¢15) for a,, and in the expression for
detJ (see Appendix A Finally, the anomalous Green'’s func-
tion F(w,¢,2) is given by Eqs(17), whereA% andX’. are
replaced by new function&# and3". :

s (D) e
K=qgAte o1tin. 'y Breitic

=1

qpred it ppre it

=1

—cre % in )y gpresict),

M
4+

Sp=crestint) 4 qpr e dtidt”

where d,, 65, nf), and g(f) are functions ore. The fixed
pointg=q, which determines the order parameidz) has
to be found numerically by solving E¢4) using the iterative
procedure.

V. CRITICAL TEMPERATURE T,

If the anomalous Green’s function in the S region
F(w,£,2)=F(w,¢,2=0)cosf,2 is known, the supercon-
ducting transition temperaturg; can be found. Up to now
we assume the “clean” limit for a superconductor. Correc-
tions (3) due to scattering will be taken into account further.
Let us introduce the function

1 (e=r
sz—f déF(w,£,2=0),
KeJo

wherekg is Fermi momentum in the S layer. This integral
can be evaluated only numerically. However, we can ap-
proximateF , by the analytical function of argumeant. Let

us represenk, in the form

Fm—m FW

? Jo?+AZ ¢

For the bulk superconducté’)=1. Let T—T,, therefore
A<A(0), whereA(O) is the order parameter @at=0. If w
takes values from O til~5wp), Fful) can be well approxi-
mated by the following function:
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|— < [ ] ~— 0.7 ]
6.04+—\ . ] \ /
=] \ ¢ od 1 /
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FIG. 3. Critical temperatur@, for the F/S/F trilayer as a func- FIG. 4. The dependence of the normalized amplitude §3) of

tion of the ferromagnetic layer thickness . The parameters are the superconducting order parameter at the S/F interfacg as a func-
£ex=0.771 eV(exchange field in the ferromagiet, =129 A, |, tion of the F-layer thicknesd for the same parameters as in Fig. 3.
=37 A, 1,=132 A (mean free paths in the F and S layers:

=0.826 A1 (Fermi momentum in the supercondudtoro,  account that if3 7, '~ wp~300 K corresponding to mean

=275 K, andT{=9.25 K. free pathl;~130 A, then forew’=w+ Ay/279 and y,~4.0
we have tanhy|o’|[[2wp)~1. 2
® Equations(26) can be written
FE}’ontanl-( ZOLJ) (24) quations(20

o' =wp(w), A,=An(w),
The coefficientsAy and yy are found numerically by mini-
mizing the norm of a difference between the exact and the A,
approximate function. These coefficients are nonmonotonic nw)=1l+ —————. (27)
functions of the F-layer thicknes$ whendyg is fixed. For Z N
typical values of the parameters describing the F/S/F struqysing Egs.(27) and (4) we come to the equation fdfF, :
ture the magnitudes df, and y, are A;~0.9 andyy,~4.0.
The scattering in the S layer is introduced by E8). 1 Yolo'|
Numerical analysis shows that in E) the Green’s func- T mtam‘(T) =1, (28)
tion G$7(z,z) does not depend onin the S region and its ¢ P
real part is negligibly small. Obviously, A (2) where
=A ,c0s(,2). From numerical analysis it follows th&t,, in

the S layer can be represented as , Ao
Y P w'=wt5—, p=poAo<po.

2’7'0
1 (- [ . . .
Gw:_f ng G??(w,gizzo)%—,%%_ and pg=AN(eg) is the renormalized coupling constant. By
KeJo Vo©t+A carrying out the summation over Matsubara frequenaies
(25  =xT.(2n+1) in Eq.(28), we get the equation for the re-

Taking into account Eqg24) and(25), Eqs.(3) can be writ-  duced critical temperature=T,/T¢:
ten in the form similar to the case of the bulk

1 1
superconductof® T=exp[ ———)—@[770(7)]], (29)
Po P
AO (,(),
o ~ot where
2'7'0 ,
Vo'%A2 § 4T g™ (210
) = '
(770) n=0 (2n+1)(1+T ge~ @ N70)
o 2o (26)
A, ~A+— 26
® or ’ Yoo
° Vo'#az no(1)= "o =7 T=Te/Te,

wherer, '=2mcujN(sg) is the inverse lifetime of quasipar- A
ticles in the superconductor, aht{e ) = mke/272 is density o= ex% _ Yoo ) ’
of states at the Fermi energy. Deriving EB6) we took into 27gwp
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TABLE I. The comparison of the periods of oscillatiogs pre- 8.5 I I |
dicted by formula(30) with the periodér obtained from numerical 1o
analysis for different values of exchange fielg,, effective elec- 8.0 14 E, =0385eV,| =132 A A u
tron massm, and a superconductor layer thicknelgs Other model _\ ° Iup =124 A’ | ioun = 38 !
parameters are the same as in Fig. 3. The accuracy of determinin 75 | \\ e lup =325 Al =9A T
of & is restricted by a finite step fatz in numerical calculations. 70 C\
4 ]
gex (BV) m (me) ds (A) &r (A) EF (A) vo 6.5 -\oo
l_ 4 [
0.385 1.0 400 13.97 14.0 6.0 \."\\
0.771 1.0 400 9.98 10.0 ; "o 00 I
1.156 1.0 400 8.06 8.0 5.5 '\fzgaﬂwaag-;..---;5guoao-:uugsguniﬂﬁ--ﬁﬂﬂuuuu:
2.027 1.0 400 6.09 6.0 1 4 °~Td°
5.0 . . } . . .
0.610 0.45 600 16.55 16.5 0 10 20 30 20 50
0 1 1y ( ; : dF (A)
andT;=27" “wpye ~7o (y=e~, C=0.577...) istransi-
tion temperature of the bulk superconductor. FIG. 5. The critical temperatufg,(dg) for the case of weak and
strong scattering in the ferromagnetic layees,=0.385 eV, |
VI. RESULTS AND DISCUSSION =132 A Dots (Weak Scatter|nB—|T:124 A, Il=38 A, Squares

(strong scattering— ;=325 A,1 =9 A.
In this section we present the results of numerical calcu-
lation of the critical temperaturé,. We first focus on the whereke is the Fermi momentum in a superconductor. The
general features of a behavior of the system. Next, we corperiod &, therefore, does not depend on the electron mean
sider selected experimental data which can be interpreted ifjiee paths in the S and F layers. The first minimunT gfdg)

the framework of the given model. occurs at the thickness/2, while the location of first maxi-
mum is &g .
A. Oscillatory behavior of T, As can be seen from Fig. 5, the strong scattering in the

The typical dependence of critical temperattFg(dy) ferromagnetic layers significantly damps the oscillations of
with respect to ferromagnetic layer thickneds with dg T., but their period remains unchanged for any values qf the
=400 A is shown in Fig. 3 where the model parameters ard"€an free paths; andl, . As it follows from the analysis
given in the figure caption. The effective electron mass ifresented in Sec. IlI, the reason of such a behavior is that the
m=m, (M, is a bare electron massor the superconductor strong scattering in the F region affect§ only the lerigtbf
we took wp =276 K andT2=9.25 K which are the param- degay of ;[)he (.Zooper. pair wave functiéf(z) but not the
eters of bulk Nb. The corresponding normalized magnitudd€'10d ~ ém of its oscillations. The Ie_ss pronounced are the
(1- &,) of the order parameter at the S/F interface as a funcoScillations ofF(z) with respect taz,=z—d in the case of
tion of d. is shown in Fig. 4. strong electron scattering, the less is the amplitude of 0§C|I-

Both functions (+ 8,) andT(ds) show the pronounced lations pfA(d) and T, with respect to the ferromagnetic
damping oscillatory behavior with the same period. The os!@yer thicknesslg . In the case of extremely strong scatter-
cillatory behavior ofT(d¢) is a consequence of oscillations "g: the coherent coupling which was established due to
of the amplitudeA (d)=A(1— &,) of the order parameter at these oscillations between two boundaries of the ferromag-
the S/F interface whed is varying. The minima of\ (d) netic layer is destroyed and thus the oscillationsTgfare
correspond to minima of . and the maxima o\ (d) corre- su%reslsed cgmpletgly.h 0 the S |
spond to the maxima of ., as they should. The oscillations (Ial also ofserve Iht at strong scat:]ermg Irl]' tde ﬂS ayer
of A(d) in turn are caused by the oscillations of the anoma-(sm.a mean free pat .5) SUPPresses .t e amplitude E.
lous Green’s functiorF(z) in the F layer. FunctiorF(2) o§0|llat|ons (look at Fig. 6. The critical te.m.peratu-re is
must satisfy the zero boundary condition at the ferromagne!?'_gher for smaller Ya'”‘?s dg._The reason fpr itis thatin ghe
vacuum interface. Because of oscillationsFiz) in the F thin superconducting films is reduced with respect @
region, the order parameter at the S/F interface is forced tgue to dimensional effect, and the magnitudelpidepends
adjust in such a way that the conditi&ifa) =0 is fulfilled at O ds only via the dimensionless thicknesig/¢s, where
the outer boundarg=a of the F layer. &5\ &ols is a coherence length for the dirty superconductor,

The results of numerical analysis, presented in Table | foRNd £ is @ BCS coherence length. Small mean free path
different values of exchange fiele., and effective electron thgrefore, corresponds to large value of the effective film
massm, show that the period of T, oscillations is defined thicknessds/és.
as

B. Comparison with experiment
T

Ee= = ‘/Wgomkgl, (30) T_he experime_ntal situation regarding the oscillatory be-
VME ey havior of T¢(dg) in the S/F structures is known to be con-
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10
E =0.3856eV A 2 .
815 ex 1 Nb(400 A)/Co(d_ A) multilayers
\ I, =124 Al =38 A 9-
4 |s =132 A 1 ® s ® exper. - series 1
7 ‘\ —o0— | =265 A 8 ° O exper. - series 2
Q ° theory - Co/Nb/Co trilayer

< q — 1
é 6 !. é rge
(&) FLLLL] T
|_ 1 lll..l-.. ...I...“ll...l. LI ] O ]
5 ‘\'J -'n- o = B
o 0000, ooo"oc> °o°°°.o‘°° %9000
/o/ °ob\ /o’ 5
4 O I\\ [¢]
O
T 4 T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
d. (A dg, (A
FIG. 6. The critical temperaturé.(dg) for different values of FIG. 8. The comparison of the theoreticBl(dg) curve with
the mean free paths in the S layeg,=0.385 eV,l, =124 A, |, experiment by Obiet al. (Ref. 9 for Nb(400 A)/Co multilayers.
=38 A. Squarest =132 A; dots:|;=265 A. The fitting parameters ale=240 A, |, =80 A, andl =188 A.

troversial. Nevertheless, there are two groups of experiment§p|itting £5.=0.028 Ry=0.381 eV at the bottom of Fe
described in the literature where oscillationsTe{dg) were - 1o r pec);int Ref. 30 together withm=m, gives the pe-
clearly observed and thed3ferromagnets were used as F riod §|:=14.05, A Thus. the first minimume oF(dg) is at
layers—these are reports on Fe/Nb/Fe trilayers byndku . pointée/2~7 A and’the first maximum is %F*M A

8 ; 9

etal. and Nb/Co f"".]d V./CO multilayers by .Obt al. From Fig. 7 it follows that these values correlate with posi-

M"lrr: Fig. 7|8t?e fgtlr:jg |/'5,N§h2(\3/\6n'&to“:experlm_(l-:‘ntal data by yions of minimum and maximum o, which can be roughly
uhge et al.” for Fe(dg)/Nb( )/Fed) trilayers pre- determined from the scattered experimental points. We have

pared by_rf §putt(_aring. Acc_ording to formuiao) th_e_period )})ut eg=0.387 Ry corresponding to theband of Nb(Ref.
&g of oscillations is determined by exchange-splitting energ 30) which gives the Fermi momentum valke=1.18 A1

in the ferromagnet. If we take the valuel ~0.149 Ry for m=m,. We usedwp=276 K andT°=9.25 K for Nb.

=2.03 eV(Ref. _30 of exchange splitting of the Fd:_bargg)s The fitting parameters are the values of mean free paths in Fe
near the Fermi energy and pu=me, we obtain {¢ and Nb which were estimated approximatelyl as 120 A,
= 6.Q9 A(see Taple)l which is too small_ as _compared to the |,=40 A, andl =269 A. Note that magnetic measurements
location of a maximum aflz~10-15 A in Fig. 7. However, by Miihge et al. showed that thin Fe layers were not mag-
we can assume that in the S and F layers the Cooper pairs igiic for de<7 A, and it was assumed that magnetically
formed bys electrons of Nb and Fe. The value of exchangeyeaq Fe-Nb alloy of a thickness about 7 A was formed at the
interfacial S/F region for all samples with differedit . Mu-
hgeet al. qualitatively explained the observed nonmonotonic
Fe(d. AYNb(400 Ay/Fe(d, A) behavior ofT.(dg) in terms of a rather complex behavior of
this magnetically dead Fe-Nb layer wheig was varying
® O -exper (for details, see Ref.)8 They also argued that a nonmono-
6- A A -exper. tonic T¢(dg) behavior in their case could not be possible due
—— - theory to the mechanism ofr coupling as it was predicted for the
S/F multilayers because of a single S layer in the trilayer
system. Indeed, the well-known theoretical prediction by
Buzdinet al>* ascribes the oscillatory behavior Bf(dg) to
the periodical switching of the ground state energy between
0 andw phases of the order parameter if the neighboring S
A layers in the S/F multilayer are coupled. However, it follows
2 from the above analysis that the oscillatory behavior of
' " ' ' — T T.(dg) does not necessary requitecoupling and can occur
0 5 10 15 20 25 80 also for a trilayen(or bilayep F/S/F structure.
d A) Let us consider the experiments on Nb/Co multilayers by
Obi et al® The theoretical curva@ (dg) in comparsion with
FIG. 7. The comparison of the theoreticBl(dg) curve with ~ €xperimental data is shown in Fig. 8. The exchange splitting
experiment by Mageet al. (Ref. 8 for Fe/NH400 A)/Fe trilayers. of Co spin-up and -downs bands atl’ point is egy
The fitting parameters ate=120 A, 1 =40 A, |,=269 A. =0.014 Ry (Ref. 30 which gives&-=19.87 A (m=m,).

= N ]

Fe(
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The first and second minimum d@f;(dg) should, therefore, tory dependence of the superconductor order parameter at the
be placed at pointd};, =10 A andd?;,,=30 A. These val- SIF interface vs the F-layer thickneds. These oscillations
ues correlate with values 12 A and 32 A obtained from ex+esult in oscillations of the superconductor transition tem-
periment. The fitting mean free paths are=240 A, I peratureT (dg) with a periodég= 7/\meq,. Thus, we have
=80 A, andl,=188 A. We have to note that in experiment demonstrated that the nonmonotonic oscillatory dependence
Nb/Co structures are multilayers. A qualitative resemblancef critical temperaturel (dg) does not necessarily require
of theoreticalT curve calculated for a trilayer structure with the mechanism ofr coupling between neighboring super-
experimental points for a multilayer and the agreement beeonducting layers as it takes place in the S/F multilayérs.
tween theoretical and experimental valuesddf, andd2,,  The strong electron scattering either in the superconductor or
allows us to assume that neighboring S layers were decouR the ferromagnet significantly suppresses the oscillations.
pled in the experiment. As it was observed by Strenlal1®  In the case of extremely strong scattering in the ferromagnet,
for similar Nb/Fe multilayered systeftwhere the F layer is the length of dampingd, becomes very short and the oscil-
3d transition metal the decoupling regime is set whdp is lations of T, are suppressed completely. The reason for this
larger than some critical valug® which in turn is less than is the loss of coherent coupling between two boundaries of
the critical thicknessl of the onset of ferromagnetism. This the ferromagnetic layer that was established due to oscilla-
threshold value wad-~7 A in experiments by Obeét al® tions of Cooper pair wave functiofi(z). We compared our

In Ref. 9 it was noted thad? was less than the first mini- '€Sults with the existing data off (dg) for Fe/Nb/Fe

mum of T, atd:, ~12 A, so that for Nb/Co system the first trilayer$ and V/Co multilayers,where F's are @ ferromag-

minimum could not be ascribed to the onset of ferromag-nets’ and found reasonable agreement with theory and ex-

netism as it was argued by Mge et al. for the Fe/Nb/Fe  Perment
systen? Our theoretical explanation assuming the decou-

pling (rjegime is incorrect only for very thin Fe layers with ACKNOWLEDGMENTS
dr<d. when, probably, the Fe films are nonmagnetic due to _ ) _
alloying effect. This work was partially supported by the Russian Foun-

Note also that experiments by Odtial® on Nb,_,Ti,/Co  dation for Basic Research under Grant No. 01-02-17378.

multilayers with NR_,Ti, alloy being the superconductor A-B. is grateful to NATO for financial support.
with small coherence length did not reveal the oscillatory
behavior of T, but showed only a small reduction of the
critical temperaturd .~ 8 K for largedg as compared to the
bulk value T9~9.2 K (see Fig. 3 in Ref. p Therefore, the The determinand = detd/(1— «?)?2 of the matrix of cur-
observation of increasing., when the scattering is strong in rents[Eqg. (12)] is given by the expression

the S layer together with damping of oscillations for snhall

(see Fig. ®is in a qualitative agreement with these experi-

APPENDIX A

mental observations. D=—-Do+T.e?’+T_ e ?,
where
VIl. SUMMARY

In conclusion, we have presented a theory of proximity Al Alllcl ct B, B.||D. D!
effect in F/S/F trilayer nanostructures where S is a supercor130=4ki A ) N ) +4K% A ) A )
ductor, and F are layers ofi3ransition ferromagnetic metal. AL AZJ|CL Co B_ B-||D. D
As a starting point of our calculations, we took the system of Al Alllel ¢l
Gor’kov equations, which determine the normal and anoma- +4k. Kk e i +
lous Green’s functions. The solution of these equations was " B. B.|[|D] D!
found together with a self-consistent evaluation of the super-
conductor order parameter. In accordance with the known _25 Al Alllcl ¢l
guasiclassical theories of proximity effect for S/F +ak.k-e B! B'|ID. DL|’
multilayers®*1®8we found that due to the presence of an T
exchange field in the ferromagnet the anomalous Green’s
function F(z) exhibits damping oscillations in the F layer as Al Alllcl ct
a function of a distance from the S/F interface. In the pre- ' =4k, k- s Billp’ bl

+ +

sented model, a half-period of oscillations 6fz) is deter-
mined by the Iengtff,on= 7UEleey, Wherevg is the Fermi
velocity, £, is the exchange field, and the length of damping Al Alllcl cb
is given byly=(11,+11)) 1,. wherel; and |, are spin- ' =4k, k_ s g!llpt D!
dependent mean free paths in the ferromagnetic layer. The - —H=+ +
oscillations of the anomalous Green'’s functi@ooper pair

wave function in the F region and a zero boundary conditionand A%, B4, C%, D% are coefficients introduced in
at the ferromagnet/vacuum interface give rise to the oscillaEq. (11).
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APPENDIX B
Let us define the quantities

2m
——Jw?+A?,

k.

2 2
w-sle)e
* 3 ’

_@(m)| e
2 E Vol +A? el

In the case ofy# 0 four linear independent solutions of
Eq. (6) have the following forms.

(i) Solutionu, (2):
7(2)=—iIN W, ZB+iN, V, 22+ 2iN2V, z+ 28 V.,

A=

m
P

V.

ek i 7@
u.(z)=

weik=z+i7(2)

where

ET§Z3+ 7';224‘ sz-l- Tar ,

m

(+)( ) =
n-'(2) K.

1 A

= () 7)+— 223
a2 77+ ( ) 3a )q
ETsts-l- 7'2_22+ T Z+ T, .

(i) Solutionu_(2):
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7)(5)(2)2 - 7](;)(—2): 7';23— Tzizz-i- TfZ— Tg .

|

() =iN_W_ZB+iN_V_Z2=2iN2V_z+2iN3V_

e—ikiz=i7 (@)
a,e—ik+z—i77(:)(z)

u_(z)=(

where

(ii ) Solutionv, (2):

aeik_zﬂg(j)(z)

eik_z+i§(_“(z)

U+(Z):(

where

_ 4.3, 4.2, + +
=p3Z’tpyZ°tp1Ztpg,

w(z)zazz&”(zw%

m
) o3
k)q z

I R R -
=p3 Lt pr 27t prZtpg -
ae

{7

(2=~ (~2)=p;2°~p;2+pi2-p5 -

(iv) Solutionv _(2):
—ik_z-if{7)(2)
—ik_z-i{()

where
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