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Quantum dynamics of tunneling between ferromagnets
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We study the Josephson-like spin currents between two ferromagnetic metals by deriving the effective action
of the junction. A dc spin Josephson current with the fu(BOsymmetry is obtained. We also show that a
time-independent uniform magnetic field can serve as the source of the ac spin Josephson effect. That is, the
spin current in a uniform magnetic field becomes a periodic function of the time with the period proportional
to the inverse of the magnitude of the external magnetic field.
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[. INTRODUCTION particle tunneling, are explicitly disentangled. Moreover, a
renormalization group analysis about the relevancy of the
One of the striking phenomena about the superconductortsinneling action can be performed. Finally, with the help of
is the Josephson effédn the superconductingSC) tunnel  the effective action, the calculations of the spin current and
junctions. The Josephson effect arises from the fact that thiés correlation functions become straightforward. Our main
phases of the SC order parameters of the two supercondudgsults are as followsi) We derive an effective action of the
ors tend to become uniform when they are coupled to eachM tunnel junction.(ii) The dc spin Josephson current and
other. A natural question associated with the Josephson efurent noise are obtained. The latter exhibits the Johnson-
fects is what happens when two systems with different typedlyauist form at low temperaturéiii) We show that a time-
of long range orders are weakly coupled? We shall parwndependen'; uniform magnetic field can serve as the source
address this question by considering the tunnel junction beRf the ac spin Josephson effect. That is, the spin current in a
tween two ferromagnets. This is the simplest extension of th&iniform magnetic field becomes a periodic function of the
SC tunnel junctions because the underlying symmetry behinime with the period proportional to the inverse of the mag-
the ferromagnets is @), while the occurrence of the SC hitude of the external magnetic field. _
long range order is a realization of the spontaneogs) U  The rest of the paper is organized as follows. The deriva-
symmetry breaking. tion of the effective action of the tunn_el junction is given in
In recent years, the possibility of using the spin degrees obec. . We calculate the QC and ac spin Jpseph_son currents as
freedom in the electronic devices, known as Spintronicsy rewe” as the Cl.:lrrent noise |n SeC Ill. Section IV |S.deVOted to
ceives considerable attention and is a rapidly developing réh€ perturbative renormalization grodRG) analysis of the
search topic. In this field, the manipulation of the spin cur-€ffective action, where the possible role of the quasiparticle
rent is a subject of extensive investigation. An interestingunneling played in the dissipation is examined. Finally, we
extreme case of a finite spin current without charge currentgiscuss our results and experimental implications in the last
has been investigated by several grotifsAlso, the spin ~ S€ction.
transport without dissipation in thin film ferromagnets was
discussed recentR.In analogy with the SC junctions, a Il. EFFECTIVE ACTION
Josephson-like spin current may occur in the ferromagnetic
(FM) tunnel junctions. Therefore, the study of the FM junc-
tions is intimately connected with the control of the spin B
S= fo dr

We start with the action

, @

transport.
Indeed, a dc Josephson-like spin current occurring in the

FM junctions was predicted recenflyowever, in Ref. 6, whered is the spatial dimensions. He® and £, describe
only the effects of the U) phase, which corresponds to0 a tne ferromagnetic metals on the left and right of the junction.
subgroup of the full @8) symmetry, were explored. In the \ye adopt the Stoner model for the itinerant ferromagnefism.

present paper, we will treat the bulk ferromagnets within therne corresponding Lagrangian is given by
framework of the Stoner ferromagnetiSrand study this

problem by taking the effective action approach, parallel to

the one in the investigation of the SC junctiéh$his ap- ﬁlzlﬂr[f?f— om KA o,
proach has several advantages. First, tli{8) @ymmetry is !

manifestly respected, and thus the effects of other degrees ahd a similar expression with—r. Here ), is the elec-
freedom in addition to the (1) phase considered in Ref. 6 tron operator with spirv on the left(right) side of the junc-
can be revealed. Next, the roles of the quasiparticles antion, €, is a unit vector, and,,>0 is proportional to the
collective modes, especially the dissipation due to the quasimagnitude of the bulk magnetization on the Igfght) of the
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junction. In Eq.(2), the term proportional mf is not written .~y
down explicitly because it is only related to the determina- gl(r): -
tion of A; and is not important for the following discussions.

We will treat A,y as a given number which is determined,

for example, by the mean-field theory, and consider the fluc- —p= Aoy
tuations of€), ) only. L+ is the tunneling Lagrangian which
is of the form

a.+gh g —L[V+ T Vgl
T 91 ?-91(r) 2mi 9in Y

S(x—x"). (13)

Note that we indicate matrices in the spinor space of one
ferromagnet by carets, and matrices acting on the four-
L= fxd ddxdx [ T(x,X") ¢ (X) i, (x')+ H.c]. (3) ~ component fermion space by underlines. .

o er Now we expand the right-hand side of E8) in powers
of the tunneling matrix elements, namely, the off-diagonal

We shall follow a procedure similar to Ref. 8 to derive the parts of Eq.(9). Keeping the lowest nonvanishing terms, we

effective action of the FM tunnel junction.

) obtain
To proceed, we make the gauge transformation
D1y () =iy (X)) (%), A=A+ A+ GTG T, (12
T/,I‘r(r)(x): lr/lIT(r)(X)gl(r)(X)a (4)  WhereA, is the bulk action of the leftright) ferromagnet.

For simplicity, we shall consider the pointlike junction, i.e.,
wherexﬂ_=(r,x) andg( is an SU2) matrix which satisfies T(x,x')=T8(x)8(x'). In terms of the parametrization
the relation g/(x)=h,(x)go and a similar exgrression with—r, where

+ satisfies the relatio o =Ny - o andn is
9=t o ®) gOIU(I[I)it vector along the d??é%%io;ggér%he :T({;lgnetizatilé% in the
Then, L, andLy become left (right) ferromagnet, we can expand, in powers of
hf(,)aMh,(r). [Here gy, or &, are decomposed into two

L=t oo 2 - A ~ parts:goi(ry Or Ny, which gives the direction of the mag-
0= i) 95 2my, K TI0%z {0 netization in the bulk, is fixed and the matrix fiefig},, de-
+ . . scribes the quanturfspin-wave fluctuations] Keeping the
TP11)ap(91(n9:91(r) ap~ 111y ap” (i) Vi) a lowest nonvanishing term and integrating out the degrees of
1 freedom away from the position of the junction, the resulting
BTN P10yapl (91 Y 9i(r) g (6)  action is given by
I(r)
dy {0y 7 NIt erat N (ot A=AP+M fﬁdrn trfoh/o,h] (13
L= de d%d™ [T(x,X") ¢y (X) 9y (X)gr (X") g (X") AL P LoD
x er
+ H.c], (7) and the similar expression with-r. HereM,, is the mag-

~ o~ ~ netization per volume of the leftright) ferromagnet. The
where piyap=digatics and Jinap=[12M ) ][#1a  effective action of the ferromagnetic junction is given by the
><(—iV)zm(r)[frin,b,T(r)az,m(r)ﬁ]. By integrating out the fer- last term in Eq.(12), the last term in Eq(13), and a similar
mion fields, the partition function is written as term withl —r. Before examining the third term in E(L2),
two points should be mentioned. First, to arrive at Ec),
the interactions between the spin waves are neglected. Sec-
_ t T _ t
Z—f D[g/]D[g/]D[g; D[ g lexx — A[9.9']}, ond, the bulk action of the FM tunnel junction starts with the
first-order time derivative due to the Berry phase of quantum
spins, whereas for the SC tunnel junction, the bulk action
t1_ 1 starts with the second-order time derivative.
Alg.g']= tr[In(g )] ® Working out the third term in Eq12), we find that it is

Here we have introduced a four-component fermion space b§iven by
adding the spinor spaces of the left and right ferromagnets.

where

In particular, ~ qd qd
AT:|T|2deTldTZJ’ —pld p2d
@I—l 5 0 (2m)° (2m)
g71: - A 1] (9) t 2
- -7 G Xtrlhr(70)hy(71)Di(71— 72,p1)
t A _
?':T(X’X/)gr(x)gr(x/)é(,r_ 7_/)’ (10) XhI(TZ)hI’(TZ)DI’(TZ Tlva)]! (14)
and where
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5|(T-D):j dxe P *go G (7,9,

:G|(Tlp)o-0_|:|(71p)n|'0-1 (15)
with

lw,— 6|p+,u
(lwn—€p+ /-L)Z_AIZ,

1 |
Gi(rp)= 5 2 e

A,
(fwp— €pt :U“)Z_AIZ'

1 )
F.(r.p)=E§ e lon (16)

and a similar expression with—r. In the aboveg is the
2X 2 identity matrix andw,=(2n+1)=7T. With the help of
Eq. (15), one may find thajd; is composed of four terms

B
Ar= Jo dryd7o{Zy (71— THU[M (1) M(75)]

+ (1= ot (N- M (1) (N @) M(75)]

+Iy( 1= UM T (r) (0 ) M(75)]

+ Iy = )t (N )M (1) M( 1) T}, (17)
where M(7)=h[(7)h,(7) and

d%, d%;
(2m)9 (2m)¢

Il(T):ltﬂzf G|(Tlpl)Gr(_7-1p2)1

d%p, d%;
(2m)% (2m)¢

IZ(T):|?F|2J’ F|(Tipl)Fr(_T=p2)1

= dp; dp,
T =—T2J — 2 F(1,p)G(— 7.p2),
a(1)=—|T| 2mf (2m)¢ ((7,P0) G (= 7,P2)

=~ d%p; d’,
T, =—T2J —2 G\(r,p)F(— 7Py
4(7) Tl (2m) (2m)¢ (7P Fe(—=7,p2)

For e '<|7|<T71, we have
Ln~—a—TriZ1..a a9
i(7)~—aq; o I=4,00004,
T aSinz(WTT)

where
1 F12
a=7 Ni(0)N,(0)[T|%
a,=n(0)n,(0)|T|?,

1 T2
as=73 MON,(0)[T[?,

1 =02
=5 N, (0)n(0)[T]>.
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In the abOVE,N|(r)(0): Nl(r)T(O)+ N|(r)l(0) and n|(,)(0)
=[Ni(r)1(0) =Ny, (0)1/2, whereN,(€) is the density of
states for spirr electrons in the leftright) ferromagnet and
e€=0 denotes the Fermi surface.

There are two points which should be emphasized. First,
the quasiparticle tunneling results in nonlocal termsdin.
Secondly, compared with the SC tunnel junctions, there are
no terms similar to co®, which corresponds to [tM ?]
+H.c. in the present case. In the expansion in powers of the
tunneling matrix elements, such a term arises from the non-
vanishing anomalous Green functions of electrons. However,
in the FM case, the anomalous Green functions of electrons
vanish. Consequently, terms such agMt"]+H.c. with
some positive integen cannot appear at any order in the
expansion of the tunneling matrix elements. This is a crucial
distinction between the SC and FM tunnel junctions. In con-
clusion, we have derived the effective action of a FM tunnel
junction, which is given by

Aeff: J?dT{l\/hl’l,-tr[ahr&rh|]+(|—>r)}+AT. (19)

Ill. SPIN JOSEPHSON EFFECT

Now we are able to study the spin currents and noises
with the help of the effective actiod¢; [Eq. (19)]. The spin
current operator is defined by

s .
|=a=—I[S,H], (20
where S is the spin operator in the left ferromagnet which
is defined by §=/d%3y(X)a(x). (Note that |
=dS /dt=—dS;/dt due to the conservation of the total
spin) After straightforward algebra, one may find that

1
T(X1. %) 5t (X1) 0 (%) +H.c.

| = jxlel ddxlddXZ
Xp€r

21

Therefore, the spin current and its correlation functions can
be calculated in terms of the generating functional

. (22

B
2[1]]=j D[u]ex;{—S+Jo dr n(7)-1(7)

where the integration measure is defined I{u]
=D[{1D[¢1D[ 4/ 1D[#,], the actionS is given by Eq.
(1), and » is a real source field. Using E@22), the spin
current and its two-point correlation function are given by

B 0Z] n]
<Ia(T)>_Z[0] 57]a(7—) n:O; (23)
B 8% 2 ]
(almle(72) = 2707 Smraromatro |, o 27

n=0

The calculation of the generating functiongl 5] is parallel
to the derivation of the effective action of the tunnel junction

184413-3



YU-LI LEE AND YU-WEN LEE PHYSICAL REVIEW B 68, 184413(2003

Aeii- The effect of the addition of the source terp{7) q 1,
[1(7) is to replace T(x;,%) by T(xy,X)[1+(i/2)o HZ:_LE|d XBy- 5 ¥ (X) o (%)
-m(7)]. This amoupts to replacingV(7) in Eq. (17) by
M(7)+(i12)n(7)-h{(7)oh, (7). 1
dc Josephson effectVe first compute the spin current. - LerddXBr' §¢:(X)‘T‘/’r(x)’ (29
According to Eq.(23), it is given by
whereB;( is the external magnetic field exerted on the left

1 (right) ferromagnet(Here, for simplicity, the constaigtug is
(I(n)= mj D[ule™“ef[h;,h, ;7] (25  absorbed intdB,, whereg is the gyromagnetic ratio and
g is the Bohr magneton. Furthermore, the orbital effects are
whereD[u]=D[h/1D[h,]D[h/ID[h,] and neglected. Equation(29) can be eliminated by performing
' ! ' ' the gauge transformation in the real-time formalism
ILhy . he ;7] i
_ D (ry— eX EtBur)'U' Dy
=—§j.dT%Z&r—HﬁﬂAAWTUhHﬂohJﬂ]
0 .
i
t t _ .
+ Tp(r— L0 @) M () (- )] (7) oy (7)] ‘”'W*”'U)G"Xp{ 2B "" (0

+Zy(7— )M T(7) (- o)h[ (7)oh,(7)] In the imaginary-time formulatiort,andB,y in Eq. (30) are

) ot replaced by—ir andiB), respectively. Under the gauge

+Zy(r= (N @) M7 () ohi ()] - H.cy. transformation(30), the tunneling matrixZ [Eq. (10)] be-
(26) comes

Within the semiclassical approximation whehg(7)=oy T-T(xx)gl ()U[ (DU (Dg,(x)8(r—17'), (31)
=h,(7), the spin current becomes ) ] )
where U (7) =exp{(i/2)7B(,)- o}. After integrating out
B the fermion fields, we perform the following gauge transfor-
(ey=2mxn) ["ar -7 @n  mation:

L _ . hl(r)(T)HUIT(r)(T)hI(r)i
Note that the contributions to the spin current arising from

all terms except the secpnd one lih, ,h, ;7] [Eq. (26)] hIT(r)(T)_)hIT(r)(T)Ul(r)(T)- (32)
vanish. Using Eq(18), the integral in Eq(27) can be evalu-
ated and the result is Then, the only effect of the external magnetic fields on the

effective action of the tunnel junction is that the bulk action
(1)=nTrocotnTro)lo(nxn)—lo(nxny), (28  [EG-(13]tumsinto

wherel ,=4n,(0)n,(0)|T|?%/ 7, is the critical current and A=A+ Mljﬁdﬂh tr
~ep ' is an IR cutoff. Equation28), which is valid only at 0

low temperature, is the analogy of the dc Josephson effect i, 4 5 similar expression with—r, and A; [Eq. (17)] re-
the SC tunnel junctions. Note thd) =0 when the directions | ~i < intact. Eq(33) pins the value oh, and givesh,(7)

of the magnetizations in the left and right ferromagnets arezul(T)’ and a similar expression withr. Inserting this
parallel or antiparallel to each other. Moreover, the criticalinto Eq. (25), we find that the last two terms irih, ,h, ;7]

c:cjrrer][t IS pfroplorttlonal to .:[[Re dlfference geéween tthehderlgyne g.(26)] vanish after taking the trace, whereas the first term
of states of electrons with spin up and down at the Fermp;, .. time-independent component to the spin current. By

su_rface. Th_erefore, the existence of the ?pi” current we QbéhoosingB,z B,=B, the latter also vanishes. Hereafter, for
tained requires that the metals on both sides of the J“nCt'OQimplicity, we shall focus on this situatiofWe restrict our-

must 3xh|b|thlong r?fn%; Fl\t/lhorcéecrst S|mullt§ne(z.usly. selves to the case where the gyromagnetic ratio and the ef-
ac Josephson €efieceor the unnet Junclions, an ap- e tive mass of electrons are identical for the left and right

plied dc bigs Wi” induce an ac Josephso_n current. The effe M metals) Under this condition, the spin current arises
of the dc bias in that case is to make a time-dependent pha§ f

rotation or a W1) gauge transformation on the SC order pa- %Iely from the second term ifthy ,h, ;7] and the result is
rameter. In the FM case, an analogous ac spin Josephson ((7)1y=cogBT){(nxn,)—ee (nxn,)]}
effect may be induced by making a spin @WJgauge trans-

formation on the magnetization. One of the way to achieve —sin(Br)[ex(mXn,)]+€e- (nXn,)],
this goal is to add uniform magnetic fields. Based on this

observation, we consider the effects of uniform magnetic

fields, which is described by the Zeeman term whereB=Be andB=|B|.

0Mb;%&o%+ (33

(34)
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To understand the meaning of the various terms in Eq. Current noise Finally, we would like to compute the
(34), we first note that the external magnetic fields will in- noise spectrum of the spin current, which can be extracted
duce a spin current on account of the precession of the madgrom the two-point correlation function of the spin current.
netization around the axis of the magnetic field, which take®#ccording to Eq.(24), the latter is given by
the form I(7)xsin(B|7)[n—(n-€)e]+cos(B|7)(exn),
wheren ande are the unit vectors along the directions of the 1
magnetization and the magnetic field, respectively. Com- (Ia(m)! (72)>:_f D[u]e™ et
pared with Eq.(34), one may recognize that the first two Z[0]
terms in Eq.(34) arise from the precession of X n, around
the axis of the external magnetic field, while the last term is
the component of the dc spin Josephson current parallel to
the direction of magnetic fields, which does not perform the 1
precession. As a consequence, we will identify the spin cur- - ZKab[h| hy ;71,72]}, (35
rent given by Eq(34) as the ac spin Josephson current. To
sum up, we have shown that a time-independent uniform
magnetic field can induce the ac spin Josephson effect.  whereD[u]=D[h/]D[h,]D[h!/]D[h,] and

Xy Lalhyshe s ]iplhy by s 7o)

Kaolhy e 571,721 =Z1 (11— ) {t hl (7)) aahy (1) (72) aphy (72) 14 (@b, 7y 1)+ Top( 71— 75)
x{tr{ (n, - U')h:r(7'1)(7ah|(7'1)(n| : U)hF(Tz)(Tbhr(Tz)]+(a<—’b,7'1<—> 7o)} +Ia( 71— T5)
X{ tTh! (7)) aah () (N @) (1) oph, (1) 1+ (acs b, 7y )} + Ty (71— 72)

x{tl (- o)h!(m)oah (1) (72) aph (1) ]+ (@b, 75 7))

(39

In terms of the semiclassical approximation, the connected | 2 N, (e)N, (&)
two-point correlation function of the spin current is given by Ji(iop)=—7— j de,de 2—+
€1T €
Dab(71—72) =~ [{la(T0)l5(72)) = (la){Ip)] € €
X|tan —tan
= SapL1(71— 72) + RapZa(71— 72),  (36) I‘(ZT I‘(ZT
whereR,,=n|zNp + NipNa— Sap(Ny - N,). Note that the third
and fourth terms ind; only contribute to the higher order | |2 ﬂ|(61)nr(€z)
correlation functions of the spin current within the semiclas- Ja(iwn) = de,d |wn €+ €
sical approximation.
The noise spectrum is determined by the Fourier trans- | tan _tan
form of the autocorrelation function of the spin current 2T an 2T
where J(i w,) = [5d 7€' “n™Z,(7) with 1=1,2. At low tem-
perature, i.e.T<eg, the densities of states can be approxi-
mated as the ones at the Fermi surface, and we obtain

o 1
Sw(@)= | dte([1,(0.150)1.)

1 ® Im{J(0+i0%)}=—7mwa, with |=1,2. Inserting this into
T2 pab(w)COU( ﬁ) (37 Eq. (37) gives
where [,], denotes the anticommutator. In the above,
pap(w) is the spectral function of the current-current corre- Sap(®) = (Sapa1+ Rapars) Tw cotl—( ) (40)
lation function, which is related to the Fourier transform of 2T

Dap(7) via : :
We see that the noise spectrum of the spin Josephson current
pab(@)=—2 IM{Dyp(w+i0")}, (39  takes the Johnson-Nyquist form at low temperature. This re-

_ sult is not surprising because the Johnson-Nyquist form is a
where Dyp(iw,) = f5d7e'“n™D,(7) and Dyu(w+i0") is  direct consequence of a linear circuit, and in our calculations
obtained fromD,(i w,) through the analytical continuation the semiclassical configuration dominates the péitimc-
iw,—w+i0". From Eq.(36), we see that to get,,(w), we  tional integral. If there is some tunable structure in the junc-
need the Fourier transforms @f(7) andZ,(7) which are, tion or the quantum fluctuations are strong, then a deviation
respectively, given by from the Johnson-Nyquist form should be expected.
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IV. RENORMALIZATION GROUP ANALYSIS The other way to study the effects df; is to compute its

The underlying assumption behind the semiclassical apc_:orrectlon to the free enerdyit is given by

proximation is thatAy in Eq. (19) is not relevant under the Q=0p+Q+Q0+---, (49)
RG flow, and thus we can treat it as a perturbation in the )

weak tunneling limit. This has to be verified by a renormal-Where€), is the unperturbed free energy and

ization group(RG) analysis.

At zero temperatureZ;(7) with i=1,...,4 are of the Ql:£<AT>, (50)
form B
ap . __ 1
L(n~——, i=1,....4 (41) Qo= =55 (ArAn. (51
2
In Eq. (49), - - - contains the higher order correlation func-

Therefore, A7 is a nonlocal action in the time space. To

proceed, we define the following operators: tions of Ar. At low temperature, we have

4

Ql(ﬂ:J dT% (M N(T+ 712 M(T-712)],  (42) Q=2 a(Q), 52

4
1
1 =— _ s ) .
Qz(ﬂzf dr= tf(n- )M (T+7/2)(n;- o) 2 uzzl “'“'f InQ(nQ). 53
T
In the above, the expectation values are evaluated at the fixed
XM(T=12)], (43)  point. Becausel,,=0, one may find that

1
Qg(ﬂ:f d7— t{ M (T+ 7/2)(ny- o) M(T— 712)], <Qi>~f dfifg;l,

T T

(44) N . :
as the correlation timé,—«. Since the singular part of the

1 unperturbed free energy behavesgajs", we get,/Qg
Q4(77=f dr— trl(ne- @) M (T+ 7/2) M(T— 7/2)], =0(1). This implies thatA is a marginal perturbation at

T the tree level. The next-order corrections to the RG flow

(45 arise from{),. Because
and then,4; can be written as
(Qi(MQ(0)=—, (54)
Ar=— | d71a1Q4(7) +a,Qo(T) + 3 Q4(T) 7
where C;; is a numerical constant, we also obtafh,
+a,Qu(T)]. (46) ~¢71, and thusQ,/Qy=0(1). In other words, we verify

The relevancy ofd; is determined by the scaling dimensions that, to the second order i®;, Ay is a marginal perturba-
of these operators at the fixed point described by the actiotion. Thus, in the weak tunneling limit, the use of the semi-
classical approximation to compute the spin current and its
_ + correlation functions is justified. Moreover, in contrast to the
= + ) . : R :
Ao jo dr{Miny tLohy d:m]+(1—0)} “7) SC junctions, the quasiparticle tunneling does not destroy the
quantum coherence between the two ferromagnets, at least in

The scaling dimensions of the operatagg's can be ex-  he weak tunneling limit.

tracted from the long-time behaviors of their two-point cor-
relation functions{ Q;(77) Qi(72)). At the fixed point, they V. CONCLUSIONS AND DISCUSSIONS
are given by

In this paper, we have studied the Josephson-like tunnel-
ing currents between two FM leads within the framework of
Stoner ferromagnetism. In comparison with the previous
work, our analysis maintains the full spin &) symmetry in
wheredy, is the scaling dimension oM. As a result, the all intermediate steps. More importantly, we clarify the ori-
scaling dimensions of the operatadss are identical and are gin of the ac spin Josephson effect by utilizing an(3U
given bydg=1+2dy,. By the definition of M, we have gauge transformation to probe the nonabelian phase in cal-
dy=d,+d, whered,, is the scaling dimension dfy. culating the ac tunneling spin current. This approach also
From Eq.(47), we getd,=0=d, . Thereforedo=1, and we reveals most clearly the Josephson current as a consequence
conclude that all terms inl; are marginal perturbations with of spontaneous symmetry breaking.
respect taA,. To obtain the ac spin Josephson currgsg. (34)], a ma-

(T,— ;) 4w’
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jor simplification we made is that the orbital effects of elec-from the Cooper-pair tunnelifyThe latter is the origin of
trons in the external magnetic fields are neglected. One wathe Josephson effect. In that case, the RG analysis indicates
to bypass the possible complications due to the coupling beahat a strong coupling fixed point exists, where the Cooper-
tween the orbital motion and magnetic fields is to use the FMpair tunneling term becomes irrelevantThis result has
thin films with an in-plane magnetic field. In that case, thebeen interpreted as the suppression of the Josephson current
orbital motion in the direction perpendicular to the films will or the destruction of the quantum coherence between two
be quenched and its omission is justified. superconductors by the quasiparticle tunneling. As we em-
The explicit form of the ac spin current we obtaifétl].  phasized in Sec. I, the most important distinction between
(34)] should also have important experimental implications:the SC and FM junctions lies in the lack of a pair condensate
It has been suggested that the spin current without charder the ferromagnets. Consequently, the effective action for
currents will induce an electric dipole field'? Therefore, the FM junction is scale invariant up to the second-order
the measurement of the induced electric field can be used gerturbative RG analysis, where no possible IR instability
a detection of the spin Josephson current. In the same wawas found in the perturbation theory. This implies that the
the ac spin Josephson current we predicted will induce apin Josephson effects we obtained are robust against the
time-dependent electric field with a periodm2gugB) guasiparticle tunneling, at least for the weak tunneling junc-
whereB is the magnitude of the external magnetic field. As ations.
consequence, the detection of a time-dependent electric field
with the above period in an applied time-independent uni-
form magnetic field may provide a convincing evidence of
the ac spin Josephson effect. Y.L. Lee would like to thank J.C. Wu and Z.H. Wei for
The importance and advantage of the effective action apdiscussions. Y.-W. Lee is grateful to M.F. Yang for discus-
proach also reveal themselves in clarifying the role of thesions. The work of Y.L. Lee is supported by the National
guasiparticle tunneling played in the dissipation. In the casé&cience Council of Taiwan under Grant No. NSC 92-2112-
of the SC junctions, in addition to the bulk sector, the effec-M-018-009. The work of Y.-W. Lee is supported by the Na-
tive action consists of another two terms—a nonlocal terntional Science Council of Taiwan under Grant No. NSC 92-
due to the quasiparticle tunneling and a local one arisin@112-M-029-008.
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