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We present a quantitative study of the current-voltage agtaristics (CVC) of diffusive superconductor/
insulator/ ferromagnet/ superconductor (SIFS) tunnekgoson junctions. In order to obtain the CVC we
calculate the density of states (DOS) in the F/S bilayer fbitary length of the ferromagnetic layer, using
guasiclassical theory. For a ferromagnetic layer thickrlasger than the characteristic penetration depth of
the superconducting condensate into the F layer, we find alytaral expression which agrees with the DOS
obtained from a self-consistent numerical method. We disgeneral properties of the DOS and its dependence
on the parameters of the ferromagnetic layer. In particalarfocus our analysis on the DOS oscillations
at the Fermi energy. Using the numerically obtained DOS wWeutate the corresponding CVC and discuss
their properties. Finally, we use CVC to calculate the mscopic quantum tunneling (MQT) escape rate
for the current biased SIFS junctions by taking into accdhatdissipative correction due to the quasiparticle
tunneling. We show that the influence of the quasiparticdsigation on the macroscopic quantum dynamics of
SIFS junctions is small, which is an advantage of SIFS jamstifor superconducting qubits applications.

PACS numbers: 74.45.+c, 74.50.+r, 74.78.Fk, 75.30.Et

I. INTRODUCTION and at the same time realize high values of the product of
the junction critical currenk; and its normal state resistance

The possibility to switch the ground-state of a Josephsor'?n-lg_15 In addition, Nb based tunnel junctions are usually
junction from a 0 to ar phase state and the possible ap_underdamped, which is desired for many applications. Due

plication of such junctions in quantum information led to a to these advantages, SIFunctions have been proposed as
renewal interest in the study of the so calladlosephson Potential elegrgt;gts in superconducting classical and quant
junctions. The existence of such a transition was predictedP9iC Circuits=>="For instance, SIFS junctions can be used as
more than thirty years agohowever due to technological re- complementary elementsr( shifters) in RSFQ circuits (see
quirements only recently it was observed. The realization oR€f- .27 and references therein). Finally, SIFS structuseeh
1t Josephson junctions was achieved in superconductor/ feReen proposed for the realization of so CaHBﬂeréCtlonS with
romagnet/ superconductor (SFS) junctiérd. Microscopi- @ ¢ drop in the ground state, where<0¢ < 1= The prop-
cally, SIF hybrid structures are characterized by an udusu&'ties of SIFS junctions have beeré_gltenswely studied both
proximity effect, with a damped oscillatory behavior of the e_xpenmentall?r_ and theoretically! However, proper-
superconducting correlations in the F layer (for a review se fieS of the quasiparticle current have received relatiliéhe
Refs[ 2224 and references therein). This unusual proximitattention so far, although they can be very important for the
effect in S/F layered structures leads to a number of sgikin description of SIFS junctions as possible elements of super
phenomena like the nonmonotonic dependence of their criti¢onducting logic circuits.
cal temperature and the appearance of oscillations otariti ~ The purpose of this work is to provide a quantitative model
currentin SFS Josephson junctions as a function of the F layalescribing the behavior of quasiparticle current in SIR®ju
thicknes? In particular the change of sign of the critical cur- tions as a function of parameters characterizing materigd-p
rent corresponds to the so-called-Grtransition. erties of the ferromagnetic interlayer. We also focus ounlyst
On the other hand, SFS junctions, as any metallic junctioron the properties of the density of states (DOS) in S/F bi-
exhibit very small resistances and therefore are not quite s layers and discuss the oscillations of the DOS at Fermi en-
able for those applications, for which active Josephson-jun ergy. Finally, we calculate the macroscopic quantum tunnel
tions are required. This problem can be solved by adding amg (MQT) escape rate for current-biased SIFS junctions by
additional insulating (I) layer to increase the resistar®iES  taking into account the dissipative correction due to thesiu
junctions represent an interesting case for practical ige o particle tunneling. Based on this we conclude that the influ-
Josephson junctions. For instance, a SIFS structure dffers ence of the quasiparticle dissipation on the macroscoio-qu
freedom to tune the critical current density over a wide eang tum dynamics of SIFS junctions is small, which is an advan-
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151 whereNs(E) = |E|O(|E| — A)/vVE2—A2 is the BCS DOS,

VB2
S O(x) is the Heaviside step functioM;(E) is the DOS in
F S / the ferromagnetic interlayer at = —d¢/2, f(E) = [1+
exp(E/T)] L is the Fermi function, an® = Rg;. BothNs(E)
—dr/2 d; )2 — andN¢ (E) are normalized to their values in the normal state.
In particular at zero temperaturg,= 0, the current acquires
FIG. 1: (Color online) Geometry of the considered system.e Th the form,
thickness of the ferromagnetic interlayerds. The transparency
of the left (right) S/F interface is characterized by theffioent
Ye1(B2)- The leftinterface is an insulating barrigg, > 1 (shown by
a black line), while the right interface is transparggp, < 1 (shown
by a grey line). To obtainN¢(E) we notice that sincgs; > 1, the left su-
. . ) . L perconducting lead does not influence the DOS in the ferro-
tage of SIFS junctions for quantum logic (qubit) applicBio 4 qnetic interlayer (to zero order in the barrier transpeyk
The paper is organized as follows. In the next section Werpig reduces the problem to the following: we need to find the
formulate the theoretical model and the basic equations. lfhog of 5 single F/S bilayer, which can be done by solving the
SecIll we solve the nonlinear Usadel equations numeyicall | ;54| equations in the ferromagnetic layer.
for arbitrary length of the ferromagnetic layer, and cadtel Using the §-parameterizations of the normal and anoma-
the DOS in the F layer. We compare these results with an ang ;s Green functionss = cos, F = sing, we can write the
alytical expression for DOS in case of a long SIFS junction, jg5qel equations in the F layeRas’
i.e. when the thicknesd; of the ferromagnetic layer is much

1 rev-A
I:@(eV—A)a?/O dEN(E—eVIN{(E).  (2)

larger than the decay length of the characteristic supercon D¢ azgmm . 1 _

ducting correlations in the ferromagng&t. We also discuss I (wi ih+ - COSefm)) sinBy())

the oscillations of the DOS at the Fermi energy. In $eg¢. IV z

we present the current-voltage characteristics of SIF8-jun +i sin(B¢; + 6)) + isin(em —61), (3)
tions for different parameters of the ferromagnetic irzger. Tx Tso

In SecL¥, we use these data to calculate the MQT escape ra\quwere the positive and negative signs correspond to the spin
for current-biased SIFS junctions by taking into accouset th P 9 9 P P

dissipative effect of the quasiparticle tunneling. Fipalle up 1 apd spin down|. states respectively. In this notation
. ; the spin up state corresponds to the anomalous Green func-
summarize the results in Séc]VI.

tion Fy ~ (Y1) while the spin down state corresponds to
F, ~ (g gy), wherey, ) are the electron fermionic opera-

Il. MODEL AND BASIC EQUATIONS tors. _Thew = 2mT(n +_%) are the Matsubara frequencies,

andh is the exchange field in the ferromagnet. The scatter-

. . . . .ing times are labelled here a@g 17« and 1, whererz(x) cor-

Fi WE] coI{13|der.at S”?S J;mCt'On sucth als the (;nt?]_dlfplcted IF'esponds to the magnetic scattering parallel (perperaticul
'g.LL. Tt consiSts of a Terromagnetic fayer of thic .nelss to the quantization axis, antd, is the spin-orbit scattering

and two thick superconducting electrodes alongxtibrec- time 38-41

tion. The left and r_|ght supercor_1ducto_r/ ferromagnet inter We consider here ferromagnets with a strong uniaxial

faces aggfsharamer.'zed by the dimensionless paramggers anisotropy, in which case the magnetic scattering does not

andyﬁz, : .respectlv?I);], Wlh?r%lde. :hRgll’Ez.O“/i“’ Re182 couple the spin up and spin down electron populatioes,

are the resistances of the left and right INerfacepees i q perpendicular fluctuations of the exchange field are sup-

t|ve_Iy, On |s_the_conduct|_v|_ty of_the Flayedn = Df/znTC' pressed €, 1 ~ 0). Therefore, we will neglecty in our con-

D¢ is the diffusion coefficient in the ferromagnetic metal andsideration and denots as a rr;agnetic scattering tintg. We

Tec is the critical temperature of the superconductor (we asg i 21so consider ferromagnets with weak spin-orbit iater

sumeﬁ:_ kg =1, except for Sed:}\_/). We 5!'50 assume thattions and henceforth also neglect the spin-orbit scatieiine

the SIF |ntgrfa<;es are not mggnehcally active. W_e will CON"r.. In this case the Usadel equations in the ferromagnetic

s@er the diffusive limit, in which the elastic ;cgtterllwgth layer for different spin projections are not coupled any enor

¢ is much smaller than the decay characteristic lerggih= and can be written as

min &1y, €51y ] (for the definitions o€y, |) see Eqs[(16) be- ’

low). . o D+ 029”(@ . COSGH(D
We assume that the tunneling barrier is located at the left 2 e wEih4 ——=

S/F interface, while the right interface is perfectly trparent,

this means thagg; > 1 while ys> < 1. In this case the left S while in the S layer the Usadel equations take the form

layer and the right F/S bilayer in Figl 1 are decoupled and we

can calculate the quasiparticle current through a SIFSipmc Ds 026

using the standard tunneling forméfta 2 02

) sintTm, (4)
m
= wsinBs— A(X) cosBs. (5)

1 [ HereDs is the diffusion coefficient in the superconductor and
I= @AwdEM(E —eV)Nt(E)[f(E—-eV)-f(E)], (1) A(x) is the superconducting pair potential. Notice that in the
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latter equation we have omitted the subscripté)’ because To obtain Nt, we use a self-consistent two-step iterative
both equations are identical in the superconductor. proceduré’#5=47 |n the first step we calculate the pair po-
Egs. [4), [b) should be complemented by the selftential coordinate dependensiéx) using the self-consistency
consistency equation for the superconducting order paeame equation in the S layer, EJ.J(6). Then, by proceeding to the
A, analytical continuation in Eq4.1(41(5) over the quasipat
energyiw — E +i0 and using thé(x) dependence obtained
A(X)In T _ T Z (ZA(X) — sinBy — sin65¢> ., (6) Inthe previous step, we find the Green functions by repeating
T w the iterations until convergency is reached.

Before showing the numerical results we consider an ana-
and by the boundary conditions at the outer boundary of th@tic limiting case. If the F layer is thick enoughl{>> &¢1)
ferromagnet andy =0 in Eq. [8&), the DOS at the free boundary of the

ferromagnet can be written%¢*®

w>0

00
a— = 07 (7) 1 2
X ) —di/2 Nt+())(E) = Re[cosBy ()] ~ 1— > Re6y ).  (12)
and at the F/S interfac®, Here6y, () is the value ob; atx= —d/2, given by
8F(E) ds
065 065 B ) = ex <— —) 13
b - =S ()) p{ —p , (13)
Eny( ax)df/z Es(ax)df/{ (82) V(1-n?)F2(E)+1+1 &t
a6 . whereé; = /D¢ /h. In Eq. we use the following nota-
ényB2 <a_xf> - sin(6s— ) g, /5 (8b)  tions, vDi/ q. (13) 9
di /2

i) = v/2/h/ TR LI+ 1/, (142)

wherey = &és0n/én0s, Os is the conductivity of the S layer and

2 i i -1
&s = /Ds/2mT.. The parametey determines the strength Mw = (1/Tm)(—iEr=Eih+1/Tm) ", (14b)
of suppression of superconductivity in the right S lead near B A _ .

the interface compared to the bulk: no suppression occurs fo F(E) = B4t /A2 _ E27 Er=E+I0. (14c)
y = 0, while strong suppression takes placeyos 1. In our R R

that the interface parameters do not depend on the spin dijgn in front ofh corresponds to the spin up statéspin down
rection. In other words we are not considering spin-activestate |). Hereafter we will write spin labels$ (]) explicitly
interfaces. In the case of spin-active barriers, one shoulgply when needed.

use the boundary conditions introduced in Refs| 42—-44erath  From Eqgs.[[I2)F(23) we obtain for the full DOS the follow-
than the standard Kupriyanov-Lukichev boundary condion jng expression in the limi; > &1,

[Egs. [8)].

To complete the boundary problem we also set a boundary 16F2(E)exp(— pzé_df)
condition atx = oo, N ~1—Re LA (15)
£1(V(A-n?F2(E) +1+1)
A
Bs(0) = arctan, (9)  Atthis point, we define the characteristic decay and osila
lengthsét 21y @s
where the Green functions acquire the well known bulk BCS .
form. Eqgs. [#){(D) represent a closed set of equations that P/ & = 1/ &y +isgnh T E) /Era1)), (16a)
should be solved self-consistently. As it will be discussed >
the next section, the knowdlege of the Green function will al 1 1 Exh n 1 n 1 (16b)
low us to compute the DOS at the outer F boundary. Eripyy & h h212  hty’
1 1 Erh\? 1 1
I11. DENSITY OF STATESIN THE F/SBILAYER == ) tiom (16c)
$rary & h h212  hiy

The DOSNs (E) normalized to the DOS in the normal state, In the absence of magnetic scattering both lengths coincide
can be written as and are equal t§s /h/|E F h| for different spin orientations.
One can rewrite EqL(15) in the following form,

Nt (E) = [N+ (E) +Nry (E)] /2, (10) f f
N ~1—-Y expl —— | |Asin| x+—
whereNs,(;)(E) are the spin resolved DOS written in terms f % p( Efl) { (X ffz)
of spectral angl®, 2d
+Bcos(x+—f>}, (17)
N1y (E) = Re[cosBy; (i — E+i0)]. (1) ¢r2
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FIG. 2: (Color online) DOSN¢ (E) on the free boundary of the FIG. 3: (Color online) DOSN¢ (E) on the free boundary of the
F layer in the F/S bilayer calculated numerically in the aloseof  F layer in the F/S bilayer calculated numerically in the @oseof
magnetic scattering (ImA = 0) for different values of the F layer magnetic scattering (¥mA = 0) for different values of the exchange
thicknesdds, h/A =4, T = 0.1T;. Parameters of the F/S interface are field h. Parameters of the F/S interface gre y5, =0.01,T =0.1T¢.
y=Vye2=0.01. (a):df /én=0.5, (b):d¢ /én =1, (C): ds /En =2, (d): Plots (a) and (b)d; /& = 1; plots (c) and (d)ds /&y = 3. For plots
d¢ /&y = 3. The approximate analytical solution, Eg.l(15), is shown (a) and (c) solid black line correspondshtA = 2, dashed red line
by dashed red lines. to h/A = 2.5, dash-dotted blue line to/A = 3. For plots (b) and (d)
solid black line corresponds A = 4, dashed red line th/A =5,
where the coefficientgl, B and x can be obtained by ex- dash-dotted blue line to/A = 6.

pansion of the real part in EJ._{15); only two of them are . . T
independent. This form explicitly shows the damped oscil-f°" the two spin subbands in opposite directions, theretfuze
critical valueh. of the exchange field at which the minigap in

latory behavior of superconducting correlations in theyeta h I b hi 2t
The lengthsés; > are also the lengths of decay and oscilla- (€ spectrum closes can be roughly estimated as

tions of the critical currentin SIFS junctions (see EqQs) (86 . 2
Ref.[29). The period of the DOS oscillations is approximatel Mo~ Brn, Brn=Dr/df. (18)

twice smaller than the period of the critical currentostiins i equation shows the qualitative tendency: for smalier
and the exponentiz_;\[ decay is approximately twice faster thay higheth is needed to close the minigap [see also Fig. 3 (a)].
the decay of the critical curref?. The estimation, Eq[{18), is only valid in the absence of mag-
Now we turn to the exact numerical solution. The Obtaine%etic Scattering' Sinca,n also influences the minigéor)[see
energy dependencies of the DOS at the free F boundary of thggg Fig[Z (a)].
F/S bilayer are presented in FigbLPLB, 4. The exchange$eldi |n Fig.[2 we also observe that after the minigap closes,
chosen such thét> A, which corresponds to the experimental the DOS at the Fermi enerdy (0) rapidly increases to val-
situation. ues larger than unity with further increasedyf then it os-
Figure2 shows the DOS energy dependence for diffetent cillates around unity while its absolute value exponeltial
in the absence of magnetic scattering. At srdalve observe approaches unity [see also Fig. 5]. This is the well-known
the DOS double peak due to the Zeeman splitting of the BCSlamped oscillatory behavior of the DOS in F/S bilayers. Ex-
peak atE = A. Most probably in the experiments, the BCS perimental evidence for such behavior was provided by Kon-
Zeeman splitted peak as presented in Eig. 2 (a) will be seemset al! In the case of long enough ferromagnetic layer we
as a single peak due to many-body interaction effects, whicllso observe the DOS peak &t= h, which was previously
introduce a finite lifetime (damping) of the quasiparticléée  discussed in Ref. 52. A similar effect was also discussed in
also observe that at smalk and relatively small exchange N/F/S structures, where it was shown that a zero energy peak
field h, full DOS turns to zero inside a minigap, which van- appears in DOS iEp, = h.23
ishes with the increase df. We also show in Fig[]2 the analytical approximation,
The minigap also exists in the normal metal (N) DOS inEq. (I8), which is in good agreement with the numerical re-
the S/N bilayers. If the thicknegh, of the normal metal is  sult for thick enough ferromagnetic layers. In the numéiyca
larger than the coherence length, the characteristic e€tthe  obtained curves the peakB&t= his smeared because of finite
minigap is set by the Thouless ener@y, = Dn/d2, where  y = 0.01 for the transparent F/S interfacexat d¢ /2.
D, and is the diffusion coefficient of the normal metéin the In the absence of magnetic scattering we rewrite the ana-
F layer of the S/F bilayer, the exchange fibldhifts the DOS  lytical DOS expression, Eq_(IL5), f& > A in the following
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FIG. 4: (Color online) DON;¢ (E) at the free boundary of the F

layer in the F/S bilayer calculated numerically o = 1/TmA = 0.5
(solid black line),am = 1 (dashed red line), aral, = 3 (dash-dotted
blue line) for different values of the F layer thickneds h = 44,

T = 0.1T.. Parameters of the F/S interface gre yg, = 0.01. (a):
df /& = 0.5, (b): di /& = 1, (c): d /& = 2, (d): df /& = 3. For
plots (c) and (d) the curves with,, = 3 are not shown since they
are of the order of unity at corresponding scale. Inset optbe(a):
Nt (E) dependence fads /&, = 0.5 for higher values obim; am =5
(solid black line),am = 7 (dashed red line)am = 15 (dash-dotted
blue line).

way,

2d h
1GAZCOS(E—ff E%) 7&\/@
Nf(E):1+; e ff e
(E+&)(VE+e+V2¢)?
(19)

1/t A 20
) d)

) -14F
0 10 h/A 20 10 0

FIG. 5: (Color online) Dependence 8N; as a function of the F
layer thicknessls for different exchange fields (a) and magnetic scat-
tering times (b); dependence 0N¢ as a function of exchange filed
(c) and magnetic scattering time (d) for differeht The tempera-
tureT = 0.1Tc. Parameters of the F/S interface gre yg, = 0.01.
(a): no magnetic scattering (tnA = 0), h/A = 2 (black solid
line), h/A = 4 (red dashed line)y/A = 6 (blue dash-dotted line);
(b): h/A =4, am = 1/1A = 0 (black solid line),am = 1 (red
dashed line)am = 3 (blue dash-dotted line); (c) no magnetic scat-
tering, ds /&n = 0.5 (black solid line)ds /&, = 1 (red dashed line),
ds /&n = 2 (blue dash-dotted lineds /&, = 3 (black short-dashed
line); (d) h/A = 4, d; /&, = 0.5 (black solid line),ds /&n = 1 (red
dashed line)ds /&n = 2 (blue dash-dotted linels /&, = 3 (black
short-dashed line).

In Fig.[3 we also observe the peakiat h; at large enough
exchange fields its amplitude can be much larger than the am-
plitude of the peak aE = A (see Fig[B (d), blue dash-dotted
curve). The existence of the DOS pealEat h gives a pos-
sibility to measure the exchange field directly in experiten

wheree = VE2—A?. We can clearly see the exponential by measuring the F/S bilayer DOS in compounds with small

asymptotic of the peak & = h from the Eq.[(IP). We should
keep in mind that Eq[{19) is valid for largk /&, but never-

magnetic scattering (since magnetic scattering is smgéra
peak, see below). For example, in Ref. 55 were reported ex-

theless we may qualitatively understand why we do not see thehange fields for Pd,Niy with different Ni concentration,

peak atE = h for small ratio ofds /&5: if this factor is small

the variation of the exponent eip2(ds/&:)+/|E —h|/h}

obtained by a fitting procedure. Considering Nb as a super-
conductor withA =1.3 meV, we can estimate the exchange

near the poinE = h is also small. The peak is observable field in Pd_xNix: for 7% of Ni fitting givesh =2.8 meV,
only for h of the order of a fewA. For larger exchange fields which is 2.2\, and for 11.5% of Nih =3.9 meV, which is
the peak is very difficult to observe, since the energy deperA.2® It is interesting to use direct measurements of the DOS

dent prefactor of the exponent in Ef.{19) decay& a$ for
E> A

peak atE = hto check these fitting predictions of Ref! 55.
Ferromagnetic metals with exchange fields of the order of

Figure[3 shows the DOS energy dependence for differerfew A are crucially important for the fabrication of SIFS junc-
values of the exchange fieldl in the absence of magnetic tions, valid for superconducting logic applications. Rresy
scattering. For stronger exchange field the minigap closes aised ferromagnets haves> A, and therefore short oscilla-
smallerds, in qualitative correspondence with Eg.{18). Fromtion length [see Eq[{16c)], which makes it difficult to canitr

numerical calculations we obtain the following conditice¢
also Fig[® (c)], valid forr; ~ 0,24

2
he &~ 0.77E7h ~ 2.71A <i) : (20)

ds

the F layer thickness. In already existing SIFS structunes t
roughness is often larger than desired precisiodc¥ We
hope that our results will trigger the experimental acyivit
finding ferromagnetic alloys with of the order of fewA.

Figure[4 shows the DOS energy dependence for different
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values of magnetic scattering time. Similarly to Hid. 3, for although the minigap also closes at smatleand the damped
stronger magnetic scattering the minigap closes at snller  exponential decay occurs faster. To understand this behavi
Also the DOS peak aE = h, visible for long enough fer- we rewrite here the decay and oscillation lengths, Ed. @t6),
romagnetic layer, is smeared. The analytical solution (nothe Fermi energy,
shown), Eq.[(db) also agrees quite well with the numerical

results fords > &;1. 1 1 1 1
Although our results are obtained for weak ferromagnets, FFs v h2 4- Zt (26a)
they can in certain cases be extended for ferromagnets with f1 \/_f m. M
strong exchange fielddy > A. In the absence of mag- [ ——
netic scattering the Usadel equation in energy representat 11 h2 4 1 1 (26b)
Eq. (4), can be rewritten as, &2 /Dt 12 Tn
i dzefm) E . We see from these equations that with increasing the
2 9y2 = (F + 1) SinBy(y), (21) length of decay;; decreases, while the length of oscillations

&0 increases.
wherey = x/&; is the dimensionless coordinate. In the case The dependencies @N; on exchange field and magnetic
of h>> A, we can neglect the first term on the right hand sidescattering time are presented in . 5 (c) and (d), cormedpo
of Eq. (21) to obtain the subgap DOS. Thus, in that case thingly. In Fig.[3 (c) we see oscillations of the DOS at the Fermi
subgap structure scales with the lengtrand for example the energydN; (h) around unity with increasing exchange field in
results presented in Figl. 2 for= 4A also describe the DOS in  the absence of magnetic scattering. In Elg. 5 (d) we show the
the case of a high exchange field if one scalesorrespond- functiondN(1y). It is interesting to note that its behavior can
ingly. This procedure does not apply howevertios 2A (see  be both oscillatory and also monotonous. When the parame-
Fig.[3), since in that case one cannot simply neglect the terrter an, increases starting from the minigap state (black solid
E/hin Eq. (21). curve) it is totally monotonous: increasirmg, the minigap
To show explicitly the aforementioned DOS oscillations atcloses and the DOS starts to increase to unity, but never over
the Fermi energyt in Fig.[8 we plot the numerically calcu- shoots unity [we checked this up te, = 80, see also Fid.]4
lated function (@)]. If we start from the state where the minigap is already
closed, we first observe oscillations, but then again a bwitc
ON¢(df,h,Tm) = [1—Nso|, Nio=Ni(E=0). (22)  to monotonous behavior. For intermediate F layer thickeess

. . we see just one oscillation and then DOS monotonously ap-
Using Eqgs.[(IR)E(A7) and (22) we get the analytical expres: : : _ :
sion for the functioN. valid for d < &1, proaches unity (we checked this up dg, = 80), while for

thicker ferromagnetdt /&, = 3) we observe two oscillations
and then a monotonic behavior.

, (23) The dependenciedN(h) and dN(ty,) can be important if
in the experiment the material properties of the ferromégne
interlayer,i.e. exchange fieldh and magnetic scattering time

ON = SZ‘Re[

1 exp( o 2df>:|
Ll (e
(y2-ng+1)2 ¢

where T, can vary with some external parameter, for example tem-
_ perature, magnetic field, etc.
Po=v/2/hy/ih+1/Tm, (24a) Before turning to the calculation of the CVC we discuss
No= (1/tm)(ih+1/1m) L. (24b)  briefly a recent experime¥tin which a pronounced double
peak in the DOS of Ni/Nb bilayers were reported. This dou-
At vanishing magnetic scattering we obtain, ble peak cannot be explained within our model based on the

Zeeman splitting. The reason for the double peak in Ref. 57

N — 32 COS<2—df) exp<—2—df) (25) remains controversial. In Ref.144 it was numerically fitted b
3+2V2 & & )| adding an extra parameter to the model, characterizing spin
active interfaces. However, this fit is far from being saiisf

in which case the characteristic lengths of decay and ascill tory. Nevertheless there is another feature of the DOS ob-

tions are equal tdj. _ served in Ref._57 which can be explained within our model:
The dependence a8N¢(dr) on the ferromagnetic layer py increasingd; the “normal” peak a€E = A [which is the

thicknessd¢ at different values of exchange field and mag-gcs 7eeman split peak in Figl 2(a)] is “inverted” [Fig. 2(b)

ngtic scattering time is preslen.ted in FfE; 5 (a) and (t_)). From,q (c)] and becomes “normal” again [Fig. 2(d)]dsis fur-
Fig.[3 (a) we can see that with increasing exchange figh oy increased. According to our model,Bt= A Eq. (19)

minigap closes at smallek in agreement with EqL(20), the aqyces to the following expression
period of the DOS oscillations at the Fermi energy decreases '

and the damped exponential decay occurs faster. This is easy 2d; [hLA\ -2 /ha
to see from Eq[{25), since in the absence of magnetic scatter Nf(8) =1+ 16ZCOS<E_: \/ T) e TV @7
ing ON depends o only as a function of;.

From Fig[® (b) we can see that with increasing=1/1wA  This expression explains the inversion of the peak at A
the period of the DOS oscillations on the contrary increasesas a function ofl. The peak is “normal” (“inverted”) if the
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FIG. 6: (Color online) Current-voltage characteristica&IFS junc-  FIG. 7: (Color online) Current-voltage characteristica &IFS junc-
tion in the absence of magnetic scattering for differentiealof the  tion for 1/tnA = 1 (black solid lines) and ArmA = 3 (red short-
F-layer thicknessds. The temperaturé = 0.1T.. The exchange field dashed lines) for different values of the F-layer thicknéss The

h = 0 (black line, which corresponds to the case of a SINS junjitio temperaturel = 0.1T.. The exchange fiel/A = 2: plots (a) and
h/A =2 (blue dash-dotted line), atgA = 4 (red short-dashed line).  (b) andh/A = 4: plots (c) and (d). The thicknesls /&, = 0.5: plots
(a):di/&n=0.5; (b):df /én =1, (c):d; /én =2, and (d):ds /én = 3. (a) and (c) andls /&, = 1: plots (b) and (d). Insets in (a) and (c) are
Insets in (a), (b) and (c) are explained in the text. explained in the text.

DOS atA is larger (smaller) than unity. This variation is due Atlarge enoughis and exchange fields the DO&(E) ~ 1

to the sign of the cosine function in EG_{27), which dependnd the current, EqLX(1), is given by the same equation as the
on thed; /&; ratio. current in the NIS tunnel junction,

| = e—lR/:dENS(E) (f(E—eV)— f(E)].  (28)

IV. CURRENT-VOLTAGE CHARACTERISTICSOF A SIFS . L .
At small temperaturd < T, this equation is well approxi-

JUNCTION )
mated by takingr =0,
In this section we calculate the current-voltage charésster | O(eV—A)i & EdE
tics (CVC) of a SIFS junction at low temperatuie= 0.1T, - eR/A VEZ_AZ
using Eq.[(1) and DOSI; (E, d¢,h, Tr) numerically obtained V712
in the previous section. =0(eV-A) ( (29)

Figure[® shows the CVC of a SIFS junction in the absence eR ’
of magnetic scattering. For comparison we also present th&he red short-dashed line in Figl 6 (d:(& = 3, h/A =
CVC of a SINS tunnel junctiori,e. a junction with a normal 4, no magnetic scattering) almost coincides with this tesul
metal interlayer instead of a ferromagniet£ 0). SINS struc-  except for the small regioeV ~ A, since for our numerically
tures were studied previously in Ref/46. We observe severalalculated curves we fix temperatire= 0.1T, < Tc.
features of SIFS CVC which are the signatures of the proxim- Figure[7 shows current-voltage characteristics of a SIFS
ity effect in the S/F bilayer. junction in case of finite magnetic scattering. Here for thin

For thin enough F layer we observe the “kink” on the CVC F layers we observe a “double-kink” structure, see Hig. 7 (a)
ateV = 2A [Fig.[d (a)], which corresponds to the case whenand (c). It corresponds to the DO (E) with small mini-
the DOSN;¢ (E) exhibits a pronounced minigap. The corre- gap and finite subgap value smaller than unity. Such a DOS
sponding DOS energy dependenhgX = 4,d; /&, =0.5)is  structure is typical in the presence of magnetic scatteaird)
shown in the inset. We can also see that for a certain rangthin enough ferromagnetic interlayer, see Eig. 4 (a). The co
of parameters the CVC of a SIFS junction exhibit a non-responding DOS energy dependencies are presented in the in-
monotonic “wave” behavior. We can observe it fofA =4  sets of the plotsl6 (a) [ImA = 3,h/A =2,d;/&, = 0.5] and
(red short-dashed line) in Figl 6 (b) and fofA =2 (blue  (b) [1/TmA = 3,h/A = 4,d; /&, = 0.5]. For finite magnetic
dash-dotted line) in Fid.l16 (c). This behavior correspomds t scattering the non-monotonic features of CVC are smeared.
the case when the DO (E) minigap is already closed and We do not show the curves fak /&, > 2, since they do not
the N¢ (0) at the Fermi energy is larger than unity. The cor- significantly differ from the curves obtained from Elg.{(29).
responding DOS energy dependencies are presented in the in-Figures ® (a) andl 7 (a) show that for thin enough ferromag-
sets of the plots]6 (b) and (c). netic layer the current has an onset in the intef&aPA] (for



(a) (b) ) fective actionSs is given by
| _ (MM (de(1)\?
S I F S Sefr[qo]—/o dr 5( o7 ) +U(p)| +S[¢], (3la)

h h ’
Silg] = _/o Bdr A Bdr’a(r— r’)cosw.
(31b)
FIG. 8: (Color online) (a) Schematic of a current biased S1&<ph-
son junction. lext is the external bias current. (b) Potentis(p) In this equationf = 1/kgT, M = C(ﬁ/2e)2 is the mass( is
v.s. the phase differenag between two superconductors)p isthe  the capacitance of the junction) and the potetfiép) can be
Josephson plasma frequency of the junction. described by a tilted washboard potential [Fig. 8 (b},

temperature§ < Tc). The value of this onset, according to U () = —Es[sgn(lc) cosp+yq], (32)
Eq. (2), isA+ Eg, whereEy is the DOS minigap, & Eg < A.
Increasing exchange field, magnetic scattering and/or &t lay
thickness, the minigap closes and the current turns to zer
at eV < A, having an onset &V = A. The dependence of
the minigapEg on the parameters characterizing the material
properties of the ferromagnetic interlayer is discusseskio-

tion(II]

We conclude that we observe interesting features in the
SIFS CVC if the DOSN; (E) near the insulating barrier has a &3
nontrivial shape in the subgap region. In case wNemv 1,  atZero temperatur@:

these features disappear and the CVC coincide with those of AS clearly seen from Figs. 6 and 7, the CVC has a gap
the NIS tunnel junction, EqC(28). structure due to the isotropic superconducting gap in left s

perconductor electrode. In such a case, the dissipation ker
nel a decays exponentially as a function of imaginary time
T for || > h/A. The typical dynamical time scale of the
macroscopic variable is of the order of the inverse Joseph-
V. MACROSCOPIC QUANTUM TUNNELING IN A SIFS son plasma frequen — /2ell.l/RC(1 — v3)¥/4 which is
JUNCTION b quenay, = \/2ejle|/NC(1 —y7) _
much smaller thaih. Thus, the phase varies slowly with the
time scale given bya/A, and we can expangl(t) — @(7’) in
In this section, motivated by experimental studies on theEd. (31b) about = t’. This gives
thermal and quantum) switchiggand quantum coherent os-
( q ) 5@6‘ q N6C ﬁﬁdr |:Ea(p(.[):|2

with y = lext/|lc|, whereE; = h]l¢|/2e is the Josephson cou-
pling energy,l; is the Josephson critical current, ahg is
e external bias current, respectively. The dissipatienmél
(1) is related to the quasiparticle currdntinder constant
ias voltage/ by

R oed Fi
a(r)zé/o 2—$exp(—wr)l (V:?w), (33)

cillationg® in SFS and SIFS junctions, we calculate the MQT Sl ~ =

escape rate in a current biased SIFS junction as shown in 2 Jo 2e 0Ot

Fig.[8 (a). The CVC obtained in the previous section enabl%vhere

us to investigate the influence of the quasiparticle disgipa ,

on MQT oC=2 <2_e> / dra(r)r2. (35)
It is important to note that MQT can be used as a mea- h 0

surement process of a superconducting phase 8Ubius,

the calculation of the MQT rate by taking into account the

guasiparticle dissipation will be very important for armhg

the fidelity of measurement process for phase qubits. In th

. : T : : In case of a thin ferromagnetic layed;(= 0.5&,) we nu-
following calculation, for simplicity, we have ignored tive . . N N
fluence from an environmental circuit on MQT which can bemencally obtaindC ~ h/AR for CVC presented in Figkl 6 (a),

. o ‘60 [@ (a), (c) ['kink” and “double-kink” structures]. For thidler-
experlment_a_lly reducgd by a n_cnse fllterlng technlqde.. romagnetic layer we can use EG29) to calculiGe
The partition function of a junction can be described by

an imaginary-time functional integral over the macroscopi _ 4n /'°° /'°° X2 /2 1~ 2_ﬁ
variable (the phase differenge between two superconduc- oc AR Jo dxxX 1 dze z-1 AR’ (36)

tors)&1-64j e. . . . .
' ' For intermediatel; we numerically finddC ~ (1+2) h/AR.
» Considering Nb as a superconductbef 1.3 meV) we there-
_f Seri[ @ fore obtaindC ~ (0.5 1)r~* pF, wherer is the junction re-
2= / qu(r)exp( h /)’ (30) sistanceR in Q. To insure a small dissipative correction of
capacitancedC < C we have a constraint,

(34)

Hence, the dissipation acti@y acts as a kinetic term so that
the effect of the quasiparticles results in an increase ef th
8apacitance€; — C+ 0C = Cen.

In the strong insulating barrier limit,e., yg1 > 1, the ef- RC> h/A, (37)
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= escape process is dominated by MQT. In the low dissipative

‘‘‘‘‘‘
.

104 1 - ‘ ‘ ‘ T A . X . 6,67
T (underdamping) case§; is approximately given 59

egits
o
o

Without dissipation I'g et ~
o hax(y = (y))

CH o T* (42)
& 10710 R 27ikg
CB [ I R = 55mQ} 1 . . .
= < B BB Here(y) = [, dyP(y)yis the average switching current, where
o w0 - P(y) is the switching current distribution which is related to
S g = 2mQ the escape rate as?
10724 p7” +
1 1
N Py = yroexe| -3 [Tay|. @)
’ 0.9990 0.9992 0.9994 0.9996 0.9998 0
Tewt/|Ie] In this equationy = |dy/dt| is the sweep rate of the external

bias current. ImportantlyT* is reduced in the presence of
FIG. 9: (Color online) The MQT escape rate for a currentdias  dissipative effect€8
SIFS junction as a function of the bias curréss for several values By using Egs.[(36) and(89), we calculdtand compare it
of the junction resistandg. ' (black splid line) and™ (red dashed, \ith the case without the quasiparticle dissipation. In Eig
yellow dot-dashed, and blue dotted lines) are the MQT escatee we numerically plof” andlg for C = 800 pF andl¢| = 500
without and with quasiparticle dissipation, respectivéharameters 13 . c

- o = 13 UA= and several values &, wherel g is the MQT escape

areC = 800 pFA = 1.3 meV, andl¢| = 500 LA. . - . .

rate in the absence of the quasiparticle dissipat@g [~ C

i.e. the typical time constarRC of a SIFS junction should in Ed. (39)]. As seen in this figurd, shows strong depen-
be much larger than the dynamical damping scale for the digdence on the junction resistanReandr is almost identical
sipation kernelr(1). For example, in Ref. 13 the following toointhe case of largR, e.g..R=55mQ (> h/CA~ 0.63
parameters of a Nb/ADs/Nig¢Clo.4/Nb SIFS junction were M) which corresponds to the actual SIFS junctidrive
reported,C =800 pF andR =55 mQ, which correspond to also calculater* for a rea_I|st.|c cgseF(: 55 mQ) and found
5C ~ 10+18 pF. Thus, even for the low resistive tunnel bar-thatT* = 7.4mK for the dissipative cas€n = C+ 6C) and

rier in Ref/13, we have the condition Ef.{37) satisfied. T*=7.5mK Ior the dissipation-less cas€in = C). As ex-
In order to see the effect of the quasiparticle dissipation o Pected, thel* suppression is small enough to allow experi-

macroscopic quantum dynamics, we will investigate MQT inmental observations of MQT. Thus we can conclude that the

current-biased SIFS junctions. The MQT escape Fatom  influence of the quasiparticle dissipation on the macroscop

the metastable potential at zero temperature is givéh by ~ quantum dynamics of SIFS junction is very small for the case
when the condition Eq[{37) is hold. This fact strongly sug-

A gests the great advantage of realistic SIFS junctions fbitqu
r= A'Too B IminZ. (38) applications. The smallness of the quasiparticle disipam
SIFS junctions is due to the superconducting gap in the left S
By using the Caldeira and Leggett the8fthe MQT rate is ~ €lectrode and the strong insulating barrigs (> 1) between
approximated as the left Sand F Iayers.
It is important to note that such a weak quasiparticle-

A — dissipation nature of MQT has been also predicted in
F_ET 120m8 exp(—B), (39) m-junctions based on a S/ferromagnetic insulator (FI)/S
junctions®485 However no ferromagnetic insulator based
where Josephson junctions have been experimentally realized at
present. On the other hands, the fabrication of SIFS
~ | 2€l] 1/4 junction is easily realized based on the current fabricatio
“p= \/ ﬁqen(l_yz) ’ (40) technologyt3-15

is the renormalized Josephson plasma frequency Bapd
Seif[@s] /N is the bounce exponent, that is the value of the ac-
tion So evaluated along the bounce trajectgryt). The an-
alytic expression for the bounce exponentis given by We have developed a quantitative theory, which describes
the properties of the DOS and the current-voltage character
12 /h 5/4 istics of a SIFS junction in the dirty limit. We considereeth
B= e %“CK:“?” (1_ yz) ‘ (41) case of a strong insulating barrier in a SIFS junction suah th
the left S layer and the right F/S bilayer are decoupled. In
At high temperatures, the thermally activated decay domithis case we can obtain the current-voltage charactesisfic
nates the escape process. Then the escape rate is given by $16IFS junction in the framework of standard tunnel theory.
Kramers formulal” = (dp/2m) exp(—Uo/ksT), whereUp is  In order to calculate quasiparticle current we first calada
the barrier heigh$® Below the crossover temperatufé, the  the DOS in the ferromagnetic layer of the F/S bilayer. We

VI. CONCLUSION
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described the DOS behavior as a function of parameters chatam dynamics of SIFS junctions is small, which is a great ad-
acterizing properties of the ferromagnetic layer. In o@otty ~ vantage of SIFS junctions for qubit applications compaced t
we consider three such parameters: thickness of the fegromaother types of ferromagnetic- junctions.
netic layerds, exchange filedh, and magnetic scattering,.
We have discussed the DOS properties paying special atten-
tion to the DOS oscillations at the Fermi energy. We have
also proposed to measure the exchange field in experiments
on weak ferromagnets by measuring the DOS pedk-ath.
We compared the results, obtained with a self-consistent nu The authors thank A. I. Buzdin, E. Goldobin, D. A. Ivanov,
merical method, with a known analytical DOS approximation,A. V. Vedyayev, and M. Weides for useful discussions. This
which is valid when the ferromagnetic layer is thick enough. work was supported by NanoSCIERA project Nanofridge,
Using the numerically obtained DOS we have calculatedANR DYCOSMA, RFBR project N11-02-12065, JST-
the current-voltage characteristics of a SIFS junctiontemmée = CREST, a Grant-in-Aid for Scientific Research from the Min-
observed features which are the signatures of the proximitistry of Education, Science, Sports and Culture of Japan
effect in the S/F bilayer. We showed that there exists typica(Grant No. 22710096), the Invitation Program for Foreign
shape patterns of current-voltage characteristics kbtatthe  Young Researchers in the G-COE program “Education and
typical DOS structures in the ferromagnetic interlayer. research center for material innovation”, and the Spanish
Finally, we have calculated the macroscopic quantum tunMICINN (Contract No. FIS2008-04209). F.S.B. thanks In-
neling escape rate for the current biased SIFS junctions biramural Special Project (Ref. 2009601036). A.A.G. thanks
taking into account the dissipative correction due to thesitu  Dutch FOM for support. A.S.V. acknowledge the hospital-
particle tunneling. Based on this we concluded that the-4nfluity of Nanomaterials theory group, AIST, during his stay in
ence of the quasipatrticle dissipation on the macrosco@oqu Japan.
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