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Josephson current in ferromagnet-superconductor tunnel junctions
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We present a phase diagram of a ferromagnetic supercond&&adn T-h plane withT the temperature and
h the effective exchange field, in which a first-order phase-transition line separates the superconducting region
from the normal-state region. The Josephson currents in ald FSjunction(with | denoting thin insulating
layer9 are calculated as a function of the temperature, exchange field, and insulating barrier strength. It is
found that the presence bfalways suppresses the Josephson critical current at higher temperatures, or for
weak barrier strength, or for a parallel configuration of the magnetic moments of two FS electrodes. The only
exception that the critical current increases witbccurs if all three conditions are satisfied: at low tempera-
tures, for strong barrier strength, and in an antiparallel configuration.
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. INTRODUCTION OvchinnikoV® (FFLO) that pairing still can occur when elec-
tron momenta at the Fermi energy are different for two spin

The Josephson effect at superconductor/insulatordirections, for instance as the result of an exchange field in
superconductorg/1/S) junctions has been a most interestingan FS. Unlike the conventional Cooper pair, in which two
subject. Unlike single-particle tunneling, the tunneling of electrons have opposite spins and momenta, K |), the
Cooper pairs can lead to a finite supercurr@mtJosephson “FFLO” pairing in the presence of an exchange field has a
currenj flowing across thes/1/S junction in the absence of finite center-of-mass momentur®@e2h/fv: and conse-
bias voltage. The Josephson current is given 8y :sing  quently leads to a spatially modulated superconducting order
wherel is the critical current and is the phase difference parameter, wherel2is the exchange energy corresponding
between the two superconduc'ging electrodes. In recent Yeaf§ the difference in energy between the spin-up and spin-
the ferromagnetF) has been introduced to the Josephsondown bands, andg is the Fermi velocity. The “FFLO” state

tunnel structure, giving rise to some new physical effects. ASyith [(K+Q/2)1,(~K+Q/2)|] was never observed in bulk

an example, if very thin insulating layers ircil/S junction paterials. It stems from the fact that in a bulk ferromaghet,

are replaced by thin ferromagnetic layers, a new type OIS at least two orders of magnitude larger than the energy gap

S/F/S Josephson junction is forméd'® In the S/F/S junc- A of a bulk ductor. while th | state |
tions the tunneling electrons with spin-up and spin-down ex-"9 ot a bulk superconductor, while In€ normar state IS recov-

perience different potentials i, and the Andreev reflection €red as soon ds exceedsdo/+2, which is called Clogston
at F/S interfaces plays an important role in the properties of¢fiterion'” at zero temperature. However, this criterion may
the S/F/S junction®”-°With increasing the exchange field in be satisfied for a thir/S bilayer whose effective exchange
F, the Josephson current displays a damped oscillation, #¢ld h and effective superconducting order paramétenay
change of its sign from positive to negative corresponding tde of the same order of magnitutfe.
a transition from a zero phase difference between$etec- The purpose of this paper is twofold. The first one is to
trodes to a phase difference ¢f=, (the so-called “” study the coexistence of superconductivity and ferromag-
junction). Very recently, Bergeret, Volkov, and Efefdypro-  netism in a FS. Although the coexisting conditicm
posed a Josephson tunnel junction of s bilayers sepa- <Aq/+/2 was known at zero temperature, it has not yet been
rated by a thin insulating film. On the assumption that a thinvery clear at finite temperatures. By solving self-consistently
F/S bilayer is equivalent to a homogeneous ferromagneti¢he superconducting order parametd(T,h) from the
superconductofFS), the S/F/I/F/S structure may be sim- Bogoliubov—de Genne®dG) equationt® and calculating the
plified as a FS//FS junction. They found that the presence difference in thermodynamic potential between the supercon-
of an exchange field may increase the critical current in thelucting and normal states, we obtain a boundary lin€-im
S/F/1/F/S junction in the case of an antiparallel alignment plane, which separates the superconducting region from the
of the magnetization in the ferromagnets at low temperanormal-state region. The other purpose of this paper is to
tures. However, this conclusion was drawn by using the tunextend the approach of Blonder, Tinkham, and KlapWijo
neling Hamiltonian approach, in which a strong barrierstudy the Josephson current in F$/S junctions. Analytic
strength is assumed for the thin insulating layers. It is highlyexpressions for the Josephson currents in parallel and anti-
desirable to clarify the effect of the barrier strength on theparallel alignments of the magnetizations in two FS’s are
Josephson current in such a F$/S tunnel junction, as well obtained as a function of the temperature, exchange field,
as its dependence on the temperature and exchange field. and barrier strength. In the limit of strong barrier strength,
Coexistence of superconductivity and ferromagnetism hathey reduce to the results obtained recently in$he/I/F/S
attracted much attention recentfy* It was predicted in junction!! If h is taken to be zero, the expression for the
early 1960's by Fulde and Ferfel and Larkin and Josephson current in a nonmagneit/S tunnel junctior®
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will be reproduced. It is found that the presence of an exeffective attractive potential between electrond/,
change field usually reduces the Josephson critical current i& = ( vy Uy — 'y;—lv’k}) and V| =2 (yi Uy + y,:}v[fl) with
the FSI/FS junction. Only on condition of strong barrier y,, andy,, the Bogoliubov transformative operatdfsith
strength, low temperatures, and the antiparallel configuratiogqgs.(2) and(3) as well as the rules that.; and yy, obey?!®
of the magnetizations, the critical current in the H65  we obtain

junction may exceed that of the Josephson junction in the

absence of the exchange field. g 1-fip  fiy
1=> -, ()
2 % i &k
Il. FERROMAGNETIC SUPERCONDUCTOR
Consider a FS/FS junction structure of two FS films where
separated by very thin insulating layers. The FS film may 1
consists of &/F bilayer on the assumption that the thickness (7)

of the superconducting layer is smaller than the supercon- " exd B(&o— n,n) ]+ 1
ducting coherent length and that of the ferromagnetic layer . s s
smaller than the length of the condensate penetration into th¥ith &= V(#2kg?[2m—Eg)?+ A%(T,h) and B=1/kgT the
ferromagnet! In this case, solutions of the superconductinginverse temperature. From Eqg6) and (7), the self-
order parameter may be regarded as being independent of tRensistent equation fak =A(T,h) is obtained as
coordinates and the influence of the ferromagnetic layer on

superconductivity is not local. As a result,SAF bilayer is n(AO) ho  de
equivalent to an FS film with a homogeneous superconduct- AT 7.2
ing order parameteh and an effective exchange fiefid As ° era

1
exd B(Ve?+A%—h)]+1

has been given in Ref. 1h,is much smaller than that in an 1
isolated ferromagnetic film and of the same order of magni- + — , (8
tude as the effective value df. We adopt the BdG equation exgB(Ve+A“+h)]+1

approaclh® to study the superconducting order parameter B . .
A(T,h) in an FS film. In the absence of spin-flip scattering,WhereAO_A(O’O) is the BCS gap at zero temperature and in

the four-component BdG equations are decoupled into twéhe absence of _the exch_ange field, anglis the pebye fre-
sets of two-component equations: one for the spin-uffuency: Ifh=0 is taken in Eq(8), the formula is found to

eletronlike and spin-down holelike quasiparticle wave func-reduce to Eq(16.27 of Rei. 22. (_Jn the other hand, it fol-
tion (u; ,v,), the other for ¢, ,v;).* The BdG equation for :cows from Eq.(8) that atT=0, A=A, remains unchanged
(U;,v,) is given by or h<__Ao, ash is increased td\, A s_u_ddenly drops to zero,
(R exhibiting a first-order phase transition from the supercon-
Ho—h  A(T,h) ) u, uy ducting state to normal state. This zero-temperature solution
N ( )= ( ) (1) thatA=A, for h<A, and A=0 for h>A, has been ob-
A*(T,h) —Ho—h tained previously>®At finite temperatures, it is found from
whereH, is the single-particle Hamiltonian and the quasi- EQ- (8) thatA still has a sudden drop from a finite value to
particle energyE is measured relative to the Fermi energy Zero at a threshold dfi. Such a first-order phase transition
Egr. The effective superconducting order parametér ,h)

vy vy

is independent of the coordinates, but depends on the effec
tive exchange field and temperature. From the BdG equa
tions, we get 08 |
uz=3[1+1-A%T,h)/(E+ )], 2
06
=31-VI-AX(ThIE-707 B ¢
. L
wherey,=1 for c=1 andn,=—1 for o= |, ando stands 04
for the spin opposite to. The wave vectors of the electron-
like and holelike quasiparticles are given by
02}
V2m
Ke=——[Ert V(E+ 7 N AXT " (@)
0.0
\/2— - - ks T/A,

K= B (B - AA T2 (9
T h 7 FIG. 1. Phase digram in the-T plane. The solid line indicates

the critical line for a first-order phase transition from superconduct-
The order parameteX(T,h) of the FS film is determined ing to normal state, and the dashed line stands for a boundary line
by the self-consistent equatidn=g(W¥,¥ ), whereg is the  above which there is no nonzero solution/ofT,h) in Eq. (8).
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arises from the presence of an exchange field, similar to the- Q,(T,h) = [Q4(T,h) — Q(T,0)] + [Q(T,0) — Q,(T,0)]

superconducting transition in the presence of an applied-[Q,(T,0)—Q,(T,h)]. The first difference can be calcu-

magnetic field. lated using the standard integral representationamely,
Figure 1 shows the phase diagranhiT plane, indicating

superconducting and normal-state regions. The dashed line 1dN .

stands for the critical line below which there exists nonzero Qs(T,h)—Qs(T,0)=f ~ (NHoy, 9

solution forA(T,h). From Eq.(8), one would obtain multi- 0

valued solution; foA (T, h). Amor_lg them we take only one where()4(T,0) is the thermodynamic potential for the BCS
branch of solutions, corresponding to the lowest thermOdyHamiltonian in the absence of the exchange field, and

namic potential, in determining each point of the dashed Iinei. ..y denotes the ensemble average with the BCS Hamil-

in Fig. 1. In the region below the dashed line, however,’ . ~ - 24
whether there is the superconducting state or the normal staf@ian andiHs. In the present casé, should be taken

depends on which state has lower thermodynamic potential.
For this reason, we must calculate the difference in the ther-
modynamic potential between the superconducting state
Q4(T,h) and the normal stat® ,(T,h). This difference may

be rewritten as the sum of three difference3y(T,h) Substituting Eq(10) into Eq.(9), we obtain

I:|1=Ek h(cck — i Ciy)- (10)

h hwp 1 1
[Q4(T,h)—Q (T,O)]/N(O)zzf duf de( - ,
° ) 0 0 1+exd B(VA?(T,u)+€®+u)]  1+exd B(VAX(T,u)+€e*—u)]
11
|
whereN(0) is the electronic density of stateskt. If A is ll. JOSEPHSON CURRENT IN FS/I/FS JUNCTIONS

taken to be zero in Eq11), we obtain the third difference in

the thermodynamic potential as In the FSI/FS junction under consideration, two FS elec-

trodes are assumed to be identicalAinand h, except for a
[Q,(T,00—Q,(T,h)]/N(0)=h?. (12) pha}se difference, their magne_tic moments be_ing parallgl or
] o antiparallel to each other. The insulating layer is perpendicu-
In the absence ofi the thermodynamic potential difference |5 to x axis and located at=0. The insulating barrier may
between the superconducting and normal states has been cgk modeled by a-type potentialVd(x) whereV indicates
culated previously, yieldirfg the barrier strength. Consider an electronlike quasiparticle
incident on the insulating barrier at=0 from the left FS.
[Q(T.0~Q(T.01/N(0) 4

With general solutions of the E@l), the wave functions are
4 (hop given by
:_EJ deln[1+exp(—,8\/A7(T,0)+ez)]
0

\4 (X)_eikﬁux< o +a—ei"|:ﬂ‘( o e'¢L/2>
1., A w? o v e N2 e 1N
2A (T,0{1+21In AT )+3,32' (13 L uLenr
o . +b e'kLU( i /2) (14)

Combining Egs.(11)—(13) with Eg. (8), we can evaluate vige 7t
Qy(T,h)—Qy(T,h). The calculated result indicates that for x<0. and
Q(T,h) is smaller thar{),(T,h) at smallh and at low tem- '
peratures; with increasing or T, the difference between o [ Ug,ePR? b [ vpgelR2
them decreases gradually. Asnd/orT are increased to a set \I’RO.(X)=CU,elkR(rX( igei2 +d;e'kRp<( i /2)
of critical values,h=h, and T=T,, there will beQ(T,h) URs® R Ur,€ R

=Q0,(T,h). These sets ofh,T;) form a critical line, as (15
shown by the solid line in Fig. 1, below which there is afor x>0. Herea,, b, , ¢, andd, correspond, respectively,
stable superconducting state. In the region between the solig the coefficients, for the Andreev reflectihpnormal re-
and dashed lines, even though there is nonzero solutiak for flection, transmission to the right FS as electronlike quasi-
in Eqg. (8), the system is still in the normal state due to particles and transmission as holelike quasiparticfgsand
Q4(T,h)>Q,(T,h) there. It is worth mentioning that we get ¢ stand for the macroscopic phase of the left and right FS,
[Q4(0h)—Q,(0h)]/N(0)=h>—AJ/2 at T=0, yieldingh,  respectively. Subscriflt (R) is the index for the lef(right)
=Ao,/+/2, which is just the result obtained previously by FS, and the spin index=1 or |.

Clogston'’ The wave functions must satisfy the boundary conditions
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Ve, (x=0")=" (x=0"), (16)
d¥g, (d\PLg> 2mVv
- =——W (x=0").
( dx o+ dx | _o- #? Ro )
(17)
From Egs.(14)—(17), we obtain
E+h cos¢p—1)—iQ sin
a(p,8)= (EHNTNCOSS 70 s
(E+h7,)%—A%(T,h)cosp+2Q02
(18)
for the parallel configuration, and
E+h»n,)cos¢p—(E—hn,) —iQ,sin
ag(¢,E)=( 75)C0S¢—( 7,) o ¢A(T'h)
(E2—h?) —cospA?(T,h)+20,Q,
(19

for the antiparallel configuration. Her¢= ¢pr— ¢, , Z=1
+mV/%%k2, and Q,= (E+hy,)?>—A%(T,h). Sinceh is

much smaller thaf, we have made the approximation of

k¢=kS=Kk]=k[=ke with ke the Fermi wave vector of the
FS.

PHYSICAL REVIEW B65 134507

calculated using the generalized coefficient of the Andreev
reflectiona,(¢,i w,), which is obtained by analytic continu-
ation of E to i w,,, yielding*?°

|- eksTA(T,h) E a(d,iwy)—ay(—d,iwy)
B 2f - Qpy
n al(‘;{’aiwn)_al(_(ﬁriwn))' (20)
in

with Q,,=\(w,+ih7,)?+A(T,h)?, and the Matsubara
frequencyw,=2mkgT(n+1/2).

Substituting Eq(18) into Eg. (20), we obtain the Joseph-
son current for the parallel configuration as

_ wkgTA%(T,h)sin¢
P eRN

s wi—h?+ aA%(T,h)
X
on (w2—h%+aA%(T,h))?+4w2h?

(21)

with  a=(cos¢+2)/(1+2Z) and Ry the normal-state
resistancé® Similarly, we obtain the Josephson current for

Having obtaineda, (¢,E), the Josephson current can be the antiparallel configuration as

kg TA%(T,h)

(1+2)sin¢

lap=

eRy

In Egs.(21) and (22), the superconducting gap(T,h) de-
pends on both the temperatufeand exchange fieldh, its
value being determined by E@8). For givenT and h, a
substitution of the solution foA(T,h) into Egs.(21) and
(22) yields the Josephson currentsand| pp.

IV. RESULTS AND DISCUSSIONS

If his taken to be zero in Eq$21) and(22), we havel
=1p=1,p, yielding

_ mkgTAZ(T,0)sin¢
| = oR,

which is in agreement with Eq20) of Ref. 20. However, in

, (23
on w3+ aA%(T,0)

n 02+ h2+ CoSPAZ(T,h) + Z\/(w2—h?+AX(T,h))2+ 4w?h?

(22)

=1 in Fig. 3a)] or at higher temperaturfdashed lines in
Figs. 3a) and 3b)], but increases for strong barrier strength
(Z=5) and at low temperatures, as shown by the upper two
lines in Fig. 3b). The interesting effect thdt,p increases
with h has been recently reported in Ref. 11, in which Fig. 2
is very similar to the present Fig(I3. It is worth pointing

out here that this effect holds only for strong barrier strength,
low temperatures, and the antiparallel configuration. It is eas-
ily seen that, in the largg limit (z—« anda=1), Egs.(21)
and(22) in this paper are reduced just to E¢8) and(8) of

Ref. 11, respectively. With decreasg&dthe Andreev reflec-
tion coefficients become large gradually and the exchange
field always suppressds andl p. The temperature is an-
other important factor of changing the critical currents and
an increase i always giving rise to a decrease lip and

the presence dii, the Josephson currents of the junction arel 5p, as shown in Figs. 2 and 3.

different from each other for the parallel and antiparallel

In Figs. 4 and 5 the temperature dependences of the Jo-

configurations. Figures 2 and 3 show numerical result$for sephson critical currents andl 5p are plotted for different
andl ,p, respectively, as functions of the exchange field ath. With increasing temperaturk; andl 5p decrease and drop
different temperatures in the superconducting region. It igo zero atT.(h), which is lower tharl.(h=0). Such a sud-
found that for the parallel configuration, the exchange fieldden drop inlp or I ,p in the presence df results due to a

always suppresses the critical curreint, regardless of
whether the barrier strength is wepEk=1 in Fig. 2a)] or
strong[Z=5 in Fig. 2b)]. For the antiparallel configuration,
the situation is somewhat different. With increasingthe
critical currentl ,p decreases for weak barrier strength

drop inA(T,h) from a finite value to zero af.(h), at which
there is a first-order phase transition from a superconducting
state with finiteA(T,h) to a normal state cA=0. T.(h), at
which the Josephson current drops to zero, shown by Fig. 1,
depending neither on the magnitudeZofior on the magnetic
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FIG. 2. Dependence of the normalized critical currenthdior
different temperaturekgT/A,=0.01(solid line), 0.1 (dotted ling,
0.2 (short-dashed line and 0.3(long-dashed ling in the case of a
parallel orientation. Hereg=7/2, Z=1 (a) andZ=5 (b).

FIG. 4. Dependence of the normalized critical currentTofor
different exchange fieldsh/Ay=0 (solid line), 0.3 (dotted ling,
and 0.6(dashed ling in the case of a parallel orientation. Hete
=m/2,Z=1 (a) andZ=5 (b).

configuration of the two FS’s, as seen in Figs. 4 and 5. Figur@@aring in Eqs.(21)—(23) depends strongly on ces for
3(b) shows a feature that for strong barrier strength ( SmallZ, while ais very weakly dependent on cgsfor large
=5), | op increases with at low temperatures but decreasesZ and tends towarda=1. Besides, since the exchange field
at higher temperatures. is much smaller tharkg, the Josephson junctions do not
In Figs. 6 and 7, the phase dependences of the Josephseiange from zero junction te junction. _ _
critical currents , and| , are, respectively, plotted for differ- I summary we have calculated the phase diagram in the
enth. It is found that the relation dfp (1,p) proportional to  N-T plane for a ferromagnetic superconductor. Two neces-
sin ¢ holds only for strong barrier strengtZ £ 5), while for ~ Sary conditions are required for the coexistence of supercon-

small Z there is a big departure from this relation, as showrductivity and ferromagnetism; one is that there is a nonzero
in Figs. 6 and 7. This is because=(cos¢+1)/(1+2) ap-  Solution for the superconducting order parameter in the en-
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FIG. 3. The same dependence as in Fig. 2 in the case of an FIG. 5. The same dependence as in Fig. 4 in the case of an
antiparallel orientation. antiparallel orientation.
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FIG. 6. Dependence of the normalized Josephson current on the FIG. 7. The same dependence as in Fig. 6 in the case of an
phase difference for different exchange fieldkA,=0 (solid line), ~ antiparallel orientation.
0.3 (dotted ling, and 0.6(dashed ling in the case of a parallel
orientation. HereZ=1 and kgT/A;=0.01 (a), Z=1 and T/T,

strength. For weak barrier strength, the Josephson currents
=0.2(b), Z=5 andkgT/A;=0.01(c), andZ=5 andT/T.=0.2.

(bothlp andl ,p) have a big departure from the sindepen-
ergy gap equation, the other is that the thermodynamic podence. With the increased barrier strength, thegsttepen-
tential in the superconducting state should be lower than thaience of the Josephson current is gradually recovered.

in the normal state. The Josephson current in d FY tun-

nel junction has been analytically obtained as a function of

the temperature, exchange field, and the insulating barrier ACKNOWLEDGMENTS

strength. It is found that an increase in temperature always

gives rise to a suppression of the critical current for either This work was supported by the National Natural Science
parallel (p) or antiparallel (4p) configuration. As the ex- Foundation of China under Grant No. 10174011 and by the
change field is increasetl, always decreases, butp may  State Key Programs for Basic Research of China under Grant
increases at low temperatures and for the strong barriddo. G19980614.

*Corresponding author. Email address: dyxing@nju.edu.cn nikov, A. A. Golubov, and J. Aarts, Phys. Rev. L8, 2427
1A. 1. Buzdin, L. N. Bulaevskii, and S. V. Panyukov, JETP Lett. (2002.
35, 178(1982. 15p, Fulde and A. Ferrel, Phys. Red35 A550 (1964.

“L. N. Bulaevskii, A. I. Buzdin, and S. V. Panjukov, Solid State 6A_ Larkin and Y. Ovchinnikov, Sov. Phys. JET#, 762 (1965.
5 Commun.44, 539(1982. 7M. A. Clogston, Phys. Rev. Let®, 266 (1962.

A. 1. Buzdin and M. Yu. Kupriyanov, JETP LetB2, 487(1990.  18p G. de GennesSuperconductivity of Metals and Alloy8e-
“S. V. Kuplevakskii and I. I. Falko, JETP Le®2, 340(1990. niamin, New York, 1968

°Y. Tanaka and S. Kashiwaya, Physica2T4, 357 (1997). 19G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev25,
6E. A. Demler, G. B. Arnold, and M. R. Beasley, Phys. Re\6B

4515(1982.
. 15 174(1997. , 20A. Furusaki and M. Tsukada, Solid State Commai8, 299
Y. Tanaka and S. Kashiwaya, J. Phys. Soc. §&13485(1999. (1991

8A. Kadigrobov, B. I. Verkin, R. |. Shekhter, M. Jonson, and Z. G. ,;
lvanov, Phys. Rev. B0, 14 593(1999. M. J. M. de Jong and C. W. J. Beenakker, Phys. Rev. L7itt.

) 1657(1995.

9

Y. Tanaka and S. Kashiwaya, J. Phys. Soc. 91152 (2000. 22 .

100, Bourgeois, P. Gandit, A. Sulpice, J. Chaussy, J. Lesueur, and A. A. Abrikosov, Fundamentals of the Theory of MetdNorth-

X. Grison, Phys. Rev. 3, 064517(2000. ,; Jfolland, Amsterdam, 1988
F, 5. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. L8, A. L. Fetter and J. D. WaleckaQuantum Theory of Many-
3140(2001). » Particle SystemSMchaw-Hlll, New York, 197).
12K vang and D. F. Agterberg, Phys. Rev. L, 4970(2000. Z.M. Zheng, D. Y. Xing, G. Y. Sun, and J. M. Dong, Phys. Rev.
13T, Kontos, M. Aprili, J. Lesueur, and X. Grison, Phys. Rev. Lett. B 62, 14 326(2000.
86, 304 (2009). 25A. F. Andreev, Zh. Esp. Teor. Fiz46, 1823(1964 [ Sov. Phys.

V. V. Ryazanov, V. A. Oboznov, A. Yu. Rusanov, A. V. Vereten- ~ JETP19, 1228(1964)].

134507-6



