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Josephson current in S-FIF-S junctions: Nonmonotonic dependence on misorientation angle
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Spectra and spin structures of Andreev interface states in superconductor—ferromagnet-insulator-
ferromagnet—superconduct@®-FIF-9 junctions are investigated with emphasis on finite transparency and
misorientation angle between in-plane magnetizations of ferromagnetic layers in a three-layer interface. It is
demonstrated that the Josephson current in S-FIF-S quantum point contacts can exhibit a nonmonotonic
dependence on the misorientation angle. The characteristic behavior takes place stdite is the equilibrium
state of the junction in the particular case of parallel magnetizations.
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The dc Josephson effect in junctions with ferromagnetic The normal-state scattering matrix is represented aS
interfaces exposes remarkable features which have been ia-g(1+ 7,)/2+ (1~ 7,)/2, where the Pauli matriceAﬁ are
tensively studied in recent years theoretichlly and
experimentally®1” Apart from interfaces with a fixed mag-
netization, considerable attention has been drawn also
more complicated cases, when the magnetization is spatial
dependent inside the interface. An important particula
model for this kind of interface is a three-layer FIF interface,
where two metallic ferromagnetic layers with in-plane mag-
netization, making angle with each other, are separated by
an insulating magnetically inactive interlaye®'3%|n the
present paper we identify theoretically spectra and the spin
polarization of Andreev states bound to the three-layer FIF - L4 RS
constrictions with finite transmission, separating clean Sy=dexiOy(¢)]expiOZ,),
swave superconductors. Then we determine the Josephson
current in the S-FIS-S quantum point contacts. This problem - - -
was not studied previously in the literature. In the dirty limit, S;1=dexpi0,) exgdio (¢)], (1)
considered in Refs. 9 and 15, Andreev bound states are fully
destroyed. Considerations of Ref. 10 imply the absence of R R R
Andreev bound states in clean S-FIF-S junctions. Thiscanbe  S;;=rexpi20%,), S,,=Texdi203%,(¢)],
justified only for short superconductors, whose lengths are
less than their coherence lengths. Spectra of Andreev states . .
and the Josephson current in S-FIF-S junctions with0 ~ where &, (¢)=0,sinp+osing, 43,=0, and O
have been found earlier only in the particular limit of fully =4lh/hv; . Quantitiesr, T, andd are the respective reflec-
transparent constriction which was characterized by the auion and transmission amplitudes of the potential barver

thors as a toy modef , , satisfying the conditiomd* = —dr*.

The misorientation angle can be considered, in general, e carry out calculations within the quasiclassical theory
as a variable quantity. Let, for instance, the magnetizationyt nerconductivity, based on the equations for the so-called
axis be pinned in one ferromagnetic layer, while in the othelRjscati amplitudes or coherence functiér&€:1° Considering
one there is an easy in-plane magnetization layer. Then ong o,antum point contact with FIF constriction, the order pa-
can vary the misorientation anglkeeping other parameters meter is taken spatially constant. We include interface ex-
fixed) by applying an external weak magnetic field to the change fields in the quasiclassical boundary conditions.
interface. We find that the Josephson current as a function &jnce they imply, as usual, that all interface potentials are
the misorientation angle manifests a characteristic non- ., larger than the superconducting order parari&tere
monotonic behavior, if, ap=0, the 7 state is the equilib- gnou1g assumgh, J>A.

rium state of the junction. _ _ With the above normal-stateS matrix we get four
For our analysis, we examine a smooth plane interfacganches of interface Andreev bound states
between two superconductors which consists of two layers of

the same ferromagnetic metal separated by an insulating

nonmagnetic barrier. Two identical ferromagnetic layers are £1.=|A|cOg D, J2), es,=—|Alcog®,42), (2)
characterized by their thicknekand internal exchange fields ‘ ’ ’ ’

|h; J/=h, which, being parallel to the layers, makes an angle

¢ with each other. where the quantitie®; J(x,0,¢) are defined as

taken in particle-hole space arﬁp“)st(— pj). Each
t(éomponenfsij in matrix S=|/S;|| [i(j)=1,2] is in its turn a
atrix in spin spacéfor details see Refs. 3 and.&ssume,

r simplicity, the exchange fields to be much smaller com-
pared to the Fermi energies. For the diagonalization of the
S;; matrix we choose the axis along the magnetization in
the first(left) ferromagnetic layer. Then the othg; matri-
ces are nondiagonal unlegs=0,7:
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cos®; A x,0,¢) =cos® — 2D cosO sir’(x/2)
+2D cosy sir? (0/2)sir? (¢/2)

D=0l
x=7/2
p=n/10
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Here, x is the phase difference of the two superconductors ,—; > 2
The energieg; (i=1,2,3,4) implicitly depend on quasipar- /2 5,

ticle momentum directions via the paramet®r and the
transmission coefficierd. —/2

For ¢=0 the spectra Eq3) reduce to those found in Ref. 4 -
12. In the particular case of antiparallel orientation of the left
and the right magnetizations= 7, the spectra of Andreev
interface state$2),(3) take the form

2 —u/2

3 ko

j 1

FIG. 1. Upper panel: Energies of the four branches of Andreev
interface states as functions ®f Lower panel: Angley(®) of the
spin of an incoming quasiparticle in the right superconductor with
the magnetization of the right ferromagnetic layer, for each of the
four branches of the Andreev interface states. Left column:
Being symmetric with respect to the transformation=0.17. Right column:e=2=/3. Transparency and phase differ-
0 — —0, the spectrunt4) is doubly degenerate. In the limit ence have valueB =0.1 andy= m/2, respectively.
of a nonmagnetic interface=0), our result, Eqs(2) and
(3), leads to a well-known spectrum of spin-degenerate interever, if various orientations of magnetization are present in
face Andreev bound stafés?* eg=+|A|/1— D sir?(x/2). the interface, as this takes place in the FIF interface with

Quasiparticle spin is a qood quantum number in the BCS* 0. Quasiparticle Andreev interface states with the spectra
theory of superconductivity, if one can disregard spin-flipof Egs. (2) and (3) are characterized by a nontrivial spin
effects stimulated, for instance, by magnetic impurities, spinstructure, which substantially depend®gether with the
orbit interactions, or magnetically active interfaces. In thespectra themselvgsn ¢, ®, andD. In general, each of the
presence of a paramagnetic spin interaction with an extefwo incoming and two outgoing parts of quasiparticle trajec-
nally applied magnetic field or an internal exchange field tories, forming an Andreev interface state, has its own spe-
spin degeneracy of quasiparticle states is lifted and onlgific spin polarization. This should be compatible with no
states with parallel or antiparallel spin-to-field orientationsSpin current they carry, on the whole, across the interface.
are still eigenstates of the problem. This can lead to effectfigures 1 and 2 demonstrate the evolution of spectra and
having physics common with the Larkin-Ovchinnikov- Spin polarizations of four branches of Andreev interface
Fulde-Ferrell staf@?® and, in particular, associated with op- States as functions d in tunnel junctions(with transpar-
posite signs of the Zeeman terms for electrons forming @ncy D=0.1) and highly transparent junction® ¢ 0.95),
Cooper pair in singlet superconductors. respectively. Two particular relative orientations of magneti-

A Bogoliubov quasiparticle in the superconductor has

—37/2

—3m/2

0
81:82:_83:_84:|A|\/DCO§§+RCO§§. (4)

well-defined spin, although its electron and hole component D05
. . . . x=m/2
are described with Zeeman terms of opposite signs. Also, a 2 Lie/A ¢ =27/3

electron and its Andreev reflected partribole) at an inter-

face, separating singlet superconductors and leading to r
spin-flip processes, have identical spin orientations and of
posite signs of Zeeman terms. With opposite velocity direc™
tions and electric charges, while in identical spin states, the
carry jointly the electric supercurrent across the interface, bu
no equilibrium spin current. Hence, definite spin polarization

D =095 D =095
of interface Andreev bound states is fully compatible with /2y Xiﬁﬁo 3m/20% xig/ﬁs
the fact that Cooper pairs in singlet superconductors carryn 3 : 2 WK
spin current. / ; /2 3 @ﬁ 3
Andreev states bound to nonmagnetic interfaces are spi N1 o ©

degenerate. For a ferromagnetic interface with uniformly orify a2 RN 7% .
ented magnetization Andreev interface states are spin pola % _ﬂ f

ized, being parallel or antiparallel to the magnetization. The i
ferromagnetic interface lifts spin degeneracy of the Andreev

states, but still does not mix the spin-polarized channels, FIG. 2. The same as in Fig. 1 for highly transparent junctions
carrying the Josephson curréfiThis is not the case, how- with D=0.95.

—3n/2
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FIG. 3. Upper panel: Energies of the four branches of Andree\g’z x o5

interface states as functions of misorientation angle Lower
panel: Angley(¢) of the spin of an incoming quasiparticle in the
right superconductor with the magnetization of the right ferromag-  FIG. 4. Critical current as a function of the misorientation angle
netic layer, for each of four branches of the Andreev interface, normalized to its value ap=0. In the particular case=0 the
states. Left(right) column: D=0.1 (D=0.95). The phase differ- -7 transition takes place fad>®*(T,D).

ence isy=w/3, and® =37/5.

/5 2x/5 3x/5 4x/5 «

) ) structure of the Andreev states at nonzerothere are actu-
zation ¢=0.1 (left column and ¢=2m/3 (right column 4y no strict restrictions to a change of quasiparticle spin in
are chosen. For definiteness, we consider spin polarizationge transition.
of Andreev states on the incoming part of the quasiparticle The Josephson curreig carried by the bound staté®),
gradually changes with the parameggrin all cases consid-  junctions?*~2“Hence, in a quantum point contact with a FIF
ered. A characteristic scale 6f for the spin reconstruction constriction the total Josephson current carried by four An-
diminishes with decreasing misorientation angleFor van-  dreev states(2) can be found asl(y,T)=2eS(de,/
ishing ¢ the sc_:ale vanishe_s and there.are gbrupF jump_s fromy)n(e,) = —2628m>o(d8m/dx)tanh(8n/2T)- The Joseph-
parallel to antiparalle(or vice versa spin orientations with g4 eritical current as a function of the misorientation angle
respect to the magnetization, taking place at those values ?J normalized to its value ap=0, is shown in Fig. 4 for

®, wheree;(0) = i_A-M . ~ various ® and for two values of the transparend
Only in the particular case=0, when a single magneti- (.01, 0.8(the upper and the lower panels, respectivalyd
zation direction is present inside a symmetric magnetic interthe temperature$=0.1T., 0.8, (the right and the left col-
face, does each of the Andreev interface states possess, agrns.
whole, a definite spin-up or spin-down polarization, identical e define the critical current as a positive quantity, as it is
for all incoming and outgoing quasiparticle trajectories form-ysuyally determined experimentally. There are two qualita-
ing the state. Then the spectra of the spin-up polarized Antjyely different regimes for the behavior of the Josephson
dreev bound states dfe &} ,=|A| sgn[sin®; (x.®,¢  critical current as a function af in all particular cases dis-
=0)/2]cosb; x,0,9=0)/2. The energies;, for spin-  played in Fig. 4. The two regimes are separated by a charac-
down Andreev bound states are obtained frdﬂg by substi- teristic value®*(T,D), which depends on the temperature
tuting ® ——0. and the transparency. F&¥<®* the current is a monoto-
The spectra of Andreev states and their spin polarizationsous function of the misorientation angle, reaching the maxi-
as functions of the misorientation angpeare shown in Fig. mum for the antiparallel orientation of the magnetizations.
3. The spin polarization ap#0 makes a finite angle with For®>0* the current manifests, however, a nonmonotonic
both magnetization directions and differs on different incom-dependence on the misorientation angle with a well-
ing and outgoing trajectories related by the bound state. Apronounced minimum at some intermediate valugpadnd
already mentioned above, for antiparallel magnetizationshe maximum atp= . In the cased = 7 the currents at
(¢=m) the spectra are doubly degenerate. Spin polariza=0 and ¢=7 are equal to each other. The parametetr
tions, shown in Fig. 3 fotp= 7, can be considered as correct admits a simple physical interpretation, associated with the
eigenfunctions in zeroth-order approximation in small deviajunction at¢=0. At a zero misorientation angle the junction
tions ¢-mr. acquires a uniformly oriented ferromagnetic interface. Then
The spin structure of Andreev interface states at nonzerthe Josephson current is equivalent to that studied in Refs. 8,
¢ should be taken into account in producing nonequilibrium11, 12 and 14. It can be shown that fgr=0 and ©®
occupation of the states. Fer=0 only the interlevel transi- =0*(T,D) the 0-r transition takes place in the junction
tions accompanied with spin-flip processes are possible unust at the given temperatufie Hence, for® >0* (T,D) the
der certain condition¥! On account of the complicated spin equilibrium state of the junction witlp=0 is the 7 state,
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while for ®<®*(T,D) itis the O state. We omit an analyti- where g(T)=|A|cos@®/2)/(2T). The quantities JP)(T),
cal analysis of the total Josephson current in the aase J@(T) are defined asJ®P(T)=J(T,e=0), J@(T)
=0, since the results exactly coincide with those obtained in=J(T,o= ), so that|J®P(T)|, |3®(T)| are critical cur-

Refs. 12 and 14.

Furthermore, there is no @-transition in the junction
with antiparallel magnetizatiorp = 7, in the three-layer in-
terface. Indeed, it is straightforward to get from E2) the
Josephson current in the particular cgse :

J(x,T)=eD|A|*(siny/e,)tan £,/(2T)], (5)

where ¢, is defined in Eq.(4). In contrast to the case

rents in tunnel junctions with parallel and antiparallel orien-
tations of the exchange fields in the three-layer interface. The
dependencéb) on the misorientation angle has been derived
in the tunneling limit earlier in Ref. 10, disregarding the
contribution from Andreev states and, hence, the @ansi-
tion. As one can conclude from E¢p), the O« transition

can take place with varying, if JP(T) andJ®(T) have
opposite signs. This is exactly the reason why a nonmono-

=0, the current5) does not change its sign at any tempera-tonic dependence of the critical current @n shows up.
ture. The same assertion is valid also for junctions with dirtyequation(6) is quite general within the tunneling limit and

superconductors, where Andreev states are

fulllhot applicable to highly transparent junctions. Spin polariza-

destroyed:'® We conclude that the nonmonotonic depen-tions of the eigenstates on any side of the impenetrable in-

dence of the Josephson current grarises due to the 6~

terface are aligned parallel or antiparallel to the respective

transition taking place with varying the misorientation anglemagnetization direction. Making the projections of the spin-
at an intermediate value @f. This always occurs under the polarized states from one side on the eigenstates on another

condition that there is ar junction ate=0. If one defined

side (with the spin polarization rotated by the anglewith

the critical current in ther junction as the negative quantity, respect to the initial oneone confirms in the tunneling limit
then the nonmonotonic behavior would transform into thethat the current is of the forrt6).

monotonic one, accompanied by a change of sign and dis- In conclusion, we have investigated theoretically spectra

continuity whenever migd.|#0.

and spin structures of interface Andreev states in S-FIF-S

The dependence of the Josephson current on the misofjanctions. Both finite transparency and the misorientation
entation anglep becomes especially simple and clear in theangle between in-plane magnetizations of ferromagnetic lay-
tunneling limit. In tunnel quantum point contacts the Josephers were taken into account. We demonstrated that the Jo-

son current takes the ford(T, ¢, x) =J(T,¢)siny, where
J(T,0)=3P(T)cog (¢/2) +I@(T)sir? (¢/2), (6)

|A[sirA(©/2)

(C]
®(T)= _ - - =
JP(T)=eD|A]| cosztanhg(T) 2T costig(T) |

J@(T)=[eD|A|/cog®/2)]tanf g(T)], (8)

sephson critical current as a function of the misorientation
angle always manifests a nonmonotonic behavior, ifpat
=0 the equilibrium state of the quantum point contact is the
T state.
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